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PREAMBLE
The aim of this research is to evaluate the technical feasibility of culturing blue mussel,
Mytilus edulis (Linnaeus, 1758) in inland saline water (ISW). In order to achieve this aim
the study investigated the effects of ISW and potassium-fortified inland saline water
(ISWK+) on osmoregulation, survival, growth, and byssal thread formation of the blue
mussel. These effects were evaluated at different early stages of the development, juvenile
and the adult stages. This dissertation consists of five chapters. The chapter 1 includes the
background information of the subject matter, the aim, objectives and significance of the
research. The chapter 2 reviews the origin, distribution and present status of ISW in the
world, Australia and Western Australia. The information on the ionic composition of ISW
and their fluctuation are also reviewed in this chapter. This chapter also justifies the
advantages, disadvantages and the potential of using ISW for the culture of blue mussel.
Chapter 3 describes the materials and methods used in the experiments. The chapter 4
presents the results of the experiments. Chapter 5 discusses and compares the results of all
the experiments with one another and with the published literature. It is followed by the
main conclusions of the study and the future research recommendations.
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ABSTRACT
Salinization caused by natural and anthropogenic reasons has rendered more than 80 million
hectares of land in more than 100 countries unproductive and has imposed negative impacts
on agriculture, environment, infrastructure and water resources. On the other hand, inland
saline water (ISW) has the potential to be used as a suitable resource for aquaculture of
aquatic species. The blue mussel, Mytilus edulis (Linnaeus, 1758), an importantly
commercial species around the world was target in the current research for its viability to be
cultured in ISW.
A series of five laboratory experiments was conducted to investigate the cultural biology of
early larvae and adult blue mussel cultured in K+-deficient ISW and K+-fortified ISW. The
first experiment investigated the survival and osmoregulatory capacity of the blue mussel
exposed to a range of ISW and OW salinities of 5, 10, 15, 20, 25, 30 and 35 ppt for 360
hours. The results showed that the isosmotic point of blue mussel was 700 mOsm kg-1 in
ISW, equal to a salinity of 27 ppt and stabilized between 770 to 800 mOsm kg-1 in OW,
equal to salinities of 24 to 25 ppt. The results of the rest of the experiments showed that
100% K+-fortified ISW significantly improves the survival rate and size, and reduces the
intra-moult interval and deformities, of the early life stages. One hundred percent K+fortified ISW increases the survival, growth of the juvenile and adult blue mussel after a 4
months of culture, reduces the root shedding and increases their attachment to the substrate.
The 100 percent fortification of K+ in ISW is recommended to culture blue mussel in ISW.
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Chapter 1 INTRODUCTION
1.1. Introduction

The Australian aquaculture is a rapidly growing industry with the value of A$733 million,
accounting for 30 percent of the national fishery production and employs directly 7000
people and indirectly 20,000 people in 2001-2002 (Love & Langenkamp, 2003). In 2012 –
2013, the aquaculture production increased by 43 percent with the total gross value of total
fisheries production was $2.4 billion and the average individual consumption of 15 kg
(Figure 1.1) (ABARES, 2014 ). Tasmania accounts for the largest proportion of aquaculture
with 29 percent of the total production value, followed by South Australia with 19 percent
and Western Australia with 18 percent (ABARES, 2014 ). The increase in the aquaculture
production is due to the higher domestic and international demand.

Figure 1.1 Gross value of aquaculture production in Australia (AUD) period 2003 to 2013
(Source: modified from ABARES (2014)).
Main aquacultured species in Australia are fish (salmonids and tuna), crustaceans (prawns,
marron and yabby) and molluscs (edible oyster, pearl oyster, abalone and blue mussel)
1

(ABARES, 2014 ; Love & Langenkamp, 2003). Australian aquaculture production is
exporting to major markets: Hong Kong ($371 million), Vietnam ($294 million), Japan
($269 million), China ($48 million) and United States of Amercica ($39 million). Domestic
consumption has increased from 13 kg per capita in 2000 – 2001 to 15 kg per capita in 2012
– 2013 (ABARES, 2014 ).
However, the expansion of aquaculture production in Australia is restrained due to the
current legislative limitation with regards to environmental issues, questions about the
sustainability of coastal aquaculture and the conflict of interest between coastal aquaculture
and other water-based industries such as tourism (Smaal, 2002). In this context, the
development of blue mussel aquaculture in ISW may mitigate the environmental impacts on
coastal aquaculture (Ogburn, 1998), adding value to ISW aquaculture by offsetting the costs
of the negative effects of salinization (Gooley, Ingram, & McKinnon, 1998) and boosting
the aquaculture in the rural areas (Allan, Banens, & Fielder, 2001).
There are some major sources of salinized water in Australia including the groundwater
areas in the Lower Murray Hydrogeological Basin in Victoria, Eyre Peninsula in South
Australia, Central Australia and North Territory, and in the southwest of Western Australia
with the salinities ranging from 20 - 40 ppt (Kolkovski, 2010), gas well drills (Brinckerhoff,
2004) and disused open-cut mines (Johnson & Wright, 2003). However, the ionic
composition of ISW varies remarkably compare to OW at the same salinity (Table 2.1) or
among different locations (Table 1.1) that may impose the challenge to use this type of
water for culturing marine species.

2

Table 1.1 Main ionic composition (mg L-1) of ISW from different locations in Australia

Wakkool

Grong

Wakkool

Merredin

Goulburn

Wannamal

OW (25

(NSW)1

(NSW)1

(NSW)2

catchment

(Victoria)4 (WA)5

ppt)5

(WA)3
Na+

7343

6200

4210

7790

9450

8719

6480

K+

49

50

9.2

155

87.5

84

226.70

Ca2+

365

1500

504

409

1225

583

231.20

Mg2+

623

27

820

750

1654

1525

749.30

1

: Allan and Fielder (1998); 2: (Fielder, Bardsley, & Allan, 2001); 3: R. J. George and

Frantom (1988); 4: Lee (1998); 5: This study
To date, various studies have attempted to investigate the possibility of culturing aquatic
species in ISW in Australia including fishes (Barman, Jana, Garg, Bhatnagar, & Arasu,
2005; M. Doroudi, Webster, Allan, & Fielder, 2007; M. S. Doroudi, Fielder, Allan, &
Webster, 2006; Fielder et al., 2001), crustaceans (Fotedar, Harries, & Savage, 2008;
Prangnell & Fotedar, 2006b; Tantulo & Fotedar, 2006), molluscs (Fotedar et al., 2008; Lee,
1997) and marine seaweeds (Kumar, Fotedar, & Dods, 2010). However, most species
cultured in ISW show low survivals, growth rate and risk of skeletal myopathy (Doupe,
Sarre, Partridge, Lymbery, & Jenkins, 2005; Fielder et al., 2001; Partridge & Creeper, 2004;
Roy, Davis, & Whitis, 2009) as a result of the deficiency of K+ in ISW. K+ plays a vital role
in physiological processes of aquatic animals, e.g. acid-base balance (Evans, Piermarini, &
Choe, 2005; Hadfield, Clayton, Cohrs, & Murphy, 2012) and the Na+/K+ ATPase activity
(Liu et al., 2014) which directly relates to the osmoregulatory capacity (Charmantier,
Charmantier-Daures, & Young-Lai, 1985; Evans et al., 2005; Mantel & Farmer, 1983).
Except only three species are successfully cultured in raw ISW: mulloway Argyrosomus
3

japonicas, microalgae Dunaliella salina and Artemia. The A. japonicas shows high survival
and growth rate when cultured in ISW intensive and semi-intensive system (Hutchinson &
Flowers, 2008) but no commercial scale has been invested for this species. Microalgae
Dunaliella salina and Artermia are successfully cultured on a large scale in Australia
(Kolkovski, 2010; Kolkovski, Curnow, & King, 2010).
In attempts to develop aquaculture in ISW, there have been two different ways to improve
survival and growth rate of cultured species: the fortification of K+ or mixing of ISW with
ocean water (OW). Many studies have shown that the fortification of potassium to ISW has
shown to improve survival and growth rates in many adult marine species such as A.
japonicas (Doroudi et al., 2006), Australian snapper Pagrus auratus (Fielder et al., 2001),
grey mullet Mugil cephalus (Barman et al., 2005), western king prawns Penaeus latisulcatus
(Prangnell, 2007; Prangnell & Fotedar, 2006b), Pacific white shrimp Litopenaeus vannamei
(Liu et al., 2014; Roy et al., 2010), black tiger prawn Penaeus monodon (Tantulo & Fotedar,
2006), and agar Gracilaria cliftonii (Kumar et al., 2010). The optimal K+ fortification level
depends on species that has been shown varying from 38 to 100% equivalent to the K+ level
in OW (Table 1.2).
Table 1.2 Optimum K+ fortification (%) in ISW as in OW for marine species cultured in
ISW
Species

Salinity (ppt)

K+

Na+/K+ ratio

References

Haliotis laevigata

35

100

23.85

Fotedar et al. (2008)

Penaeus

30

100

31.30

Prangnell and Fotedar (2005)

Penaeus monodon

25

100

23

Tantulo and Fotedar (2006)

Pargrus auratus

21

50 - 100

latisulcatus

4

Fielder et al. (2001)

Argyrosomus

> 14

> 38

Doroudi et al. (2006)

japonicus

Among marine species, the blue mussel Mytilus edulis is an important candidate for
aquaculture (Hickman, 1992) due to their wide distribution, no supplementary feeding
requirements, higher nutritional value, and good taste (Gosling, 1992, 2003; Seed, 1992).
Blue mussel aquaculture is practised in many European countries and China (Smaal, 2002)
with different culture methods (Buck, Ebeling, & Michler-Cieluch, 2010; Smaal, 2002).
Blue mussel in one of the main cultured species in Australia with the gross value of A$10
million in 2012 – 2013 (ABARES, 2014). The demand of blue mussel is increasing, yet the
expansion of blue mussel culture in coastal areas is restrained due to the poor seed supply
and the legislative limitations regarding environmental issues and questions with respect to
the sustainability of coastal aquaculture (Smaal, 2002). Therefore, finding an alternative
water resource for culturing blue mussel is timely and ISW may be one of the water
resources for this purpose. However, there is no available information on the physiological
responses and cultural biology of blue mussel cultured in ISW or K+-fortified ISW.

1.2. Aim

The aim of this study is to investigate the survival, growth and physiological responses of
blue mussel when cultured in inland saline water (ISW) and K+ fortified ISW.

1.3. Objectives

1.3.1. To compare the osmoregulatory capacity of blue mussel when exposed to ISW and
OW at different salinities.
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1.3.2. To investigate the effect of K+-fortified ISW on the early larval development of blue
mussel.
1.3.3. To determine the effect of K+-fortified ISW on the survival and growth of juvenile
blue mussels.
1.3.4. To determine the effect of K+-fortified ISW on the survival, growth and biochemical
composition of the adult blue mussel.
1.3.5. To study the effect of K+-fortified ISW on the shedding and renewal rates of the
byssus threads of the blue mussel.
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Chapter 2 LITERATURE REVIEW
2.1. Inland saline water (ISW)

The demand for food is increasing as a result of the rapidly growing human population in
the world, with an increase in average consumption per capita of 9.9 kg in the 1960s to 19.2
kg in 2012. To meet this high demand, it is estimated that the food industry will need to
increase its production by 38% in 2050 and by 57% in 2050 (Wild, 2003).
2.1.1. Origin and present status of ISW
The demand for food is increasing as a result of the rapidly growing human population in
the world, with an increase in average consumption per capita of 9.9 kg in the 1960s to 19.2
kg in 2012. To meet this high demand, it is estimated that the food industry will need to
increase its production by 38% in 2050 and by 57% in 2050 (Wild, 2003). While it is
impossible for the capture sector to increase its production capacity to around 90 million
tonnes, the global aquacultural production has recently increased from 50 million tonnes in
2007 to 67 million tonnes in 2012. Of which finfish, crustaceans, molluscs and other species
account for 44, 6, 15 and 1 million tonnes, respectively (FAO, 2014). The leading countries,
with more than one million tonnes of aquacultural production, include China, India,
Vietnam, Indonesia, Bangladesh and Egypt (FAO, 2014).
Australia, which has the world’s largest exclusive economic zone of around 10 million
square kilometres, has produced an average fishery value of $2.6 billion per year of both
capture and aquaculture, including the main groups of finfish, crustaceans and molluscs
(Flood et al., 2012) (Table 2.1). Salinisation has influenced various fields, e.g. agriculture,
infrastructure, water resources, and social structures (Kolkovski, 2010; NLWRA, 2000;
Pitman & Läuchli, 2002). The estimated cost regarding the effects of salinisation on
agriculture is $12 billion year-1 (Ghassemi, Jakeman, & Nix, 1995). The salinisation has
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worsened as groundwater tables have risen at a fast rate of 10 to 30 cm year-1 (Ferdowsian,
Pannell, McCarron, Ryder, & Crossing, 2001).
Table 2.1 Regional distribution of salinised areas (million hectares) in the most affected
countries (source: Ghassemi et al., 1995; Hamdallah, 1997; Szabolcs, 1989).
Region/Country

Cultivated land

Irrigated land

Salinised

Percentage

irrigated land

salinised affected
land (%)

Commonwealth
Independent

of 232.57

20.48

3.70

18.10

States

(former USSR)
Europe

7.80

North and Central Asia

91.60

South Asia

83.30

South east Asia

20.0

Africa

53.50

Algeria

0.45

10.00 - 15.00

Argentina

35.75

1.72

0.58

33.70

Australia

47.11

1.83

0.16

8.70

China

96.97

44.83

6.70

15.00

Egypt

2.69

2.69

0.88

33.00

Jordan

0.06

16.00

India

168.99

42.10

7.00

16.60

Iran

14.83

5.74

1.72

30.00

Iraq

3.52

Mexico

50.00
10.00
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of

Pakistan

20.76

16.08

4.22

Turkmenistan

26.20
48.00

Sudan

1.90

20.00

Syria

1.01

16.00

USA

189.91

18.10

4.16

23.00

Australia has a total land area of 7.7 million km2 (equal to 770 million hectares) (Kolkovski,
2010); however, 5.7 million hectares were affected by salinisation in 2000 (Allan, Heasman,
& Bennison, 2008; NLWRA, 2000), and this number is expected to increase to 17 million
hectares in 2050 (NLWRA, 2000) (Figure 2.1; Table 2.2), with more than 80% of lakes and
wetlands salinised (Timms, 2005). Most of these areas are located in South Australia, e.g.
Eyre, Frome and Torrens, and in Western Australia, e.g. Barlle, Ballard, Carey, Cowan,
Lefroy, Yindarlgooda and thousands of small lakes in Esperance (Timms, 2005, 2009)
(Figure 2.1; Table 2.2).
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Figure 2.1 Distribution of forecasted salinised areas in Australia in 2050 (Source: NLWRA
(2000)).
Table 2.2 Salinisation in different states in Australia (hectares) in 1998/2000, and predicted
values for 2050 (Source: NLWRA, 2000). NA: Not available.
State

1998/2000

2050

New South Wales

181,000

1,300,000

Queensland

NA

3,100,000

South Australia

390,000

600,000

Tasmania

54,000

90,000

Victoria

670,000

3,110,000

Western Australia

4,363,000

600,000
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Land and water salinisation in Australia have caused severe impacts on agriculture, water
resources, infrastructure and biodiversity (Allan, Dignam, & Fielder, 2001; Kolkovski,
2010; NLWRA, 2000) (Table 2.3). Biological diversity in ISW decreases with increasing
salinity (Hammer, 1986). Biological richness in these salinised areas (woodland, damp-land
and wetland) includes aquatic invertebrates, e.g. Anostraca, Notostraca, Spinicaudata,
Cladocera, Copepoda, Ostracoda and Isopoda (Timms, 2009), aquatic insects (Carver et al.,
2009) and 450 plant species, which are all at risk of extinction (Halse, Ruprecht, & Pinder,
2003; Keighery, 2000). One-third of aquatic invertebrate species are predicted to disappear
in Western Australia WA (Halse et al., 2003).
Table 2.3 Impacts of salinisation on different fields in Australia (Source: NLWRA, 2000).
Field

2000

2020

2050

Agricultural land (*1000 ha)

4650

6371

13660

Remnant and planted perennial vegetation (.000 ha)

631

770

2020

Length of streams and lake perimeters (*1000 km)

11.8

20

41.3

Rail (*1000 km)

1.6

2.1

5.1

Roads (*1000 km)

19.9

26.6

67.4

Towns (number)

68

125

219

Important wetlands (number)

80

81

130

South Australia has a main salinised area in the upper south-east part of the state, but its
salinised area is predicted to increase by 60% if current land use and groundwater expansion
situations continue (NLWRA, 2000). In response to this, salt interception schemes (SIS)
have been developed across the state for salt evaporation (W. Hutchinson, 1998).
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Victoria has wide salinised areas in the western, south-western, north-central and northwestern parts of the state, which includes the Gippsland, Highlands Province, Murray,
Otway, Port Phillip and Western Port main basins (Gooley et al., 1998). Rising water tables
have imposed a major problem for the production of irrigated farms. The state has built
various pumping stations to mitigate the effect of rising water tables and uses ISW for
aquacultural activity (Gooley et al., 1998).
Queensland has small salinised areas located in the eastern part of the state, but has a high
risk for the expansion of salinised areas (NLWRA, 2000). New South Wales has large
salinised areas in the northern and southern parts of the state, and has the two largest
underground basins: Great Artesian and Murray, respectively (Allan & Fielder, 1998).
Western Australia is the largest state and has the largest salinised areas in Australia (Fig.
1.2). It is estimated that 30% of the land and lakes in South-west Western Australia is
affected by salinisation (Timms, 2005), which is equivalent to 5.7 million hectares
(NLWRA, 2000). The salinity emphasises the remarkable variations (Timms, 2009) due to
the alteration of rainfall and high solar radiation (Prangnell, 2007), fluctuating calcium
concentrations (Prangnell & Fotedar, 2006b), and a deficiency of potassium ions relative to
ocean water (OW) (Nulsen, 1997; Prangnell & Fotedar, 2006b). The largest and most
severely salinised region in Australia, the Wheatbelt, accounts for 70% of the state’s
salinised area (Doupé, Lymbery, & Starcevich, 2003; Kay, Halse, Scanlon, & Smith, 2001).
The area includes 38 affected towns (George, K., Hill-T., & N., 2005) and has an annual
rainfall of 300–700 mm (Halse et al., 2003; Kay et al., 2001).
Aquatic biodiversity in these salinised ISWs is dominated by 81 invertebrate families (Kay
et al., 2001), including brine shrimp Parartemia sp., copepod Calamoecia tilobata, ostracod
Australocpris bennetti, Daphnia (Daphniopsis) truncate, Haloniscus searlei and Coxiella
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glauerti (Timms, 2009), and diatom communities (Fourtanier & Kociolek, 1999; John,
2000; Lange-Bertalot, Cavancini, Tagliaventi, & Alfinito, 2003; Taukulis & John, 2009;
Witkowski, 2000).
2.1.2. Chemistry, ionic composition and the fluctuation of ionic composition
Most of the salinised ISW sources are alkaline (Timms, 2009). The pH ranges from 2.9–
10.51 (Kay et al., 2001; Taukulis & John, 2009; Timms, 2009). The salinity remarkably
varies from 0.04–258 ppt (Taukulis & John, 2009; Timms, 2009). The conductivity ranges
from 0.1–192.2 mS cm-1 and the turbidity from 1–290 Nephelometric Turbidity Units
(NTU) (Kay et al., 2001). Total N and P vary from 0.05–25.0 mg L-1 and 0.01–9.0 mg L-1,
respectively (Kay et al., 2001). Dissolved oxygen (DO) and temperature range from 1.11–
18.67 mg L-1 and from 6.3–28.1oC (Taukulis & John, 2009). The ionic composition of the
ISW remarkably varies among locations, with emphasis on the deficiency of K+ (Table 1.1).
Salinised ground water in Australia dominantly consist of Na+ and Cl- (Salama, Farrington,
Bartle, & Watson, 1993a). Groundwater salinities likely increase at the discharge areas
(Salama, Farrington, Bartle, & Watson, 1993b; Timms, 2005) as a result of the addition of
salt into water/soil (Bennetts, Webb, Stone, & Hill, 2006). For example, the salt storage in
the Cuballing catchment (WA) ranges from 900 to 21000 g m-2 depending on the depth of
the catchment (Salama et al., 1993b), the evaporation (Bennetts et al., 2006; Prangnell,
2007) and the small proportion of halite (Cl-/Br- ratio) (Bennetts et al., 2006). However, the
interactions between ions and water result in a slight decrease in salinity (Bennetts et al.,
2006). The exchange of Na+ for Ca2+ on smectites results in a decline in Na+/Cl-, Mg2+/Cl-,
K+/Cl- and HCO3-/Cl- ratios (Bennetts et al., 2006) and an increase in pH (Bennetts et al.,
2006).

2.2. Aquaculture in ISW
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2.2.1. Potential implication of ISW for aquaculture of marine species
There have been attempts to reduce the negative impact of salinisation, e.g. via developing
systems to irrigate and drain the salinised water (Pitman & Läuchli, 2002; Thomas et al.,
2005), growing salt tolerant crops and trees to lower the water table in salinised soils
(Pitman & Läuchli, 2002; Thomas et al., 2005) and using ISW for aquaculture of aquatic
animals (Kolkovski, 2010). The implication of ISW for aquaculture is considered the
potential option in terms of economic, social and environmental perspectives. From an
economic perceptive, ISW aquaculture adds value to ISW by offsetting the costs of the
negative effects of salinisation (Gooley et al., 1998), for ISW treatments (e.g. reduces the
cost of building salinity interception schemes (SISs) across Australia), and for land use, as
ISW land is cheaper than coastal land (Partridge, 2008).
In addition, most salinised areas are located in remote spaces; therefore, ISW aquaculture
reduces the risks of tides, storms and pathogens that coastal aquaculture usually faces
(Partridge, 2008). Regarding the social perspective, low agricultural productivity from
salinised farms reduces the income of the farmers, with a loss of $12 billion year-1
(Ghassemi et al., 1995), and changes the fabric of the local economy (Beresford, Bekle,
Mulcock, & Phillips, 2001; Partridge, Lymbery, & George, 2008). The introduction of ISW
aquaculture is one possible way to stabilise local social and economic affairs. Regarding the
environmental perspective, ISW aquaculture also directly utilises ISW and directly mitigates
the negative impact of ISW on the environment (Partridge, Lymbery, & George, 2008).
However, because the characters of ISW vary considerably at different locations,
understanding the advantages and disadvantages of ISW (Table 2.4) is one of the crucial
steps to creating the optimum medium for cultured candidates and helping reduce risks
when using ISW for aquaculture. Utilisation of ISW for aquaculture, which is impractical
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for other users, also reduces environmental issues facing coastal aquaculture (Ogburn,
1998).
Table 2.4 Advantages and disadvantages of using inland saline water for aquatic species
aquaculture.
Character

Reference

Potential

Various

source

of

salinised

water Kolkovski (2010); Johnson and

implication

(underground water, gas well drills, Wright (2003); Brinckerhoff (2004)
disused open-cut mines)
National policies have been developed Trendall, Aldert, and Lymberyt
for aquaculture in ISW

(1997)

Sufficient funds and resources have been Smith and Barlow (1999)
allocated by the government, research
institutes and corporations
Various species have been successfully Fotedar et al. (2008); Prangnell and
experimentally cultured using ISW

Fotedar (2006b); Fotedar et al.
(2008); Liu et al. (2014); Roy et al.
(2010);

Tantulo

and

Fotedar

(2006); Doroudi et al. (2006);
Fielder et al. (2001); Barman et al.
(2005); Kumar et al. (2010)
Suitable systems have been developed for Hutchinson and Flowers (2008);
ISW aquaculture

Kolkovski (2010); Allan et al.
(2008); Partridge, Sarre, Ginbey,
Kay, and Jenkins (2006); Doupe et
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al. (2005); Ingram, McKinnon, and
Gooley (2002)
Constraint

Deficit or unstable water source due to Kolkovski (2010); Allan et al.
severe or long-term drought

(2008); Allan et al. (2009)

Deficiency in ionic composition (K+)

Kolkovski (2010); Prangnell and
Fotedar (2006b)

High variation in environmental quality Allan
and

quantity

in

water

et

al.

(2009);

Kumar,

temperature, McCullough, and Lund (2009);

salinity and pH

Kolkovski (2010)

High labour cost

Kolkovski (2010)

High operation cost as locations of Kolkovski (2010)
ground water sources are usually in rural
areas
Small local market, with a population of Kolkovski (2010)
22 million, and a low rate of seafood
consumption
Environmental concerns
Contains

chemical

Butler (1998)
and

biological Kolkovski (2010); Nott, Pridham,

contaminants

Roe, Ibbott, and Leeson (2004);
Fitzpatrick et al. (2005); Partridge,
Lymbery, and George (2008)
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2.2.2. Present status of ISW aquaculture in the world and Australia
2.2.2.1. Worldwide ISW aquaculture
ISW aquaculture have been practised worldwide (Roy et al., 2010), which was inspired by
the success of shrimp aquaculture in Thailand using a brine solution (Roy et al., 2010), and
then expanded worldwide to include Brazil, China, Ecuador, Mexico, Thailand, the United
States of America and Vietnam (Roy & Davis, 2010). To date, the list of aquatic species
cultured in ISW has mussel continuously expanded (Table 2.5), and the successful
commercial scale of white shrimp Litopenaeus vannamei in several countries is the
consolidating evidence for the use of ISW for aquaculture.
However, common ionic concentrations, e.g. potassium, magnesium and sulphate, are
typically low when compared to the ionic concentration of OW at the same salinity (Boyd,
Boyd, & Rouse, 2007), particularly K+, except in the ISW in the Netherlands, where the K+
concentration is higher than that of OW (Van der Hiele, Rijstenbil, Creemers, & Heringa,
2014). To optimise conditions for ISW aquaculture, two methods have been employed to
modify the potassium concentration for the aquaculture of marine species: i; through ISW,
such as supplementing fertilisers to change the ionic composition of ISW and ii; through
ionically nutritional supplements (Romano & Zeng, 2012; Roy & Davis, 2010; Saoud, Roy,
& Davis, 2007). The former has been widely used (Fisher, Bodinier, Kuhl, & Green, 2013;
Fotedar et al., 2008; McNevin, Boyd, Silapajarn, & Silapajarn, 2004; Prangnell, 2007;
Prangnell & Fotedar, 2006b; Tantulo & Fotedar, 2006).
Table 2.5 Cultured species in inland saline water worldwide.
Common name

Scientific name

Manila clam

Venerupis

Country
(Ruditapes) Netherlands

philippinarum
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Reference
Van der Hiele et al. (2014)

Pearl spot
Chinese

Etroplus suratensis

India

Swivedi and Lingaraju (1986)

white Fenneropenaeus chinensis

China

Liu (2001)

India

Dwivedi

shrimp
Tiger prawn

P. monodon

and

Trombetta

(2006); Rahman, Jain, Reddy,
Kumar, and Raju (2005)
Pacific

white Litopenaeus vannamei

USA

shrimp

Gong, Jiang, Lightner, Collins,
and Brock (2004); Roy et al.
(2009)

Giant

freshwater Macrobrachium

prawn

rosenbergii

Brine shrimp

Artemia salina

China

Liu et al. (2014)

India

Jain, Raju, Kumar, Ojha, and
Reddy (2007)

USA

Brune, Reach, and O'Connor
(1981)

Barramundi

Lates calcarifer

India

Jain, Kumar, and Mukherjee
(2006)

European carp

Cyprinus carpio

India

Swivedi and Lingaraju (1986)

Fathead minnow

Pimephales promela

USA

Burnham and Peterka (1975)

Red drum

Sciaenops ocellatus

USA

Forsberg, Dorsett, and Neill
(1996)

Grey mullet

Mugil cephalus

India

Barman et al. (2005); Swivedi
and Lingaraju (1986)

Marine diatom

Phaeodacrylum

USA

tricomutum
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Brune et al. (1981)

2.2.2.2. Australian ISW aquaculture
The potential of using ISW for aquaculture of aquatic species emerges with solid
foundations which were mentioned above. Various species of different marine groups have
been tested in ISW (Table 2.6) such as black bream Acanthopagrus butcheri (Doupe et al.,
2005), barramundi Lates calcarifer (Partridge, Lymbery, & Bourke, 2008), mulloway
Argyrosomus japonicas (Doroudi et al., 2006; Hutchinson & Flowers, 2008), Australian
snapper Pagrus auratus (Fielder et al., 2001), western king prawns Penaeus latisulcatus
(Prangnell, 2007; Prangnell & Fotedar, 2006b), Pacific white shrimp Litopenaeus vannamei
(Liu et al., 2014; Roy et al., 2010), black tiger prawn Penaeus monodon (Tantulo & Fotedar,
2006), and agar Gracilaria cliftonii (Kumar et al., 2010).
Table 2.6 Cultured species in inland saline water in Australia.
Common name

Scientific name

State

Reference

Trochus

Trochus niloticus

NT

Lee (1997)

Greenlip abalone

Haliotis laevigata

WA

Fotedar et al. (2008)

Pacific oyster

Crassostrea gigas

Vic

Ingram et al. (2002)

Sydney rock oyster

Saccostrea glomerata

Vic

Ingram et al. (2002)

Blue mussel

Mytilus edulis

WA

Dinh et al. (unpublished)

Brine shrimp

Artemia salina

Vic

Gooley et al. (1998)

Banana prawn

Penaeus merguiensis

Qld

Collins, Russell, Walls, and
Hoang (2005)

Kuruma prawn

P. japonicus

Vic
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Ingram et al. (2002)

Tiger prawn

P. monodon

WA

Tantulo and Fotedar (2006)

Western king prawn

P. latisulcatus

WA

Prangnell and Fotedar (2005);
Prangnell and Fotedar (2006b)

Western rock lobster Panulirus cygnus

WA

Tantulo (2007)

Atlantic salmon

Salmo salar

Vic

Ingram et al. (2002)

Australian bass

Macquaria

Vic

Ingram et al. (2002)

novemaculeata
Australian snapper

Pagrus auratus

Barramundi

Lates calcarifer

Fielder et al. (2001)
WA

Partridge
Partridge,

et

al.

(2006);

Lymbery,

and

Bourke (2008)
Black bream

Acanthopagrus

WA

Doupe et al. (2005)

Vic

McKinnon,

butcheri
European carp

Cyprinus carpio

Ingram,

and

Gooley (1998)
Greenback flounder

Rhombosolea tapirina SA, Vic

Hutchinson (1998); Ingram et
al. (2002)

Mulloway

Argyrosomus

NSW, SA, Doroudi

japonicas

WA

Hutchinson

et

al.
and

(2006);
Flowers

(2008); Partridge et al. (2006)
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Rainbow trout

Oncorhynchus mykiss

Vic, WA

Ingram et al. (2002); Partridge
et al. (2006)

Sand whiting

Sillago ciliata

Vic

Ingram et al. (2002)

Silver perch

Bidyanus bidyanus

Vic

Ingram et al. (2002); Doroudi
et al. (2007)

Snapper

Pagrus auratus

SA,
WA

Vic, Hutchinson

and

Flowers

(2008); Ingram et al. (2002);
Partridge et al. (2006)

Tommy

Arripis georgiana

SA

Hutchinson (1998)

rough/Australian
herring
Yellow-fin whiting

Sillago schombergkii

Hutchinson (1998)

Yellowtail kingfish

Seriola lalandi

Hutchinson

and

Flowers

(2008)
Microalgae

Dunaliella salina

Kolkovski (2010)

Agar

Gracilaria cliftonii

Kumar et al. (2010)

NSW: New South Wales; NT: Northern Territory; Qld: Queensland; SA: South Australia;
Vic: Victoria; WA: Western Australia.
In the past decade, several organisations have been established nationwide to investigate and
support the potential for inland saline aquaculture in most of the ISW-affected states in
Australia. For example, the Australian Centre for International Agricultural Research
(ACIAR), the Fisheries Research and Development Corporation (FRCD), the Department of
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Primary Industries (Victorian Government), Marine and Freshwater Resources Institute
(MAFRI) (Victoria), and the South Australian Research and Development Institute (New
South Wales). New systems and models have been developed for the ISW culture of marine
species, for example: semi-intensive floating tank system (SIFTS) (Allan et al., 2008;
Partridge et al., 2006), SIS (Hutchinson & Flowers, 2008), cages (Doupe et al., 2005) and
earthen ponds (Allan et al., 2008; Fielder et al., 2001). Advantages and disadvantages of
these systems are described in Table 2.7.
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Table 2.7 Advantages and disadvantages of the systems developed for inland saline water aquaculture (modified from Partridge et al. (2008b).
System

Advantage

Disadvantage

Reference

SIFTS

Increase stock management

High cost

Allan et al. (2008); Partridge et al.

High stock density

(2006)

Effective operation and waste management
SIAS

Effective

environmental

management

Hutchinson and Flowers (2008);

(temperature and salinity)

Kolkovski (2010); Allan et al.
(2008)

SBCS

Multi-species

culture

(integrated

Ineffective water quality management, e.g.

aquaculture)

water temperature, hydrogen sulphide

Possible salt harvest at the ending of the

Risk of predators (rats)

Ingram et al. (2002)

system
PAS

Static earthen

High stock density

High light requirement

Effective stock management

Complex management

Low cost

Low stock density
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Partridge, Lymbery, and George

pond

(2008)

Flow through

Higher stock density (compared to static

Ineffective waste and water temperature

pond

earthen pond)

management

Cage

Effective stock management

Ineffective

Low cost

management

waste

and

water

quality

Doupe et al. (2005)

Risk of predators (birds, rats)
Raceway

High stock density

Decrease in water quality at the end of the

Effective stock management

system
Causes stress on fish
Ineffective waste management

RAS

Reuse of water

High cost

Piedrahita (2003)

Complex management
Flow through

Low cost

Ineffective waste management

tank

Effective management of water temperature

Cost for ionic supplementation

SBCS: serial biological concentration system; SIFTS: semi-intensive floating tanks; SIAS: semi-intensive aquaculture system; PAS: partitioned
aquaculture systems; RAS: recirculating aquaculture systems.
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2.3. Osmoregulation and osmoregulatory related issues

2.3.1. Osmoregulation
Marine and fresh waters are the home of various aquatic vertebrates and invertebrates.
Aquatic animals employ different physiological mechanisms when facing environmental
variations (salinity, temperature and oxygen). Some species simply migrate or bury
themselves to avoid environmental changes, e.g. Mya arenaria (Deaton, 1992) or gape their
shells (Costa & Pritchard, 1978; Davenport, 1979a, 1981), while others gradually change
their body fluid according to the cyclical change in the environment and return to their
normal condition when the cyclical environment finishes the fluctuation cycle (Willmer,
2006). Some species employ osmoregulatory processes to regulate the difference between
their body and the external environment, e.g. Geukensia demissa (Deaton, 1992).

Figure 2.2 Osmoregulatory patterns in aquatic invertebrates (Source: Willmer, 2006).
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Osmoregulation is an essential process for freshwater and OW invertebrates (Figure 2.2)
(Willmer, 2006), and is defined as the balance state of the osmotic gradient between internal
and external media (Bourque, 2008; Burton, 1980). However, the osmoregulatory process is
still active even when haemolymph and environmental osmolality are equal (Willmer,
2006). Osmoregulation is costly in terms of energy (Willmer, 2006). Molluscs allocate more
energy to the osmoregulatory process to adapt to the environment when they live in unstable
environmental conditions (estuaries, tidal variation) and vice versa (Willmer, 2006).

Figure 2.3 Basic concept of osmoregulation (Source: Bourque, 2008).
In invertebrates, organs, such as skin, gills and kidneys, are involved in ionic exchanges in
the osmoregulatory process (Table 2.3) (Hiscock, 1953; Mantel & Farmer, 1983; Pequeux,
1995; Willmer, 2006). Of which, gills are the main organ that regulate ions, e.g. Na+ and Cl(Mantel & Farmer, 1983; Pequeux, 1995). The presence of a sodium pump in the gill
membrane, namely Na+/K+ ATPase, transports Na+ and Cl- ions between the gill epithelial
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cells and haemolymph to maintain osmoregulation in invertebrates (Charmantier et al.,
1985; Mantel & Farmer, 1983). Na+/K+ ATPase activity is dependent on the ratio of Na+ and
K+ in the surrounding environment (Tantulo & Fotedar, 2007). Changes in osmotic
concentration in the extracellular fluid may disturb the distribution of water and ion
gradients across the cell membrane (Deaton, 2008) and eventually disable cellular function
(Deaton, 2008). The osmotic concentrations of haemolymph in most marine mussel and
external environments is equilibrium (Figure 2.4) (Deaton, 2008; Pierce, 1971).
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Figure 2.4 Relationship between haemolymph osmolality and environmental osmolality of
mollusc groups in different environments. (A) stenohaline; (B) euryhaline; (C) oligohaline;
and (D) freshwater (Source: Deaton, 2008).
2.3.2. Mechanisms of osmoregulation
Mainly, three mechanisms of osmoregulation have been clarified: i, reduction in external
permeability; ii, ion regulation exchange between the haemolymph and surrounding
environment; and iii, cellular osmoregulation (Figure 2.5) (Willmer, 2006).
Reduction in external permeability:
Invertebrates adapt to an unstable or changeable environment by reducing their surface
permeability (Rainbow & Black, 2001; Willmer, 2006). For example, when the euryhaline
molluscs are exposed to low salinity environments, their body permeability likely declines,
they excrete body water via renal organs and they decrease their osmotic pressure (Pequeux,
1995). The decrease in osmotic pressure results in a decrease in osmolality, causing the cells
to swell, which decreases the intracellular space, resulting in an increase in tonicity and a
slowing of the water influx into the body (Roy et al., 2010). Levels of osmoregulation via
excretory organs depend on the levels of environmental changes (Willmer, 2006). Excretory
organs function based on ultrafiltration (Willmer, 2006) via a semi-permeable membrane
(the first line of defence in invertebrates). However, other physiological mechanisms are
required to regulate environmental changes, as membrane activity is limited since the
membrane cannot function fully when the external environment changes (Willmer, 2006).
Ion regulation:
Ion regulation is the mechanism for the active exchange of ions based on the activities of the
skin, gills and kidneys (Hiscock, 1953; Mantel & Farmer, 1983; Pequeux, 1995; Willmer,
2006) and the sodium ion pump Na+/K+ ATPase (Liu et al., 2014). Changes in salinities
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force invertebrates to regulate osmolality via ionic composition and body fluid (Deaton,
2008; Willmer, 2006) and transports Na+ and Cl- ions between the gill epithelial cells and
haemolymph to maintain a stable osmoregulation in invertebrates (Charmantier et al., 1985;
Mantel & Farmer, 1983). Na+/K+ ATPase activity is dependent on the ratio of Na+ and K+ in
the surrounding environment (Tantulo & Fotedar, 2007). The suitable ratio of Na+/K+ for the
normal function of Na+/K+ ATPase in marine animals varies from 23.85 to 85.20 in juvenile
H. laevigata (Fotedar et al., 2008), P. latisulcatus (Prangnell & Fotedar, 2005) and L.
vannamei (Zhu, Dong, Wang, & Huang, 2004). A deficiency of K+ can change the Na+/K+
ratio in a way that can inhibit the ability of Na+/K+ ATPase to function, which can result in
the poor survival of marine species (Fisher et al., 2013; Prangnell & Fotedar, 2005, 2006a;
Tantulo & Fotedar, 2007; Zhu et al., 2004).
Cellular osmoregulation:
Another adaption to the environmental variations and environmental contaminants is the
intracellular regulation (Deaton, 2008; Willmer, 2006) via the management of free amino
acids (Babarro & Fernández Reiriz, 2006; Babarro, Reiriz, Garrido, & Labarta, 2006;
Hummel et al., 1996; Hummel, Bogaards, de Wolf, Sinke, & Poortvliet, 1994; Kube,
Gerber, Jansen, & Schiedek, 2006; Kube, Sokolowski, Jansen, & Schiedek, 2007;
Sokolowski, Wolowicz, & Hummel, 2003; Zurburg, Hummel, Bogaards, De Wolf, &
Ravestein, 1989), which is termed “osmotic effectors” (Willmer, 2006). Of which, the
taurine/glycine ratio (Hummel et al., 1994; Zurburg et al., 1989) or/and the sum of threonine
and serine are used as environmental indicators (Zurburg et al., 1989). In the blue mussel,
glycine (25 to 100 mmol kg-1) and taurine (4 to 180 mmol kg-1) are significantly correlated
with environmental osmolality (Kube et al., 2006). The sum of threonine and taurine
decreases when the blue mussel exposed to increased temperatures (Livingstone, 1985).
When exposed to decreased salinity, the aquatic animals are likely to keep the ions and
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release amino acids from cells into the blood and, consequently, reduce the osmotic gradient
(Willmer, 2006) (Fig. 2.5). However, the constraints for the use of free amino acid as a
stress indicator are the salinity and considerable seasonal variation (Livingstone, 1985;
Zandee, Kluytmans, Zurburg, & Pieters, 1980).

Figure 2.5 Major mechanisms for haemolymph – cell regulation of the littoral estuary in
invertebrates (Source: Willmer, 2006).
2.4. Blue mussel

Documents on the blue mussel in the last decades have been really intensive in reflecting the
interest of researchers as well the economic value that this species possesses regarding
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reproduction biology, physiology, genetics, hatchery and aquaculture technology, market
demand.
2.4.1. Taxonomy, distribution and life cycle
Blue mussel consists of a group of four close-related taxonomies, namely the Mytilus edulis
complex. The origin of the blue mussel is extremely complex due to different hypotheses
(Hilbish et al., 2000) that make it impossible to identify them based on morphology
(Wonham, 2004). A gene-related technique has been recruited to identify their origin and
distribution (Heath, Rawson, & Hilbish, 1995; Hilbish et al., 2000; Ladoukakis, Saavedra,
Magoulas, & Zouros, 2002; Martínez-Lage et al., 2002; Rawson & Hilbish, 1995;
Śmietanka, Burzyński, & Wenne, 2009). The taxonomy of species in the genus Mytilus is as
follows:
Phylum:

Mollusca

Class:

Bivalvia

Order:

Mytiloida

Family:

Mytilidea

Genus:
Species:

Mytilus
Mytilus edulis, M. californianus, M. galloprovincialis, M.

trossulus
Blue mussel is a common species and are distributed worldwide, throughout temperate
northern and southern hemispheres (Figure 2.6) (Buck et al., 2010; Gérard, Bierne, Borsa,
Chenuil, & Féral, 2008; Gosling, 1992; Hilbish et al., 2000; McDonald, Seed, & Koehn,
1991; Rawson & Hilbish, 1995; Seed, 1992; Sukhotin, Strelkov, Maximovich, & Hummel,
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2007) due to their high fecundity and mobile dispersal characteristics (Hickman, 1992). The
distribution of the blue mussel is principally affected by water temperature (Hickman, 1992;
Seed, 1992). The presence of blue mussel in the northern hemisphere resulted from a
migration from the southern hemisphere during the Pleistocene via an Atlantic route
(Hilbish et al., 2000). The specific distribution of the blue mussel is as follows:
-

Mytilus californianus is from the Pacific coast of North America (Gosling, 1992)

-

M. edulis is widely distributed in the southern hemisphere (Borsa, Rolland, &
Daguin-Thiébaut, 2012), northern temperate (Gosling, 1992) and north-east Europe
(Sukhotin et al., 2007). This euryhaline species lives in estuarine conditions, as they
are able to adapt to fluctuating salinities in mesohaline and ocean conditions
(Gardner & Thompson, 2001; Kube et al., 2006)

-

M. galloprovincialis is native to the Mediterranean, the Black Sea and Western
Europe. They were introduced to the temperate North Pacific, South Africa and
elsewhere in the Southern Hemisphere (Gosling, 1992)

-

M. trossulus is restricted to the brackish water (5 to 15 ppt) in the North Pacific,
northern parts of the North Atlantic, the Baltic Sea (Europe) and the Pacific coast of
North America (Gosling, 1992; Śmietanka, Zbawicka, Wołowicz, & Wenne, 2004)

The blue mussel habitat is on the hard substrate of intertidal and subtidal areas of many
shorelines (Hickman, 1992).
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Figure 2.6 The worldwide distribution of mussel of the genus Mytilus (Source: Gosling,
1992).
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2.4.2. Reproduction
The reproductive cycle of the blue mussel has been well documented (Figure 2.7)
(Chipperfield, 1953; Seed, 1969; Thompson, 1979; Thorarinsdóttir & Gunnarsson, 2003;
Toro, Thompson, & Innes, 2002).

Figure 2.7 The life cycle of the blue mussel (Source: Saurel et al., 2004).
Blue mussel have two distinct genders, but it is difficult to distinguish between male and
females through the external sharp (R. Seed, 1969). Based on previous studies, five stages of
the gonad have been determined (Table 2.8) (Chipperfield, 1953; Sprung, 1983). The blue
mussel is mature and first spawning at the size of 12.15 mm (Toro et al., 2002).
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Table 2.8 Gonadal stages of the blue mussel.
Stage

Characteristic

1

Development

Reference
of

adipogranular

and

vesicular connective tissue cells
2

Early development of the gonad with the first
appearance (or not) of the gametes and the
gradual thickness of the mantle

(Chipperfield,
1953;
McGrath,
Gosling,

Further development of the gonad with the
presence of unripe gametes in the mantle,
and immobile sperm (maturation of gametes)

4

&
1989;

Lowe, Moore, &
Bayne,

3

King,

1982;

Rodhouse et

al.,

1984; Seed, 1969;
Sprung,

1983;

Full development of the gonad with ripe Thorarinsdóttir

&

gametes, mobile sperm, and the release of Gunnarsson, 2003)
the gametes into the water
5

Regression of the follicle and the rest of the
gametes in the gonad

The blue mussel shows year-round spawning activity geographically: March to August
(Chipperfield, 1953; Pieters, Kluytmans, Zandee, & Cadee, 1980), and June to November
(Thorarinsdóttir & Gunnarsson, 2003). Reproduction of blue mussel consists of two seasons
annually based on the appearance of the a settlement: May to August and September to
October (Pulfrich, 1996). Reproduction is related directly to the fluctuation of the
biochemical composition of the tissues such as proteins, glycogens and lipids (Pieters,
Kluytmans, Zurburg, & Zandee, 1979; Zandee et al., 1980). Accordingly, the release of the
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gametes into the water reduces the protein and lipid levels in the tissues (Pieters et al., 1979;
Zandee et al., 1980). Reproduction of blue mussel can be delayed intentionally via low
temperatures (5–6oC) and low food (Bayne & Thompson, 1970).
The fecundity of blue mussel varies yearly, and reflects the energy allocation through the
availability of the surrounding environment (Thompson, 1979). Among the genus Mytilus,
M. trossulus has a higher fecundity than M. edulis, which is of a similar shell length (Toro et
al., 2002). The fecundity of the blue mussel is shown in Table 2.9.
Table 2.9 The fecundity of the blue mussel.
Broodstock

size

Egg

Sperm

Reference

106

1010

Thompson (1979)

(shell length, mm)

68

7.6 x 106

Bayne,

Holland,

Moore, Lowe, and
Widdows (1978)
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2 x 102

Mateeva (1948)

2.4.3. Larval development
The fertilisation of M. edulis occurs at salinities ranging from 15 to 40 ppt, and temperatures
ranging from 5 to 22oC (Bayne, 1965). Early cleavage starts one hour post fertilisation (hpf)
(Lutz, Chalermwat, Figueras, Gustafson, & Newell, 1991) and transformation to a
trochophore is at 24 to 48 hpf, followed by the appearance of veliger at 288 to 384 hpf.
Pediveliger larvae occur 720 hpf. The settlement of the blue mussel marks a significant
change in morphology and the appearance of byssal threads 672 hpf (Table 2.10).
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Table 2.10 Early larval stages, size (µm) and duration (hours) of the blue mussel.
Stage

Measurement Reference

Fertilised egg

60–90

Lutz et al. (1991)

65–70

Saranchova and Flyachinskaya (2001)

Size

92–252

Bayne (1964b); Sprung (1984)

Duration

288–384

Bayne (1964b)

250–300

Bayne (1964b); Sprung (1984); Dobretsov and Wahl

Trochophore
Size
Duration
Veliger

Pediveliger
Size

(2008)
Duration

> 720

Saranchova and Flyachinskaya (2001)

250–1000

Chipperfield (1953); Pechenik, Eyster, Widdows,

Settlement
Size

and Bayne (1990); McGrath, King, and Gosling
(1988); Bayne (1964a)
Duration

> 672

Chipperfield (1953)

The settlement of blue mussel is influenced by the biological, physical and ionic
composition of the media (Eyster & Pechenik, 1987; McGrath et al., 1988; Ompi, 2011;
Pulfrich, 1996; Satuito, Natoyama, Yamazaki, & Fusetani, 1995). Larvae of blue mussel
primarily attach to filamentous algae (Dobretsov & Wahl, 2008; Eyster & Pechenik, 1987;
Grizzle, Short, Newell, Hoven, & Kindblom, 1996) and hydroids (Genzano, Excoffon,
Acuña, & Zamponi, 2003) for a period before detaching (Dobretsov & Wahl, 2008; Lane,
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Beaumont, & Hunter, 1985) and secondarily resettling (Dobretsov & Wahl, 2008) on the
blue mussel beds (Bayne, 1964a). Filamentous algae play dual roles in inducing the primary
settlement of blue mussel larvae: by secreting the soluble metabolites (Dobretsov, 1999) and
protecting settled larvae from predators (Genzano et al., 2003).
However, while Bayne (1964a), Dare, Edwards, and Davies (1983) and Lane et al. (1985)
concluded that larvae of blue mussel experienced two stages of settlement, other studies
have found contrary results, in which, blue mussel experiences secondary settlement by
attaching to adult mussel beds directly without the primary settlement (McGrath et al., 1988;
Svane & Ompi, 1993). This pattern of settlement has also been found in other species of the
genus Mytilus such as M. galloprovincialis (Caceres-Martinez, Robledo, & Figueras, 1994;
Ompi, 2011). However, development in early stages is influenced by the combination and
interaction of biological, physical and chemical factors rather than a single factor (Pernet,
Tremblay, & Bourget, 2003; Rodriguez, Ojeda, & Inestrosa, 1993). For example, Pechenik
et al. (1990) found that blue mussel larvae with the combined food concentration of 30 x 104
cells/mL and temperature of 16oC resulted in the highest growth rate of 8.1 µm/day
compared to the lowest growth rate of only 1.0 µm/day at the combined food concentration
of 0.5 x 104 cells/mL and temperature of 16oC.
Sizes and developmental stage interval (DSI) of blue mussel larval cultured under different
conditions from other studies are found in Table 2.11.
Table 2.11 Developmental stage interval (h) and size (µm) of early larvae of blue mussel.
Stage
Fertilised egg

DSI

Size

Reference

60–90

Lutz et al. (1991)

Trochophore
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20–24

70

Bayne (1964b)

12

65–70

Saranchova and Flyachinskaya (2001)

96–120

240–245

Bayne (1964b)

96

75–250

Saranchova and Flyachinskaya (2001)

260–265

Bayne (1964b)

384–744

260

Bayne (1965)

936–1680

220

Bayne (1965)

>720

250–400

Saranchova and Flyachinskaya (2001)

>672

400–1000

Chipperfield (1953)

301–341

Pechenik et al. (1990)

260

McGrath et al. (1988)

250–350

Bayne (1964a)

Veliger

Pediveliger

Settlement

DSI: developmental stage interval
2.4.4. Byssus and attachment capacity of mussel
Many bivalvia species, for example, zebra mussel Dreissena polymorpha (Rajagopal, Van
der Velde, Jenner, Van der Gaag, & Kempers, 1996), pygmy mussel Xenostrobus securis
39

(Babarro & Comeau, 2014), green-lipped mussel Perna viridis (Cheung, Luk, & Shin,
2006), mussel Brachidontes variabilis (Cheung et al., 2006), ribbed mussel Geukensia
demissa (Brodsky, Walters, Schneider, & Hoffman, 2011) mussel Mytella charruana
(Brodsky et al., 2011), mussel Mytilus galloprovincialis (Babarro & Comeau, 2014),
California sea mussel M. californianus (Dowd & Somero, 2013), mussel M. trossulus
(Dowd & Somero, 2013) and blue mussel M. edulis, produce byssus threads to secure
themselves to the substrate (Lachance, Myrand, Tremblay, Koutitonsky, & Carrington,
2008). Byssal threads play various roles in locomotion (Allen, Cook, Jackson, Preston, &
Worth, 1976), orientation (Allen et al., 1976), attachment to a substratum (Aldred et al.,
2006; Allen et al., 1976; Kishore, Hunter, Zeng, & Southgate, 2014), the reduction of the
dislodgement rate of mussel (Thieltges & Buschbaum, 2007), and defence against epibionts
(Thieltges & Buschbaum, 2007) and predators (Cheung et al., 2006; Côté, 1995; Garner &
Litvaitis, 2013).

Figure 2.8. Byssus morphology of the blue mussel. Solid white arrow: root; empty white
arrow: stem; grey solid arrow: byssal thread and grey empty arrow: plaque (adhesive disc).
Byssus apparatus appears at the pediveliger stage (Ackerman, Sim, Nichols, & Claudi,
1994; Bayne, 1971), while the larvae are undergoing metamorphosis (Yonge, 1962) with the
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formation of the specific gland located at the foot of blue mussel being responsible for the
formation of byssal threads (Winkle, 1970) through a so-called process of injection
moulding (Waite, Qin, & Coyne, 1998). Generally, a byssal thread consists of four parts
(Price, 1981; Wiegemann, 2005): root, stem, thread and adhesive plaque (disc) (Figure 2.8).
Byssal threads of blue mussel are regularly formed (Lachance et al., 2008) with a duration
of 2–5 min thread-1 (Waite, 1992). The threads decompose after 4–6 weeks (Carrington,
2002; Moeser & Carrington, 2006). The formation of byssus threads is influenced by
various factors such as water velocity (Hunt & Scheibling, 1996; Moeser, Leba, &
Carrington, 2006; Price, 1980, 1982), seasons (Young, 1985), temperature (Selin &
Vekhova, 2004; Young, 1985), salinity (Young, 1985), pesticides (Roberts, 1975) and
predators (Christensen, Dolmer, Petersen, & Tørring, 2012; Côté, 1995; Côté & Jelnikar,
1999; Garner & Litvaitis, 2013; Lowen, Innes, & Thompson, 2013). Ions, such as Ca2+ and
Mg2+, are reported to influence the formation of byssal threads of the blue mussel (Winkle,
1970).
2.4.5. Present status of blue mussel aquaculture
To date, 80% of globally consumed shellfish is from aquaculture (FAO, 2014). Blue mussel
is becoming an ideal candidate for aquaculture due to outstanding characteristics such as the
fast speed at which they grow, their pleasant taste (Seed & Suchanek, 1992), the year-round
availability of the seed (FAO, 2004-2015; Hickman, 1992) and their high density (Hickman,
1992). Blue mussel plays a vital role in coastal ecosystems (Lindahl et al., 2005; Śmietanka
et al., 2004) and the aquaculture industry (Śmietanka et al., 2004). Blue mussel is cultured
worldwide, with main producers in China, Spain, Italy, France, New Zealand and Thailand,
and a global production of 197.831 tonnes in 2013 (Figure 2.9). In Australia, the production
of marine mollusc species was 16.838 tonnes, and the total aquaculture production was
80.066 tonnes (Stephan & Hobsbawn, 2014). Various methods have been employed to
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culture blue mussel, for example, on-bottom, longline, raft, hanging park, bouchot, pole and
fish trap (FAO, 2004-2015; Hickman, 1992).

Figure 2.9 Global aquaculture production of blue mussel (tonnes). Source: FAO, 2004–
2015).
However, the development of mussel aquaculture is facing rising issues, such as the demand
exceeding the supply due to poor seed supply, outbreaks of diseases (Smaal, 2002), conflicts
between cultures (or capture) and management (Smaal, 2002), legislative limitations
regarding environmental issues, and questions with respect to sustainability of coastal
aquaculture (Ogburn, 1998).
Nonetheless, increasing global demand has exceeded the supply from fishery and
aquaculture production (FAO, 2004-2015), encouraging the development of new
aquaculture methods and technologies with an emphasis on using ISW as a medium to
culture blue mussel.
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It is now established that ISW, after ionic manipulations, can be used to culture various
marine species of Western Australia, including molluscs. Only abalone has been
investigated for its cultural potential in ISW of Western Australia, no attempts have been
made to evaluate its cultural feasibility in ISW of Western Australia.
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Chapter 3 MATERIALS AND METHODS
3.1. Site of the studies

All experiments were conducted at the Curtin Aquatic Research Laboratory (CARL), Curtin
University, Western Australia.

3.2. Water, blue mussel and microalgae
OW and ISW were procured from Hillarys (31°49’S, 115°45’E) and a lake at Wannamal
(31°15’S, 116°05’E), Western Australia, respectively. The water was transported to the
CARL where it was stored in two 10000-ton circular thanks to precipitate suspended solids
for the further dilution by adding deionised water to achieve different water types at
different salinities used in the experiments. A comparison of ionic composition of the ISW
and OW at 35 ppt is shown in Table 3.1.
Table 3.1 The ionic compositions (mg L-1) of inland saline water (ISW) and ocean water
(OW) at 35 ppt.
Parameter

OW

ISW

pH

7.83

7.85

DO

5.65

5.37

Osmolality (mOsm kg-1)

984.00

853.00

Na+

10010.00

8719.00

K+

351.10

84.40

Ca2+

371.60

583.00

44

Mg2+

1168.00

1525.00

S2+

805.40

602.40

B3+

3.95

0.66

P3+

< 0.05

0.07

Cu2+

< 0.05

< 0.05

Fe

< 0.05

< 0.05

Zn

< 0.05

< 0.05

Mn2+

< 0.05

< 0.05

Na+: K+ ratio

28.51:1

103.31:1

Mg2+: Ca2+ ratio

3.14:1

2.62:1

In the chapter three, fourteen different water types were used in the experiment, deionised
water was added to ISW and OW separately to obtain seven different salinities: 5, 10, 15,
20, 25, 30, and 35 ppt of ISW and OW. All water types were filtered through 1 µm filter
before the commencement of the experiment.
In the remaining experiments, five different levels of potassium fortification: 20%
(ISW20K+), 40% (ISW40K+), 60% (ISW60K+), 80% (ISW80K+) and 100% (ISW100K+)
were prepared by mixing hydrous potassium chloride (purity > 99%, Sigma-Aldrich,
Germany) with ISW27. ISW at 27 ppt (ISW27) and OW at 25 ppt (OW25) were used as
controls.
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The ionic composition of all the water types used in this experiment was analysed by CSBP
Soil & Plant Laboratory, Bibra Lake, WA using Inductively Coupled Plasma spectroscopy.
Adult blue mussel at different sizes according to the respective experiments were collected
from Esplanade Nedlands, Western Australia (31°59‘S, 115°48‘E) and were transported
directly to the Aquatic Research Laboratory, Curtin University. The mussels were cleaned
of any epifauna, epiflora and other attached materials with a plastic brush before acclimating
them indoors in a glass tank (198 L, 1.1 × 0.6 × 0.3 m; length × width × depth) for 10 days.
The tank was supplied with 1 µm-filtered OW at 25 ppt under a static condition and with
continuous aeration. During the acclimation, the water temperature was maintained at 20°C
(Yaroslavtseva & Sergeeva, 2006) using an automatic heater (Sonpar, HA-200, Zhongshan,
Guangdong, China). Twenty percent of the water was exchanged daily before the addition
of microalgae (Instant algae, Shellfish Diet 1800, Reed Mariculture, USA).
Microalgae were cultured in 10-L carboys. The seawater was chlorinated (0.1 mL L-1) for 24
h, then neutralised with 0.1 g L-1 sodium thiosulfate and enriched with an F2 algae boost (1
mL L-1) before the addition of microalgae inoculum. Microalgae were cultured under the
12:12 light:dark condition at a pH range of 7.5 to 8 and room temperature of 22°C. During
the experiment, larvae from veliger onwards were fed with the microalgae at 80.000 cells
mL-1 (Gazeau et al., 2010).

3.3. Equipment and blue mussel

Two glass tanks (198 L, 1.1 × 0.6 × 0.3 m; length × width × depth) containing OW at
salinity ranging from 25 to 26 ppt were used to acclimatise of blue mussel collected from
the Esplanade Nedlands, Western Australia (31°59‘S, 115°48‘E) for all experiments in this
thesis.
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In the experiment one to investigate the osmolality, osmoregulatory capacity (OC) and
isosmotic point (IP), the blue mussels were exposed to 7 different ISW and OW salinities of
5, 10, 15, 20, 25, 30 and 35 ppt for 360 hours. Experimental units were 1.75-liter glass
beakers (PYREX, USA) filled 1.5 liter of each of fourteen water types (7 from ISW and 7
from OW) with continuous aeration. Each beaker contained 15 adult mussels. Each water
type had triplicates (a total of 42 experimental units).
In the experiment two to investigate the developmentally early stages of blue mussel in K+
fortified ISW, 100 individuals at each early stage (fertilised eggs, trochophore and veliger)
of blue mussel was transferred from the stoking tank to a series of petri dishes (in triplicate)
containing 20 mL of one of the water types to observe the next development stage. To
observe the development from pediveliger to settlement, 100 newly transformed pediveliger
larvae from the stock tank were placed into each 40 µm-cell strainer (BD Falcon, BD
Biosciences, Bedford, USA). Each cell strainer was placed into 250 mL glass beakers
containing one of the different water types with continuous aeration. The development of
larvae was observed until they settled. The byssal threads of adult blue mussels were placed
into each cell strainer for larvae settlement (Eyster & Pechenik, 1987). Twenty per cent of
the water in each beaker was exchanged daily. Each stage was exposed to different water
types in triplicate.
In the experiment three to test whether the addition of potassium to ISW improved the
survival and growth rate of the juvenile blue mussel during the culture period in various
water types, the mussels (initial length and weight were 15.7 ± 0.29 mm and 0.42 ± 0.02 g,
respectively) were cultured for 4 months in ISW at 27 ppt fortified with one of five different
potassium levels, namely 20% (ISW20K+), 40% (ISW40K+), 60% (ISW60K+), 80%
(ISW80K+) and 100% (ISW100K+). The levels of potassium addition in ISW were
equivalent to the typical concentration of potassium in the OW. The original ISW and OW
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were used as controls. The experiment was conducted in triplicate with a total of 21
experimental glass tanks (34.5 × 20.5 × 26.0 cm) and each tank contained 30 individuals.
In the experiment four to test whether the addition of potassium to ISW improved the
survival, growth rate, and biochemical composition of the blue mussels during the culture
period in various water types, the mussels were cultured for 4 months in ISW, at 27 ppt
fortified with one of the five different potassium levels: 20% (ISW20K+), 40% (ISW40K+),
60% (ISW60K+), 80% (ISW80K+), and 100% (ISW100K+). The levels of potassium
addition in ISW were equivalent to the typical concentration of potassium in the OW. The
original ISW and OW were used as controls. Two different initial sizes of blue mussels were
included in this study. The smaller mussels had the initial size of 34.25 ± 0.59 mm and the
larger mussels had the initial size of 45.12 ± 0.47 mm. The water types were used in
triplicates with a total of 42 experimental glass tanks (34.5 × 20.5 × 26.0 cm), and each tank
contained 13 individuals.
In the experiment to investigate the byssus thread renewal capacity and root shedding of the
blue mussel, a total of 81 blue mussels in three size classes, 27 mussels in each size class, 3
blue mussels in each water type were used in the experiment. To start the exposure period,
blue mussels were placed individually into petri dishes and introduced into a glass beaker
filled with 1.5 L of one of the different water types. The mussels were placed individually to
avoid the formation of cluster of the blue mussels, making it difficult to quantify the number
of byssus thread for each individual (Winkle, 1970). Blue mussels were exposed to one of
the five water types with different levels of potassium fortification: 20% (ISW20K+), 40%
(ISW40K+), 60% (ISW60K+), 80% (ISW80K+) and 100% (ISW100K+) for 35 days. The
levels of potassium addition in ISW were equivalent to the typical concentration of
potassium in the OW of the same salinity. ISW at 27 ppt and OW at 25 ppt were used as
controls. To see the difference in the number of byssus thread renewal capacity under
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different impacts of K+ fortifications, blue mussels in OW25 were categorized into two subcategories of (i) daily cuts of byssus threads (OW25c) where the byssus threads were cut
daily and (ii) uncuts (OW25u) where the byssus threads of the blue mussels were cut only at
the end of the experiment (Rajagopal et al., 1996; Young, 1985). Similar procedure was
applied to the blue mussels, exposed to another control of ISW27, yielding two further subcategories ISW27cut (ISW27c) and ISW27uncut (ISW27u).

3.4. Data collection
3.4.1. Water ionic composition and parameters
Water temperature was maintained at 27oC using an automatic heater (Sonpar. Model: HA200, Zhongshan, Guangdong, China). DO and temperature were recorded using a dissolved
oxygen meter (YSI model 58, Yellow Springs Instrument Co., Ohio, USA). pH and salinity
were measured one a day using a pH meter (Cyber Scan pH 300, Eutech Instruments,
Singapore) and a hand-held refractometer (RHS-10ATC, Xiamen Ming Xin Instrument,
Xiamen, Fujian, China), respectively.
3.4.2. Survival
Survival was calculated based on the formula: S = 100 × (nt/no)
Where S is the survival (%), nt is the number of mussels at time t and no is the number of
mussels at the commencement.
3.4.3. Growth
Blue mussels were dried with paper before the measurement. Then shell length was
measured using a caliper, the wet weight was measured with an electronic balance (AW220,
d=0.1 mg, Shimazu, Japan).
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Specific growth rates in length (SGRL) and weight (SGRW) were calculated based on the
fomulae:
SGRL or W (% d-1) = ((ln(Lt or Wt) – ln(Lo or Wo))/t) × 100
Where SGR is the specific growth rate (% day-1), L is length, W is weight, Lt and Wt are
total length (mm) and weight (g) at time t, and L0 and W0 are total length and weight at the
commencement.
3.4.4. Early larval development and settlement
To obtain the trochophore stage, the two-cell stage were transferred from the stocking tank
of OW at 25 ppt to petri dishes (in triplicate) containing 20 mL of one of the water types to
observe the appearance of trochophore. The trochophore stage was marked by the time at
which 50% of the fertilised eggs were transformed to the trochophore stage (Bayne, 1965).
Similarly, newly transformed larvae at each stage of trochophore and veliger were
transferred from the stocking tank to petri dishes containing one of the different water types
for the observation of the transformation of these larvae to the next stage of veliger and
pediveliger, respectively.
To determine the settlement of early blue mussel larvae, pediveliger larvae from the stock
tank were placed into each 40 µm-cell strainer (BD Falcon, BD Biosciences, Bedford,
USA). Each cell strainer was placed into 250 mL glass beakers containing one of the
different water types with continuous aeration. The development of larvae was observed
until they settled. The byssal threads of adult blue mussels were placed into each cell
strainer for larvae settlement (Eyster & Pechenik, 1987).
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3.4.5. Deformity
Morphological deformity was determined based on previous descriptions (Andersen,
Grefsrud, & Harboe, 2013; His, Seaman, & Beiras, 1997; Kurihara, 2008). Deformity was
calculated based on the formula: D = 100 × (nd/no)
where D is the deformity (%), nd is the number of larvae of the blue mussels at time t, and
no is the number of the larvae of the blue mussels at the commencement of each stage.
3.4.6. Developmental stage interval (DSI, hours)
IMI was estimated by subtracting the time when 50% of larvae moulted to the next
developmental stage to the time when they were newly moulted from the previous
development stage.
3.4.7. Haemolymph and medium osmolality
Fifty µL of haemolymph (Aarset & Zachariassen, 1982) was collected using a 2 mL syringe
connected to a 25 G needle from the posterior adductor muscle sinus (Livingstone,
Widdows, & Fieth, 1979) of each of 3 randomly sampled mussels. The haemolymph was
then transferred into a 0.5 mL plastic Eppendorf tube and chilled on iced-brick for
immediate measurement of haemolymph osmolality using Cryoscopic Osmometer –
Osmomet 030 (Gonotec, Inc, Germany).
The measurement of the medium osmolalities (ISW and OW) was performed using the same
procedure as the haemolymph osmolality, except for 50 µL haemolymph was replaced by
50 µL of the corresponding media.50 µL of haemolymph.
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3.4.8. Byssus thread renewal capacity and root shedding
In all water types, byssus threads of each mussel were cut to the edge of the external shells
using a pair of scissors and the number of byssus threads was recorded daily. The blue
mussels were placed back to the corresponding water types after the collection of byssus
threads. The new formation of byssus threads (renewal capacity) was presented as a mean
number of byssus threads produced by a blue mussel per day for the entire exposure
duration. At the end of the experiment, the average number of byssus threads was either
calculated as a mean value of ‘per day basis’ or by ‘every 5 days interval’.
During the experiment, any byssus roots were completely dislodged from the blue mussels
and left in the petri dish were also counted and termed as root shedding (Fig. 1). The
number of shed byssus roots was calculated as the mean number of shed roots for 35 days.
During the experiment, if any byssus root which was completely dislodged from the blue
mussel and left in the petri dish was also counted and termed as root shedding (Figure 4.18).
The shed number of byssus root was calculated as the mean number of shed root for 35
days.
3.4.9. Biochemical composition analyses
After measuring the length and weight, the flesh of survived blue mussel was taken out of
the shell with a surgical blade and was weighted. Shells and flesh were dried separately at
105oC to a constant weight (5 hours) in a drying oven (Thermotec 2000, Contherm
Scientific Ltd, New Zealand) for biochemical analysis. The dried mass of the blue mussel
flesh was pooled and finely ground to powder with a mortar and pestle. Protein, lipid,
moisture and ash were analysed according to the standard methods described in Association
of Official Analytical Chemists (Helrich, 1990). Crude protein was analysed using the
Kjeldahl method with a Kjeltec 8200 Auto distillation and Tecator digestor 8 (FOSS
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Analytical AB, Sweden). Lipid content was analysed by petroleum ether extraction using
the Soxhlet method. Ash was analysed by combustion at 550°C for 24 hours using an
electric furnace (Carbolite Ltd, UK). Gross energy was determined using a bomb
calorimeter (C2000, IKA, Staufen, Germany).

3.5. Data analysis

One-way analysis of variance (ANOVA) and the least significant difference (Tukey’s posthoc tests) multiple comparisons were used to determine the significant differences (p < 0.05)
among the means. T-test two samples for means for different tested parameters was used to
determine the significant difference (p < 0.05) between the two sized mussels. Percentage
values were arcsine-transformed to achieve normality for ANOVA assumption. Linear and
second order regression analysis was performed on the experimental parameters as a
function of K+ fortification levels in ISW where appropriate. Data were presented as means
and standard errors (SE). All statistical analyses were performed in SPSS version 22 for
Windows (IBM Corporation, USA).
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Chapter 4 RESULTS
4.1. The survival and osmoregulatory capacities of blue mussel cultured in ISW and
OW
4.1.1. Ionic compositions of ISW and OW
Ion concentrations in both ISW and OW increased proportionally with increased salinity.
Ca2+ and Mg2+ levels were higher in ISW than in OW, whereas S2+ and particularly K+ were
lower in ISW than in OW. The lower K+ level in ISW resulted in a much higher Na+/K+
ratio in ISW (more than 3 times, Table 4.1) than in OW. The Mg2+/Ca2+ ratio was relatively
stable across all water types.
4.1.2. Survival
Survival was 100% at salinities from 20 to 30 ppt in ISW and from 20 to 35 ppt in OW. In
both ISW and OW, mortalities significantly (p < 0.05) increased with a decrease in salinities
below 20 ppt. Mortalities showed a negative linear relationship with exposure time (R2 =
0.87 – 0.99 for ISW and 0.92 – 0.99 for OW, Table 4.2), resulting in 100% mortality at 72,
120, 144 and 168 hours post exposure (hpe), in ISW5, ISW10, ISW15 and ISW35 (Figure
4.1) and at 96 hpe, 192 hpe and 312 hpe in OW5, OW10 and OW15 (Figure 4.2),
respectively.
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Figure 4.1 Survival (mean ± SE) of blue mussel in ISW at different salinities. Data points
marked with different letters are significantly different (p < 0.05).

Figure 4.2 Survival (means ± SE) of blue mussel in OW at different salinities. Data with
different letters are significantly different (p < 0.05).
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Table 4.1 The ionic compositions (mg L-1) of inland saline water (ISW) and ocean water (OW).

Parameter

5 ppt

10 ppt

15 ppt

20 ppt

25 ppt

30 ppt

35 ppt

ISW5

OW5

ISW10

OW10

ISW15

OW15

ISW20

OW20

ISW25

OW25

ISW30

OW30

ISW35

OW35

187.33

211.33

290.00

326.67

426.67

507.33

482.33

659.33

651.67

781.00

805.67

941.00

927.67

1140.33

Na+

1416.00

1671.00

2488.00

3109.00

3574.00

4235.00

4890.00

5876.00

6125.00

7315.00

7720.00

8803.00

9385.00

10190.00

K+

19.90

59.51

28.82

110.30

38.68

150.50

49.63

206.80

63.16

258.80

77.26

313.00

92.32

356.10

Ca2+

106.30

75.76

176.20

121.70

247.90

159.90

330.40

216.50

419.50

266.90

530.80

320.90

640.60

363.90

Mg2+

253.80

199.60

449.40

361.10

636.40

493.10

868.30

681.30

1088.00

843.40

1375.00

1015.00

1674.00

1172.00

S2+

108.20

138.60

184.60

253.10

261.10

342.00

359.70

427.50

447.20

591.80

560.00

706.30

647.40

819.30

Na+: K+ ratio

71.16:1

28.08:1

86.33:1

28.17:1

92.40:1

28.14:1

98.52:1

28.41:1

96.98:1

28.26:1

99.92:1

28.12:1

101.66:1

28.62:1

Mg2+: Ca2+ ratio

2.39:1

2.63:1

2.55:1

2.97:1

2.57:1

3.08:1

2.63:1

3.15:1

2.59:1

3.16:1

2.59:1

3.16:1

2.61:1

3.22:1

Osmolality
(mOsm kg-1)
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Table 4.2 Linear regression of the survival of the blue mussel at each salinity versus
exposure time. (Note that the regressions were not established for water types where
survival was 100% over the entire exposure period, since the R2 = 1).
Water types

Regression equations

R2 value

ISW5

y = -31.111x + 116.67

0.87

IW10

y = -17.841x + 111.7

0.96

ISW15

y = -15.873x + 117.78

0.99

ISW35

y = -13.413x + 113.97

0.98

OW5

y = -23.778x + 115.33

0.97

OW10

y = -12.593x + 122.22

0.97

OW15

y = -7.0037x + 118.88

0.92

4.1.3. Osmolality
Haemolymph osmolality of the blue mussel increased from 24 to 72 hours in ISW at
different salinities and from 24 to 96 hpe in OW, and maintained a stable osmolality until
the end of the exposure period. All blue mussels exposed to ISW35 died at 168 hpe after
their haemolymph showed an osmolality ca. 870 mOsm kg-1 (Figure 4.3). Surviving
individuals had osmolalities between 650 and 750 mOsm kg-1 in ISW and 730 to 950 mOsm
kg-1 in OW (Figure 4.4). Overall, haemolymph osmolality of blue mussel in OW was higher
than in ISW at a given salinity and exposure time.
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Figure 4.3 Haemolymph osmolality (mean ± SE) of blue mussel (Mytilus edulis) reared in
ISW at different salinities.

Figure 4.4 Haemolymph osmolality (mean ± SE) of blue mussel (Mytilus edulis) reared in
OW at different salinities.
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4.1.4. Osmoregulatory capacity (OC)
Overall, the OC of blue mussel showed more deviations from zero when they were exposed
to salinities further away from their IP (Figure 4.5 A and B). In ISW, positive OCs (hypoosmoregulatory pattern) were observed in the blue mussel in salinities from 5 to 25 ppt at
360 hpe and in 30 ppt at 24–96 hpe, while negative (hyper-osmoregulatory pattern) OC was
observed at salinities of 30 and 35 ppt (Figure 4.5 A). In OW, blue mussel showed a hypoosmoregulatory pattern in salinities from 5–20 ppt, whereas they showed a hyperosmoregulatory pattern in salinities above 25 ppt (Figure 4.5 B). The hypo- and hyperosmoregulatory patterns in the blue mussel were confirmed by regression analyses (Table
4.3).
Slopes from regression analysis between haemolymph osmolality and medium osmolality in
ISW (Figure 4.6) and in OW (Figure 4.7) increased with the increase in salinities. The blue
mussel showed hyper-osmoregulatory capacity at hypo-salinities and vice versa (Figure 4.5
A and B, Figure 4.6, and Figure 4.7).
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Figure 4.5 Osmoregulatory capacity (mean ± SE) of blue mussel (Mytilus edulis) reared in
different salinities of ISW (A) and OW (B).

Figure 4.6 Relationship between haemolymph osmolality of blue mussel and ISW
osmolality at different salinities.
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Figure 4.7 Relationship between haemolymph osmolality of blue mussel and OW osmolality
at different salinities.
During 360 hpe, the IP of the blue mussel ranged from 658 to 892 mOsm kg-1 in ISW and
from 716 to 809 mOsm kg-1 in OW equivalent to 25 to 34 ppt for ISW and 22 to 25 ppt for
OW, respectively (Table 4.3). During the first 72 hpe the IP of the blue mussel in ISW
increased from 658 to 892 mOsm kg-1, which equates to salinities from 25 to 34 ppt while
during the first 96 hpe the IP of blue mussel in OW increased from 716 to 802 mOsm kg-1,
which equates to salinities from 22 to 25 ppt. Thereafter, the IP of the blue mussel in ISW
declined and stabilized to around 700 mOsm kg-1, which is equal to 27 ppt. Similarly, the IP
of the blue mussel in OW maintained between 770 to 800 mOsm kg-1, which is equal to a
salinities of 24 and 25 ppt.
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Table 4.3 Relationship between haemolymph osmolality (Y) and medium (X) osmolality of
blue mussel in the different types of water and salinities. Data in the same column marked by
different letters are significantly different within each water type (p < 0.05).
Water type

OW

ISW

Time (h)

R2

Equation

Isosmotic point
mOsm kg-1

ppt

24

y = 0.441x + 400.34

0.9802

716.44 ± 5.54a

21.96 ± 0.18a

48

y = 0.419x + 447.11

0.9847

769.32 ± 5.40bcd

23.71 ± 0.18bcd

72

y = 0.358x + 487.06

0.8882

759.01 ± 7.15bc

23.37 ± 0.23bc

96

y = 0.359x + 514.15

0.9555

802.31 ± 3.92d

24.80 ± 0.13d

120

y = 0.358x + 506.77

0.9199

789.91 ± 6.13cd

24.39 ± 0.20cd

144

y = 0.416x + 465.64

0.9420

797.37 ± 7.47cd

24.64 ± 0.25cd

168

y = 0.372x + 505.90

0.9185

805.03 ± 1.97d

24.90 ± 0.07d

192

y = 0.385x + 497.95

0.8469

809.43 ± 10.54d

25.04 ± 0.35d

216

y = 0.358x + 507.23

0.8773

790.07 ± 3.77cd

24.40 ± 0.12cd

240

y = 0.363x + 513.66

0.9701

806.09 ± 4.16d

24.93 ± 0.14d

264

y = 0.423x + 453.34

0.8898

785.97 ± 7.69cd

24.26 ± 0.25cd

288

y = 0.425x + 453.96

0.9624

788.97 ± 6.28cd

24.36 ± 0.21cd

312

y = 0.505x + 369.33

0.9724

744.82 ±16.81ab

22.90 ± 0.56ab

336

y = 0.420x + 448.69

0.9550

772.89 ± 2.20bcd

23.83 ± 0.71bcd

360

y = 0.447x + 430.52

0.9447

776.84 ± 12.92bcd

23.96 ±0.43bcd

24

y = 0.658x + 278.54

0.9569

658.03 ± 10.56a

24.80 ± 0.43a

48

y = 0.579x + 358.48

0.9774

852.53 ± 6.04d

32.63 ± 0.24d

72

y = 0.554x + 397.79

0.8449

892.53 ± 8.14d

34.24 ± 0.33d

96

y = 0.559x + 370.48

0.9026

840.70 ± 21.51d

32.16 ± 0.87d

120

y = 0.525x + 359.61

0.9505

756.21 ± 15.90c

28.75 ± 0.64c
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144

y = 0.534x + 326.85

0.7561

722.12 ± 1.59ab

27.38 ± 0.06ab

168

y = 0.549x + 331.33

0.9217

735.50 ± 4.66ab

27.92 ± 0.19ab

192

y = 0.379x + 435.91

0.7712

703.19 ± 11.59ab

26.62 ± 0.47ab

216

y = 0.347x + 468.21

0.7924

717.87 ± 16.66ab

27.21 ± 0.67ab

240

y = 0.351x + 450.94

0.8821

700.54 ± 27.01ab

26.51 ± 1.09ab

264

y = 0.289x + 504.49

0.8996

714.70 ± 22.20ab

27.09 ± 0.89ab

288

y = 0.380x + 436.28

0.8477

704.19 ± 3.48ab

26.66 ± 0.14ab

312

y = 0.355x + 458.74

0.7723

712.66 ± 15.63ab

27.00 ± 0.63ab

336

y = 0.199x + 576.55

0.7477

722.17 ± 12.41ab

27.38 ± 0.50ab

360

y = 0.297x + 504.42

0.9216

720.12 ± 25.00ab

27.30 ± 1.01ab

4.2. Early development of the blue mussel cultured in potassium-fortified ISW
4.2.1. Environmental parameters and haemolymph osmolality
Na+ concentration and the osmolality did not differ among water types. The addition of K+ to
ISW brought the K+ concentrations closer to K+ concentrations in OW without changing the
concentrations of other ions. The Na+/K+ ratios decreased with the elevated K+
concentrations. The fortification of K+ to ISW reduced the Na+:K+ ratio from 100.27:1 in
ISW27 to 28.58:1 in ISW100K+, similar to the Na+:K+ ratio of OW25. There was no
difference in Na+/K+ ratio between ISW100K+ and OW. Mg2+: Ca2+ ratios were slightly lower
in ISW than in OW. Higher levels of Ca2+, Mg2+ were found among ISW compared to those
in OW25 while S2+ and Mg2+:Ca2+ ratios were lower (Table 4.4).
Table 4.4 The ionic composition (mg L-1) of ISW and OW
Parameters

ISW27

ISW20K+ ISW40K+ ISW60K+ ISW80K+ ISW100K+ OW25

63

Salinity (ppt)

27

27

27

27

27

27

25

Osmolality

719.00

671.33

680.33

669.67

675.67

662.33

659.67

Na+

6584.00

6824.00

6816.00

6872.00

6943.00

6774.00

6480.00

K+

65.66

96.25

127.00

152.40

182.30

217.50

226.70

Ca2+

431.10

465.20

462.50

456.90

461.50

451.60

231.20

Mg2+

1145.00

1202.00

1197.00

1189.00

1198.00

1173.00

749.30

S2+

453.40

483.50

475.90

471.50

477.20

464.70

515.90

Na+: K+ ratio

100.27:1

70.90:1

53.67:1

45.21:1

38.09:1

28.58:1

28.58:1

Mg2+: Ca2+ ratio

2.66:1

2.58:1

2.59:1

2.60:1

2.60:1

2.60:1

3.24:1

(mOsm/kg)

4.2.2. Survival
Over 78 per cent of the fertilised eggs transformed successfully to trochophore, and K+
fortification had no effect (p > 0.05) on the hatching success of fertilised eggs. Similarly
trochophore larvae were transformed to veliger with 80% of success. Higher K+ levels
significantly (p < 0.05) increased the survival of pediveliger from 55% to 68%. Similarly, the
number of the newly settling larvae was significantly (p < 0.05) higher at higher K+ (Figure
4.8), wherein, the percentage of settling larvae reached 62% in the highest K+ levels
(ISW100K+), 24% higher than the ISW control, showing the high sensitivity of pediveliger
and settlement stages to the increased K+ fortification. Stronger linear correlations were
shown between survival rate with pediveliger and settling larvae. However, survival of
trochophore exhibited stronger (R2 = 0.95) second order relationship with K+ fortification
levels in ISW. The survival of veliger stage of blue mussel was independent of K+ levels as
shown by R2 value of 0.53 (Table 4.5).
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Figure 4.8 Survival of early developmental stages of the blue mussel Mytilus edulis in
response to K+ fortification to ISW. Data are presented as mean ± SE. Data with different
letters are significantly different (p < 0.05).

4.2.3. Size
Size of trochophore (81–84 µm), veliger (120–138 µm) and pediveliger (301–331 µm) were
not affected (p > 0.05) by K+ levels (Figure 4.9). Fortification of K+ significantly (p < 0.05)
increased the size of settling larvae from 497 µm at the lowest K+ level to 610 µm at the
highest K+ level (25 % increase in size). This also highlighted the sensitivity of settling larvae
to the increase in K+ fortification levels. There was no difference in the size of settling larvae
when exposed to ISW100K+ than when reared in OW25 (Figure 4.9). Linear regression
analysis between K+ concentrations and the size of early larval blue mussel showed strong
correlations in pediveliger (R2 = 0.89) and settlement stages (R2 = 0.87). Size of veliger
larvae was weakly correlated (R2 = 0.65) with K+ concentrations, whereas no correlation (R2
= 0.01) was observed in trochophore stage (Table 4.5).
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Figure 4.9 Sizes of early developmental stages of the blue mussel Mytilus edulis in response
to K+ addition to ISW. Data are presented as mean ± SE. Data with different letters within a
stage are significantly different (p < 0.05).
4.2.4. Developmental stage interval (DSI)

Figure 4.10 Developmental stage interval of early developmental stages of the blue mussel
Mytilus edulis in response to K+ addition to ISW. Data are presented as mean ± SE. Data with
different letters within a stage are significantly different (p < 0.05).

66

DSI of all larval stages were shorter (p < 0.05) under higher K+ levels. Fertilised eggs lasted
10.33 to 12.5 hours before hatching to trochophore. It took 42.0 to 44.5 hours for trochophore
larvae to develop into veliger larvae. DSI for pediveliger varied from 675.3 to 721.7 hours to
settle using byssal threads (Figure 4.10). DSI was strongly negatively correlated with K+
fortification levels in ISW at all studied development stages. However, this negative
correlation was linear only in settlement stages (Table 4.5).
4.2.5. Morphological deformity
Normal and abnormal formation of each early stages of blue mussel were shown in Figure
4.11 and Figure 4.13, respectively. Four types of deformities were observed during the larval
stages, namely faulty cell cleavage (Figure 4.13 a, b, c), abnormal formation in trochophore
larvae (Figure 4.13d), protruding mantle in veliger larvae (Figure 4.13 e), and indented shell
margin in veliger (Figure 4.13 f) and in pediveliger (Figure 4.13 g). Deformities occurred in
larval stages from trochophore to pediveliger, but were not detected at the settlement stage.
Overall, the deformity percentage was low (lower than 5% in all larval stages in any water
types). The highest deformity of 4.67% occurred in ISW with no K+ fortification (Figure
4.12). The K+ fortification in ISW did not influence (p > 0.05) the deformity rate of
trochophore and veliger larvae. The deformity rate of pediveliger larvae decreased (p < 0.05)
with the increase in K+ levels. K+ concentrations showed strong negative linear correlations
with percentages of deformities in trochophore, veliger and pediveliger larvae but stronger
positive second order correlation was observed between K+ levels and number of deformities
in fertilised eggs (Table 4.5).
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a

b

c

d

e

f

Figure 4.11 Development of early stages of blue mussel Mytilus edulis in response to K+
addition to ISW. (a) eight cell stage; (b) trochophore larva; (c) veliger larva; (d, e, f)
settlement larvae; thin arrow: foot; black arrows: byssal thread of adult blue mussel; white
arrows: byssal thread of settlement larva of the blue mussel. Scale bar = 100 µm.

Figure 4.12 Morphological deformity of early developmental stages of the blue mussel
Mytilus edulis in response to K+ addition to ISW. Data are presented as mean ± SE. Data with
different letters within a stage are significantly different (p < 0.05).
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a

b

c

d

e

f

g

Figure 4.13 Morphological deformity in early larval stages of the blue mussel Mytilus edulis
in response to K+ addition to ISW. (a, b, c) deformed cell division; (d) deformed trochophore;
(e, f) deformed veliger and (g) deformed pediveliger. Scale bar = 100 µm.

Table 4.5 Linear (shown by *) and second order regressions of the survival, size, DSI and
deformity numbers of the blue mussel as a function of K+ fortification levels in ISW
Parameter

Developmental stage

Equation

R2

Survival (%)

Trochophore

y = 0.001x2 - 0.291x + 98.140

0.95

Veliger

y = 0.001x2 - 0.127x + 87.200

0.53

Pediveliger

y = 0.117x + 45.938

0.72*

Settlement

y = 0.167x + 26.074

0.88*
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Size (µm)

DSI (hours)

Deformity (%)

Trochophore

y = 0.000x2 + 0.007x + 81.69

0.01

Veliger

y = 0.001x2 - 0.073x + 123.590

0.69

Pediveliger

y = 0.149x + 295.070

0.89*

Settlement

y = 0.928x + 425.950

0.87*

Trochophore

y = -0.000x2 + 0.028x + 10.960

0.83

Veliger

y = -0.000x2 + 0.047x + 42.370

0.83

Pediveliger

y = -0.001x2 + 0.314x + 626.240

0.91

Settlement

y = -0.293x + 746.070

0.87*

Fertilised eggs

y = 0.000x2 - 0.089x + 9.310

0.98

Trochophore

y =-0.006x + 2.080

0.87*

Veliger

y = -0.006x + 1.848

0.77*

Pediveliger

y = -0.008x + 1.929

0.75*

4.3. Survival and growth of the juvenile blue mussel cultured in potassium-fortified
ISW
4.3.1. Ionic compositions and environmental parameters
Ionic composition was shown in the Table 4.4. There was no difference in all measured
environmental parameters (DO, pH and temperature) among water types. Overall, DO varied
from 5.68 – 6.11 mg L-1 (Figure 4.14 A), pH from 7.60 – 7.86 (Figure 4.14 B) and
temperature from 19.37 - 21.50°C (Figure 4.14 C). These environmental parameters were not
significantly (p > 0.05) different among water types.
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Figure 4.14 Variation of dissolved oxygen (A), pH (B) and temperature (C) in different water
types during the cultured period of 120 days
4.3.2. Survival and growth rate
Survival varied from 23 to 85% and was significantly (p < 0.05) influenced by the K+
fortification of ISW (Table 4.6). Survival was improved in ISW100K+ and was similar to
those in OW25. A strong correlation between K+ fortification levels and survival of the blue
mussel (R2 = 0.94) (Table 4.7) was found.
There was no difference in the initial length and weight of blue mussel among water types
(Table 4.6). In general, higher K+-fortified ISW significantly (p < 0.05) increased the SGRL
and SGRW of blue mussel at the end of the experiment. In particular, higher K+-fortified ISW
did not significantly (p > 0.05) influence the length and weight of blue mussel at 60 and 120
days post exposure (dpe). Higher K+-fortified ISW did not improve (p > 0.05) the SGRW in
the first and second 60 dpe and SGRL in the first 60 dpe but significantly (p < 0.05) improved
the SGRL in the second 60 dpe of blue mussel. There was no significant (p > 0.05) difference
in the SGRL of blue mussel among water types of ISW80K+, ISW100K+ and OW25. The
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SGRW of blue mussel in this ISW100K+ were similar to the survival rate of the OW25. K+
levels showed a strong correlation with SGRL (R2 = 0.91) and SGRW (R2 = 0.94) (Table 4.7).
Table 4.6 Survival, length and weight, and growth rate in length (SGRL) and in weight
(SGRW) of blue mussel after 120 days in different water types.
Water types

ISW27

ISW20K+

ISW40K+

ISW60K+

ISW80K+

ISW100K+

OW25

Survival (%)

23.33 ± 3.33a

40.00 ± 5.77 ab

47.67 ± 6.23b

46.67 ± 6.67b

55.67 ± 5.67bc

83.33 ± 2.03cd

85.33 ± 3.93 d

SGRL (% d-1)

0.02 ± 0.01a

0.03 ± 0.00a

0.03 ± 0.00a

0.03 ± 0.00a

0.07 ± 0.00b

0.08 ± 0.00b

0.1 ± 0.01b

SGRW (% d-1)

0.08 ± 0.03a

0.06 ± 0.03a

0.12 ± 0.01a

0.11 ± 0.04ab

0.16 ± 0.00ab

0.22 ± 0.02b

0.23 ± 0.02b

Table 4.7 Second order regression of the survival, SGRL and SGRW of the blue mussel as a
function of K+ fortification levels in ISW.
Parameter

Equation

R2

Survival

y = 0.001x2 - 0.003x + 22.997

0.94

SGRL (% d-1)

y = 4E-06x2 - 0.001x + 0.051

0.91

SGRW (% d-1)

y = 6E-06x2 - 0.001x + 0.094

0.94

4.4. Survival, growth, osmoregulatory capacity and proximate composition of blue
mussel cultured in potassium-fortified ISW
4.4.1. Ionic composition and environmental parameters
Ionic composition of ISW and OW was shown in Table 4.4. There was no difference in all
measured environmental parameters (DO, pH, and temperature) between the two blue mussel
groups. Overall, DO varied from 5.44 to 6.30 mg L-1 (Figure 4.15 A), pH from 7.56 to 7.91
(Figure 4.15 B), and temperature from 17.77 to 21.87°C (Figure 4.15 C), and these
environmental parameters were not significantly (p > 0.05) different among all water types.
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Figure 4.15 Variation of dissolved oxygen (A), pH (B) and temperature (C) in different water
types during the cultured period of 120 days.
4.4.2. Survival, growth and OC
Survival varied from 41 to 90% and was similar in two size categories (Table 4.8). Survival
significantly (p < 0.05) improved in IWS100K+ and was similar to OW25 in both sized blue
mussel and was significantly lower than rest of the K+ fortification levels. Second order
regression showed a strong correlation existed between K+ levels and survival in both size
categories of mussel. Both sizes of mussel maintained their differences in length and weights,
however their growth rates (SGR) both in terms of length and weight were similar in all water
types, except in OW control (OW25). In OW25 smaller sized mussel showed significantly
higher growth. Second order regression showed a strong correlation between K+ levels and
SGR (both length and weights) in both smaller and larger mussel (Table 4.10).
At the end of the experiment, the haemolymph osmolality of the blue mussel exposed to
different water types ranged from 691 – 740 mOsm kg-1 in the smaller group and from 679 –
762 mOsm kg-1 in the larger group. The OC of blue mussel was from 23 – 66 mOsm kg-1 in
smaller group and from 19 – 92 mOsm kg-1 in larger group. K+ fortification levels did neither
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Table 4.8 Survival, length and weight, and growth rate in length (SGRL) and in weight (SGRW) of blue mussel Mytilus edulis after 120 days of
grow-out in different water types.
Water types

Group

ISW27

ISW20K+

ISW40K+

ISW60K+

ISW80K+

ISW100K+

OW25

Haemolymph

smaller

1

726.96 ± 15.54b

1

736.66 ± 6.09b

1

733.26 ± 5.99b

1

736.15 ± 0.46b

1

739.76 ± 1.50b

1

717.33 ± 5.49ab

1

690.64 ± 3.03a

(mOsm kg-1)

larger

1

721.20 ± 14.72ab

1

735.02 ± 4.41b

1

750.62 ± 8.31b

1

761.96 ± 3.14b

1

742.17 ± 9.08b

1

734.46 ± 12.50b

1

679.38 ± 3.18a

Osmoregulatory

smaller

1

23.38 ± 0.31a

1

65.3 3 ± 6.09b

1

52.93 ± 5.99b

1

66.48 ± 0.46b

1

64.09 ± 1.50b

1

55.00 ± 5.49b

1

30.97 ± 3.03a

(mOsm kg-1)

larger

1

18.75 ± 6.58a

1

63.69 ± 4.41b

1

70.29 ± 8.31b

2

92.29 ± 3.14b

1

66.50 ± 9.08b

1

72.13 ± 12.50b

1

19.71 ± 3.18a

Survival (%)

smaller

1

48.72 ± 5.13a

1

41.03 ± 6.78a

1

41.03 ± 6.78a

1

41.03 ± 5.13a

1

58.97 ± 2.56ab

1

79.49 ± 2.56b

1

84.62 ± 4.44b

larger

1

51.28 ± 2.56a

1

48.72 ± 5.13a

1

58.97 ± 2.56a

1

61.54 ± 7.69a

1

64.10 ± 2.56a

1

87.18 ± 2.56b

1

89.74 ± 2.56b

1

1

35.32 ± 0.46ab

1

34.84 ± 0.51a

1

35.22 ± 0.17ab

1

36.66 ± 0.49abc

1

37.34 ± 0.35bc

1

37.52 ± 0.67c

osmolality

capacity

Length (mm)

SGRL (% d-1)

Weight (g)

smaller

35.49 ± 0.17abc

larger

2

43.27 ± 0.49a

2

45.49 ± 0.59ab

2

44.68 ± 0.99ab

2

44.30 ± 0.89ab

2

46.14 ± 0.62ab

2

47.40 ± 1.03b

2

47.83 ± 0.77b

smaller

1

0.00 ± 0.00a

1

0.01 ± 0.01a

1

0.00 ± 0.01a

1

0.00 ± 0.00a

1

0.03 ± 0.01ab

1

0.04 ± 0.0b

1

0.05 ± 0.00b

larger

1

0.00 ± 0.02 a

1

0.02 ± 0.01abc

1

0.02 ± 0.00abc

1

0.01 ± 0.01ab

1

0.04 ± 0.00abc

1

0.05 ± 0.01bc

1

0.06 ± 0.00c

smaller

1

4.95 ± 0.00ab

1

4.80 ± 0.09a

1

4.82 ± 0.15a

1

4.94 ± 0.03ab

1

5.42 ± 0.09abc

1

5.61 ± 0.09bc

1

5.92 ± 0.31c
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larger
SGRW (% d-1)

2

8.45 ± 0.28a

smaller - 10.01 ± 0.01ab
larger

- 10.03 ± 0.03a

2

9.81 ± 0.14ab

2

8.81 ± 0.62ab

2

9.13 ± 0.48ab

2

9.72 ± 0.24ab

2

10.55 ± 0.66ab

2

10.97 ± 0.67b

- 10.04 ± 0.03a

1

0.04 ± 0.02bc

1

0.03 ± 0.00ab

1

0.05 ± 0.02bcd

1

0.13 ± 0.02cd

1

0.12 ± 0.01d

- 10.02 ± 0.03a

- 10.01 ± 0.03a

- 10.01 ± 0.03a

1

0.00 ± 0.03a

1

0.08 ± 0.01a

2

0.08 ± 0.01a

Data in the same row with a different alphabet letter are significantly (p < 0.05) different. Data in the same column between smaller and larger
groups marked by different numerical letters are significantly (p < 0.05) different within each water type.
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alter haemolymph osmolality nor OC of blue mussel (Table 4.8). There was a correlation
between K+ levels in ISW and OC in smaller and larger mussel (R2 = 0.72 and 0.75
respectively) with no significant (p > 0.05) differences between the two sizes (Table 4.10).
4.4.3. Biochemical composition
Protein accounted for 63 to 68% and 52 to 66% of dried mass of blue mussel meat of the
smaller and larger groups, respectively (Table 4.9). Protein content significantly (p < 0.05)
increased in ISW100K+ in the smaller-size mussels and in ISW80K+ and ISW100K+ in the
larger-size mussel. There was no difference between protein content of blue mussel in
ISW100K+ of the smaller group and in ISW80K+ and ISW100K+ of the larger group than in
OW25. The protein content of blue mussel in other water types was low and did not differ
from ISW27. Irrespective of the sizes of mussel (unlike moisture, ash and energy), protein
and lipids were strongly correlated to K+ fortification levels (Table 4.10).
Lipid content varied from 9 to 10% in both mussel groups (Table 4.9). The lipid content
remained same in all water types.
ISW80K+ and ISW100K+ significantly (p < 0.05) lowered the moisture similar to the control
both mussel groups (Table 4.9).
Ash content of both groups of mussel gradually increased as the K+ levels were increased in
ISW and finally became similar to the initial values. Mussel cultured in OW and 100 percent
K+ fortified ISW showed significantly higher ash contents.
Energy content was lowest in ISW27 in both sized groups (Table 4.9). In the smaller group,
the gross energy of blue mussel in OW25 was significantly (p < 0.05) higher than ISW100K+;
however, in the larger group, there was no difference in the gross energy between ISW100K+
and OW25.
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Table 4.9 Protein, lipid, moisture, ash content, and gross energy of blue mussel M. edulis after 120 days of culturing in different water types.
Parameter

Group

Protein (%)

Lipid (%)

Moisture (%)

Ash (% DW)

Energy (MJ.kg-1)

Initial values

64.82 ± 0.06a

Final values
ISW27

ISW20K+

ISW40K+

ISW60K+

ISW80K+

ISW100K+

OW25

smaller

1

1

1

1

1

1

1

1

larger

1

2

2

1

1

1

1

1

smaller

1

9.51*

9.45*

9.71*

9.28*

1

1

1

larger

1

9.95*

9.83*

9.97 ± 0.12a

10.10 ± 0.43a

1

2

1

smaller

1

1

1

1

1

1

1

1

larger

2

2

1

2

1

2

2

2

smaller

1

1

1

1

1

1

1

1

larger

2

1

1

1

1

1

1

1

smaller

1

1

1

1

1

1

1

1

larger

1

1

1

1

2

1

1

1

64.14 ± 0.54bc
9.58 ± 0.15a
9.65 ± 0.42a
23.40 ± 0.41ab
19.75 ± 0.23abc
11.63 ± 0.17ab
13.18 ± 0.47cd
19.39 ± 0.12ab
19.58 ± 0.08cde

63.10 ± 0.40a
52.27 ± 0.78a

25.34 ± 0.70b
22.29 ± 1.56c
10.42 ± 0.43a
9.99 ± 0.24a
19.17 ± 0.21ab
18.72 ± 0.02a

64.27 ± 0.20a
60.41 ± 0.52b

21.63 ± 0.94a
21.24 ± 0.01bc
10.18 ± 0.04a
9.61 ± 0.15a
19.47 ± 0.22ab
18.76 ± 0.06a

64.52 ± 0.48a
63.51 ± 0.61bc

22.68 ± 0.67ab
22.07 ± 0.23c
11.65 ± 0.27ab
11.33 ± 0.53abc
19.04 ± 0.15a
19.10 ± 0.00abc

65.67 ± 0.25ab
63.81 ± 0.51bc

21.41 ± 1.03a
20.13 ± 0.39abc
11.14 ± 0.17ab
10.77 ± 0.57ab
19.74 ± 0.16ab
19.06 ± 0.06ab

64.88 ± 0.61a
64.97 ± 0.36c
9.95 ± 0.73a
9.75 ± 0.30a
21.22 ± 0.80a
18.64 ± 0.83ab
12.11 ± 0.13ab
12.85 ± 0.25bcd
19.71 ± 0.12ab
19.46 ± 0.14bcd

68.30 ± 1.40b
66.43 ± 1.22c
9.75 ± 0.50a
10.24 ± 0.01a
20.03 ± 0.52a
18.03 ± 0.14a
13.26 ± 0.43b
13.94 ± 0.21d
20.00 ± 0.20b
19.99 ± 0.20e

68.11 ± 0.44b
65.44 ± 0.94c
10.18 ± 0.72a
10.45 ± 0.50a
20.22 ± 0.61a
17.75 ± 0.59a
12.75 ± 0.71b
13.72 ± 0.59d
21.21 ± 0.22c
19.90 ± 0.03de

* There were only two replicates due to insufficient quantity of sample size, therefore, no statistical differences could be carried out. However, it
was assumed that there is no significant differences with the rest of the values in the row, considering mean values are closed to other values in
the same row. Data in the same row with different alphabet letters (except *) are significantly (p < 0.05) different. Data in the same column
between smaller and larger group marked by different numerical letters (except *) are significantly (p < 0.05) different within each water type.
DW: Dry weight.
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Table 4.10 Second order regression of the experimental parameters of the blue mussel as a
function of K+ fortification levels in ISW
Parameter

Group

Equation

R2

Osmoregulatory

smaller

y = -0.006x2 + 2.037x - 89.866

0.72

larger

y = -0.010x2 + 3.089x - 152.990

0.75

smaller

y = 0.004x2 - 0.867x + 89.473

0.99

larger

y = 0.002x2 - 0.297x + 62.774

0.96

smaller

y = 3E-06x2 - 0.001x + 0.029

0.96

larger

y = 2E-06x2 - 0.000x + 0.017

0.86

smaller

y = 5E-06x2 - 0.000x - 0.010

0.86

larger

y = 5E-06x2 - 0.001x + 0.004

0.85

smaller

y = 0.000x2 - 0.010x + 63.512

0.89

larger

y = -0.001x2 + 0.303x + 36.850

0.95

smaller

y = 0.001x2 - 0.471x + 57.161

1

larger

y = 0.000x2 - 0.064x + 14.907

1

smaller

y = 0.000x2 - 0.068x + 28.466

0.81

larger

y = -9E-05x2 - 0.004x + 22.914

0.91

smaller

y = 4E-05x2 + 0.005x + 9.756

0.88

larger

y = 0.000x2 - 0.003x + 9.521

0.92

smaller

y = 0.094x2 - 18.713x + 20128.000

0.76

larger

y = 0.034x2 - 2.109x + 18696.000

0.97

capacity

Survival

SGRL

SGRW

Protein

Lipid

Moisture*

Ash*

Energy*

R2 data between smaller and larger group in each experimental parameter marked by * is
significantly (p < 0.05) different otherwise there is no significant differences with the rest of
the values
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4.5. Size dependent root shedding and byssus thread renewal capacity of the blue mussel
exposed to potassium-fortified ISW
4.5.1. Ionic compositions and environmental parameters
Ionic composition in the experimental water types was shown in Table 4.4. There was no
difference in all measured environmental parameters (DO, pH and temperature) among three
blue mussel size classes. Overall, DO varied from 5.70 to 6.09 mg L-1 (Figure 4.16 A), pH
(7.60 to 7.83) (Figure 4.16 B) and temperature (19.76 to 21.01°C) (Figure 4.16 C). These
environmental parameters were not significantly (p > 0.05) different among all water types.
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Figure 4.16 Variation of dissolved oxygen (A), pH (B) and temperature (C) in different water
types during the exposure duration.
4.5.2. Survival of the blue mussel, byssus thread renewal capacity and root shedding
Survival was 100% in all water types and in all three sized mussels.
The number of the byssus threads increased to the highest number in the first ten days and
then decreased during the rest of the exposure duration (Table 4.11). In all three sized blue
mussel, the number of renewal byssus thread remained low in ISW27 and ISW20K+.
Table 4.11 Renewal byssus threads (mean number of renewal byssus threads mussel-1 day-1)
of the blue mussels in the smaller (38.1 ± 0.4 mm), medium (42.5 ± 0.4 mm) and larger size
(56.3 ± 0.3 mm) over 5 day periods reared in different K+-fortified inland saline water for 35
days.

Smaller

Day

5

10

ISW27

15.5

ISW20K+

111.7

ISW40K+

111.9

ISW60K+

18.1

ISW80K+

111.2

± 0.6b

15

20

18.8

± 1.3b

11.2

± 2.7c

19.8

± 1.9bc

1232.6

± 0.9bc

1214.3

± 0.2a
± 1.67ab

± 1.3c

± 0.6a

19.4

113.6

± 4.3b

± 0.4a

121.5

37.5

± 0.7a

± 2.1a

1235.3

82

± 0.5a

± 0.8ab

25

30

11.1

± 0.8a

10.9

± 0.2a

11.9

± 1.1a

122.0

14.5

± 3.0ab

13.9

16.8

35

11.5

± 0.3a

10.7

± 0.7a

± 0.5a

12.6

± 1.5a

122.9

± 0.7ab

122.9

± 0.5a

12.7

± 1.5a

123.9

± 2.0a

± 0.7a

125.3

± 1.7a

14.7

± 0.8a

123.7

± 1.2a

± 0.5ab

124.0

± 0.3ab

13.2

± 1.5a

124.9

± 2.3ab

Medium

Larger

ISW100K+

111.1

± 0.7ab

1217.9

OW25

220.6

± 0.7bc

224.1

ISW27

129.3

± 0.9b

1211.7

ISW20K+

1211.3

ISW40K+

17.7

ISW60K+

1211.0

ISW80K+

319.0

ISW100K+

2316.3

OW25

322.7

ISW27

11.7

ISW20K+

211.7

ISW40K+

± 1.2b

± 2.0ab
± 2.3bc

± 2.0c
± 0.9b

15.8

± 2.1b

± 1.4c
± 1.2b

± 0.4ab
± 0.5b

1210.3

214.4

± 0.5c

1212.2

± 2.5bc

236.3

± 1.0a

17.0

413.1

± 0.9a

215.7

10.5

± 0.3a

± 2.5a
± 1.6ab

24.1

± 0.9a

314.8

± 0.5ab

126.1

± 2.3a

124.5

± 2.2a

213.2

± 2.3a

29.9

± 1.7a
± 0.3a

11.0

± 0.8a

10.5

± 0.3a

11.4

± 0.3a

11.1

± 0.9a

13.2

± 2.5ab

12.5

± 1.9a

123.1

± 2.5ab

12.4

± 1.1ab

10.5

± 0.3a

123.3

± 2.3ab

121.8

± 1.4a

11.0

123.3

± 0.7ab

126.1

125.8

± 1.9ab

13.5

± 2.5ab

11.6

± 0.8a

13.9

± 0.8ab

123.6

± 1.9ab

121.8

± 0.3a

13.5

± 2.2ab

14.3

± 2.0ab

17.9

± 2.9ab

124.1

± 1.2ab

127.5

± 2.1a

14.6

± 1.4a

17.6

± 1.8a

124.4

± 1.9a

215.6

± 4.0ab

213.2

211.1

± 0.7a

322.4

± 0.9b

27.1

323.4

± 2.4b

114.9

113.7

± 2.3a

10.3

± 0.2a

10.8

± 0.8a

10.6

± 0.6a

10.8

± 0.5a

10.6

± 0.7cd

1233.4

± 0.9d

11.5

± 1.0ab

10.7

± 0.7a

16.3

± 2.5bc

14.3

± 1.3ab

121.8

± 1.0ab

215.0

± 2.9b

1212.2

± 1.9b

11.5

± 0.8a

11.3

± 0.8a

11.6

± 0.9a

11.5

± 1.0a

122.8

± 1.7a

ISW60K+

213.0

± 21.5b

1211.8

± 2.7ab

123.9

12.5

± 1.2a

14.5

± 1.5ab

13.6

± 3.2ab

124.9

± 2.2ab

ISW80K+

213.7

± 0.9bc

12314.3

± 2.2c

1235.7

± 3.6abc

18.1

± 3.0abc

13.3

± 1.7ab

13.1

± 1.4a

124.5

± 0.4abc

ISW100K+

2320.0

± 2.9b

2316.7

± 3.5ab

2313.7

± 3.1ab

16.2

± 5.2ab

14.1

± 1.6a

17.1

± 3.0ab

27.7

OW25

329.0

± 0.7b

± 0.3a

± 2.5c

323.9

± 0.4bc

± 1.7a

± 3.2ab

315.3

± 1.2ab

± 1.2ab

± 2.6a

220.3

± 2.2ab

219.7

± 2.7ab

± 1.3ab

217.1

218.6

± 0.8ab

± 1.5ab

Data in the same column of each blue mussel size marked by different numerical letters and
data in the same row with different alphabet letters are significantly different (p < 0.05).
At the end of the experiment, the mean rate of renewed byssus threads varied from 1 to 16
byssus threads day-1 in smaller sized (Figure 4.17 A), 1 to 17 byssus threads day-1 in medium
sized (Figure 4.17 B) and 1 to 20 byssus threads day-1 in size larger sized mussel (Figure 4.17
C) when exposed to different water types. Higher levels of K+-fortification to ISW
significantly (p < 0.05) increased the number of renewed byssus threads of blue mussel in all
three sized blue mussel (Figure 4.17 A, B and C). The number of renewed byssus threads of
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± 0.3a

± 1.6ab

316.1

± 0.2ab

blue mussel in ISW100K+ was significantly higher (5 – 17 times higher) the number of blue
mussel in ISW27. The number of renewed byssus threads of blue mussel in OW25 was twice
higher than of those in ISW100K+. Also, the blue mussel in OW25 produced significantly (p
< 0.05) higher number (5 - 7 times) of byssus threads than those of blue mussel in OW25u.
There was no significant (p > 0.05) difference in the number of byssus threads in uncut blue
mussel (OW25u and ISW27u) and ISW27.
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Figure 4.17 Mean number of renewed byssus threads of blue mussel in the smaller (38.1 ±
0.4 mm) (A), medium (42.5 ± 0.4 mm) (B) and larger size (56.3 ± 0.3 mm) (C) reared in
different K+-fortified inland saline waters for 35 days. Data are presented as mean ± SE. Data
with different letters are significantly different (p < 0.05).
Shedding of the root in the blue mussel was shown in Figure 4.18. The number of shed root
varied from 0.01 to 0.07 root day-1 in all sized blue mussel (Figure 4.19 A, B and C) and
significantly (p < 0.05) decreased with the increase in K+ levels. The blue mussel shedding
occurred in ISW27, ISW20K+, ISW40K+ and ISW60K+ in all sized blue mussel. While there
was no significant (p > 0.05) difference in the number of shed root between OW25c and
OW25u, the number of shed root was significantly (p < 0.05) different between ISW27c and
ISW27u.
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(A)

(C)

(B)

(E)

(D)

(G)

(H)

(F)

(I)

Figure 4.18 Root shedding of the blue mussel when exposed to low K+ fortified ISW. (A, B)
initial signs of root shedding; (C, D, E, F, G, H, I) root shedding; black arrow points towards
byssus threads and white arrow towards shed root.
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Figure 4.19 Mean number of blue mussel root shedding in the smaller (38.1 ± 0.4 mm) (A),
medium (42.5 ± 0.4 mm) (B) and larger mussel (56.3 ± 0.3 mm) (C) reared in different K+fortified inland saline waters for 35 days.
Number of byssus threads which were produced by the blue mussel showed correlations (R2
= 0.67 – 0.74) with K+ fortification levels in ISW. Linear regression analysis showed that root
shedding was strongly negatively correlated with K+ fortification levels in ISW in the
medium mussel while this negative correlation was weak in the larger mussel (Table 4.12).
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Table 4.12 Linear regressions of the number of byssus thread renewal capacity and root
shedding of the blue mussel as a function of K+ fortification levels in ISW
Parameter

Size class

Equation

R2

Byssus thread renewal

smaller

y = 0.057x - 1.385

0.67

medium

y = 0.067x - 2.560

0.74

larger

y = 0.086x - 4.984

0.72

smaller

y = -0.000x + 0.090

0.76

medium

y = -0.000x + 0.081

0.93

larger

y = -0.000x + 0.064

0.66

capacity

Shedding of the root
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Chapter 5 DISCUSSIONS, CONCLUSIONS AND RECOMMENDATIONS
5.1. Discussions
5.1.1. The survival and osmoregulatory capacities of blue mussel cultured in ISW and OW
This is the first study to document the osmoregulatory mechanisms, a vital physiological
adaptation process in changing salinities, of blue mussel in ISW. Organisms unable to adjust
their osmoregulation, particularly when they are exposed to extreme salinity fluctuations,
eventually die (Costa & Pritchard, 1978; Davenport, 1979b; Gong, Jiang, Lightner, &
Collins, 2003; Gong et al., 2004; Prangnell, 2007).
In this study, the dead blue mussel failed to reach these critical osmolality values while the
surviving ones showed haemolymph osmolality from ca. 650 to 750 mOsm kg-1 in ISW and
ca. 730 to 950 mOsm.kg-1 in OW. A previous study by Shumway (1977) showed that
haemolymph osmolality of surviving blue mussels exposed to 0 to 30 ppt of OW varies from
700 to 880 mOsm kg-1, which equates to a salinity of 25 to 35 ppt, similar to the results of
this study.
A strong inverse correlation between mortality and salinity in both ISW and OW indicates the
increase in salinity resulted in the vulnerability of blue mussel except in ISW and OW at
salinities ranging from 20 to 30 ppt and 20 to 35 ppt, respectively. It is likely that the
adjustment of the haemolymph osmolality in blue mussel occurred in the first 120 hpe as
there was a general tendency toward increased osmoregulation of mussel in salinities lower
than 20 ppt towards the critical values of 600 mOsm kg-1 in ISW and 720 mOsm kg-1 in OW,
the lowest values of haemolymph osmolality of surviving blue mussel in ISW and OW,
respectively. All blue mussels in OW that failed to increase the osmolality to 700 mOsm kg-1
died. The mussel in ISW died at a lower osmolality of 600 mOsm kg-1 and the rate of
mortality was faster than for the mussel exposed to OW at a given salinity and exposure time.
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The faster mortality rate of blue mussel exposed to low salinities of ISW was intensified by
the different ionic composition, especially the K+ deficiency (Fotedar et al., 2008) in ISW,
since K+ levels in ISW are at least three times lower than in OW. A deficiency in K+ results
in an imbalance in ionic composition, that may for example, change the Na+/K+ ratio in a way
that restricts the ability of Na+/K+ ATPase to function, and consequently results in an
osmoregulatory malfunction (Costa & Pritchard, 1978; Gong et al., 2004) causing mortalities.
An association between the K+ deficiency and low survival has been reported for many
aquatic species, such as black tiger shrimp (Penaeus monodon) (Cawthorne, Beard,
Davenport, & Wickins, 1983), western king prawns (Penaeus latisulcatus) (Prangnell &
Fotedar, 2009),

juvenile greenlip abalone (Haliotis laevigata) (Fotedar et al., 2008),

barramundi (Lates calcarifer) (Partridge, Lymbery, & Bourke, 2008), juvenile mulloway
(Argyrosomus japonicas) (Doroudi et al., 2006), and Australian snapper (Pagrus auratus)
(Fielder et al., 2001).
The observation that 100% of the mussel died at 35 ppt in ISW but not at 35 ppt in OW
indicated a possible negative effect of K+ deficiency in ISW that may intensify at a higher
salinity. The Na+/K+ ratio of OW at the same salinity is 29:1, similar to the ratio at lower OW
salinities and suitable for the blue mussel to survive. The intensity of the deficiency effect at
higher salinities also has been explained by several authors (Fotedar et al., 2008; Gong et al.,
2004; Prangnell & Fotedar, 2006a; Tantulo & Fotedar, 2007) in crustaceans. A deficiency in
K+ in ISW results in an imbalance in the ionic composition, and ultimately results in
osmoregulatory malfunction (Costa & Pritchard, 1978; Gong et al., 2004) at 35 ppt in ISW.
Slopes from the regression analyses between haemolymph osmolality and medium osmolality
have been used to determine the osmoregulatory capacity of various aquatic invertebrates,
e.g. P. latisulcatus (Sang & Fotedar, 2004), brown tiger shrimp (Penaeus esculentus) (Sang
& Fotedar, 2005), P. monodon (Tantulo & Fotedar, 2007), South American shrimp
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(Macrobrachium amazonicum) (Charmantier & Anger, 2011), Caledonia blue shrimp
(Litopenaeus stylirostris) (Pham et al., 2012) and white shrimp (Litopenaeus vannamei)
(Chong-Robles et al., 2014). The present study confirms the strong correlation (data not
shown) between haemolymph and medium osmolality in both ISW and OW.
When the haemolymph osmolality is higher than the medium osmolality (hypo-osmotic
condition) and vice versa (hyper-osmotic condition), blue mussel respond to these conditions
by using a hyper-osmoregulatory pattern or hypo-osmoregulatory pattern to compensate for
ionic loss or influx (Rainbow & Black, 2001), respectively. The results clearly have shown
that blue mussel are hyper-hypo osmoregulators in both ISW and OW. A similar
osmoregulatory pattern was found in P. monodon when exposed to both ISW (Tantulo &
Fotedar, 2006) and or OW, or L. vannamei when exposed to OW (Chong-Robles et al., 2014)
at different salinities.
From the aquaculture point of view, finding suitable salinity close to IP is an important step
to minimise the stress caused by maintaining an internal osmolality and may help to optimise
the survival and growth of aquatic animals since they spend the least energy on
osmoregulation at IP (Burton, 1986; Tantulo & Fotedar, 2006). Therefore, it is expected that
blue mussel exposed to salinities where OC values are closer to IP may experience less stress.
In OW, the IP of blue mussel varied from 21.96 to 25.04 ppt, which is somewhat lower than
the IP of the blue mussel in ISW at 27 ppt. The IP of blue mussel in ISW is closer to the
value for P. monodon, which shows IPs from 661.7 to 751.6 mOsm kg-1 that equate to 23.4
to 25.6 ppt after16 hours of exposure to ISW at a salinity of 5 to 35 ppt (Tantulo & Fotedar,
2007).
In conclusion, this study is the first to document IP of blue mussel in ISW as 700 mOsm kg-1,
equal to ca. 27 ppt. One-hundred percent of blue mussel could survive in ISW at 20 to 30 ppt
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with the haemolymph osmolality of 650–750 mOsm kg-1 and in OW from 20 to 35 ppt with
the haemolymph osmolality of 730–950 mOsm kg-1.
5.1.2. Early development of the blue mussel cultured in potassium-fortified ISW
Marine species can be successfully cultured in ISW after ISW is either modified by fortifying
it with K+ salts (KCl or potassium fertilizers) (Fisher et al., 2013; Fotedar et al., 2008;
McNevin et al., 2004; Prangnell, 2007; Prangnell & Fotedar, 2006b; Tantulo & Fotedar,
2006) or formulated feed (Romano & Zeng, 2012; Roy & Davis, 2010; Saoud et al., 2007) for
the target species is supplemented with K salts. More studies aiming to culture and improve
the feasibility of the hatchery production of marine species in ISW and potassium-fortified
ISW are needed. The lack of studies on the hatchery development of molluscs, including blue
mussel, in ISW warrants further investigation.
Potassium is a primary intracellular ion in aquatic animals (Roy et al., 2010; Shiau & Hsieh,
2001) and plays a crucial role in acid-base balance, osmoregulation, maintaining membrane
potentials (Hadfield et al., 2012) and the Na+/K+ ATPase activity (Liu et al., 2014). Na+/K+
ATPase, a sodium pump that is present in the gill membrane, transports Na+ and Cl- ions
between the gill epithelial cells and haemolymph to maintain a stable osmoregulation in
invertebrates (Charmantier et al., 1985; Mantel & Farmer, 1983). Na+/K+ ATPase activity is
dependent on the ratio of Na+ and K+ in the surrounding environment (Tantulo & Fotedar,
2007). The optimal ratio of Na+/K+ for the normal function of Na+/K+ ATPase in marine
animals varies from 23.85 to 85.20 in juvenile H. laevigata (Fotedar et al., 2008), P.
latisulcatus (Prangnell & Fotedar, 2005) and L. vannamei (Zhu et al., 2004). A deficiency of
K+ can change the Na+/K+ ratio in a way that can inhibit the ability of Na+/K+ ATPase to
function. This may eventually result in the poor survival of marine species (Fisher et al.,
2013; Prangnell & Fotedar, 2005, 2006a; Tantulo & Fotedar, 2007; Zhu et al., 2004). In line
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with this, early developmental stages of blue mussel showed higher survival rates when
exposed to higher K+ in ISW. The highest survival and growth at Na+/K+ ratio of 28.58 in
ISW100K+ was similar to the survival in OW25 that also had the Na+/K+ ratio of 28.58. The
lowest survival occurred at the Na+/K+ ratio of 100.27 in ISW27, suggesting that it is possible
to add K+ to ISW to adjust the optimal Na+/K+ ratio for better survival of early larvae of the
blue mussel.
The osmoregulation is a high energy demanding process (Chong-Robles et al., 2014; Saoud,
Kreydiyyeh, Chalfoun, & Fakih, 2007), and the deficiency of K+ results in a significant
imbalance of ions between internal and external media (Panikkar, 1968) and forces the
pediveliger and settlement larvae to allocate more energy to fix the imbalance through ionregulatory mechanisms (Deaton, 2001; Silva & Wright, 1994). Consequently, energy
allocated for growth is reduced (Zhu et al., 2004), resulting in induced reduction in sizes of
pediveliger and settlement larvae in K+-deficient waters. Further, the deficiency of K+ in the
medium can be associated with higher energy investments in the formation and function of
osmoregulatory organs.
In our study, K+ did not influence the size of early larvae, except during the settlement stage,
suggesting that the effects of K+ on the size of early larvae of the blue mussel is related to the
formation and functionality of osmoregulatory organs during the development of early larvae
of the blue mussel (Bayne, 1971). Stages prior to pediveliger show no developed
osmoregulatory organs such as ctenidia (Bayne, 1971), thus, K+ have no influence on the
sizes of these earlier stages. Although the first ctenidial filaments are formed during the
pediveliger stage, these ctenidia are not fully functional until the settlement stage (Bayne,
1971), when they are fully responsive to the ionic profile of the external medium. Hence, the
K+ levels in ISW could only have an impact at the settlement stage of the blue mussel.
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The effects of K+ on the DSI of the early larvae of blue mussel are not well understood.
Possibly, the shorter DSI of the early larvae in the relatively higher K+ level (rather than in
lower K+ levels) and the similar DSI of early larvae in ISW100K+ and OW25 indicate that the
lower K+ levels (> 80%) interfere with normal physiological development and function, for
example, by limiting the ionic exchange ability of the gills, as reported in P. latisulcatus
(Prangnell, 2007), and consequently lengthening the DSI of the blue mussel at lower K+
levels. In addition, it is possible that K+ fortification of ISW influences the size of settling
larvae indirectly through the underlying changes in the DSI. As longer time is spent in a
particular developmental stage (longer DSI), more time larvae would have in increasing their
sizes, hence the larger sizes.
Types of morphological deformities of the early larvae that were exposed to different K+
fortifications in this study were similar to the deformity types found previously in the blue
mussel embryos exposed to copper (Hoare, Beaumont, & Davenport, 1995) or early larval
mussel Mytilus galloprovincialis exposed to different pCO2 (Kurihara, 2008), artificial OW
(His et al., 1997), and OW (His et al., 1997) with four deformity types. Trochophore and
veliger larvae of the scallop Pecten maximus show similar deformities, two days after the
exposure to elevated pCO2 levels (Andersen et al., 2013). In our study, the deformity rate of
blue mussel larvae in all water types, even in ISW27, was under 10%, an acceptable rate as
recommended by His et al. (1997).
Previous studies show that K+ is a metamorphic inducer because of its ability to influence cell
membrane potential (Yool et al., 1986), and also induces larval metamorphosis and
settlement of marine invertebrates (Carpizo-Ituarte & Hadfield, 1998; Sánchez-Lazo &
Martínez-Pita, 2012; Wassnig & Southgate, 2012; Yang, Glenn Satuito, Bao, & Kitamura,
2008; Yang, Li, Bao, Satuito, & Kitamura, 2011; Young, Alfaro, & Robertson, 2011; Yu, He,
Gu, He, & Yan, 2008; Zhao, Zhang, & Qian, 2003). The addition of K+ to OW at 10-3 to 5 ×
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10-2 M induced the peak metamorphosis of M. galloprovincialis, and over 90% of the larvae
were induced to settle at the excessive concentrations of 20, 30 and 40 mM (Yang et al.,
2011). Therefore, it is good practice to culture early stages in K+-fortified ISW.
From the aquaculture point of view, closing the entire life cycle of any target species in only
one type of water is an important proposition to avoid further costs associated with the
acclimation process to a different type of water. Therefore, successful hatchery production of
blue mussel spats in K+ fortified ISW is a positive step towards the ISW culture of blue
mussel.
In conclusion, potassium-fortified ISW improves the survival rate and size, and reduces the
developmental stage interval and deformities, of the early life stages of blue mussel. The
100% K+ fortification of ISW improves the viability of culturing early stages of blue mussel
in ISW. The study shows the feasibility of using ISW fortified K+ for culturing blue mussel in
their early stages.
5.1.3. Survival and growth of the juvenile blue mussel cultured in potassium-fortified ISW
The blue mussels have a worldwide distribution range from temperate northern and southern
hemispheres (Buck et al., 2010; Gérard et al., 2008; Gosling, 1992; Hilbish et al., 2000;
McDonald et al., 1991; Rawson & Hilbish, 1995; Seed, 1992; Sukhotin et al., 2007). Our
previous study (Dinh et al., under review) showed that the blue mussel responded to the
changes in OW and ISW at different salinities (5 – 35 ppt at 5 ppt intervals) by adjusting their
haemolymph osmolality to reach the isosmotic point, where the haemolymph osmolality is
equal to the osmolality of the medium (Burton, 1980), of 700 mOsm kg-1 and 800 mOsm kg-1
in OW and ISW, respectively which is equivalent to 25 ppt in OW and 27 ppt in ISW (Dinh
et al., under review). Therefore, the OW at 25 ppt and ISW at 27 ppt were chosen as controls
in this study.
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Environmental parameters, such as DO, pH and temperature varied in a suitable range during
the experiment compared to those in the previous studies where DO is 6 mg L-1, pH is 7.4 8.1 and temperature range is 20 - 29°C (Almada-Villela, Davenport, & Gruffydd, 1982;
Berge, Bjerkeng, Pettersen, Schaanning, & Øxnevad, 2006; Fischer, 1986; Lutz, Incze,
Porter, & Stotz, 1980; Riisgård, Line, & Pleissner, 2012; Tsuchiya, 1983; Yaroslavtseva &
Sergeeva, 2006).
The deficiency of K+ in ISW is a major problem for the survival and growth of marine
organisms cultured in this type of water as evidenced in many marine species such as
(Fielder et al., 2001; Fisher et al., 2013; Partridge & Creeper, 2004; Prangnell & Fotedar,
2005, 2006a; Roy et al., 2009; Tantulo & Fotedar, 2007; Zhu et al., 2004). The low K+induced reduction in survival has been explained by the imbalance in ionic composition in
ISW (Fotedar et al., 2008; Prangnell & Fotedar, 2006a; Tantulo & Fotedar, 2007). This is
because K+ plays important roles in acid-base balance, osmoregulation, maintaining
membrane potentials (Hadfield et al., 2012) and the Na+/K+ ATPase activity (Liu et al.,
2014). A deficiency in K+ may result in the osmoregulatory malfunction due to the limited
activity of Na+/K+ ATPase (Costa & Pritchard, 1978; Gong et al., 2004). When the effect is
too severe, the deficiency of K+ in ISW may become lethal to blue mussel (Dinh et al., under
review) and also to other marine species (Fotedar et al., 2008; Prangnell & Fotedar, 2009;
Tantulo, 2007).
Supplementation of potassium to ISW is required to optimize conditions for the aquaculture
of aquatic species in this type of water (Boyd & Thunjai, 2003; Fotedar et al., 2008; Tantulo
& Fotedar, 2006). The fortification of K+ in ISW have shown positive effects on survival and
growth of cultured species (Fisher et al., 2013; Fotedar et al., 2008; McNevin et al., 2004;
Prangnell, 2007; Prangnell & Fotedar, 2006b; Tantulo & Fotedar, 2006). Similarly,
potassium-fortified ISW improves the survival rate and size, and reduces the developmental
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stage interval and deformities, of the early life stages of blue mussel. The 100% K+ fortified
ISW improves the viability of culturing early stages of blue mussel in ISW (Dinh & Fotedar,
2016). Therefore, successful culturing blue mussel at the juvenile stage (15.7 ± 0.29 mm and
0.42 ± 0.02 g) in K+ fortified ISW is another positive step towards the culture of blue mussel
in ISW.
In this study, blue mussel showed lower SGRL and SGRW at lower K+ fortified ISWs. This
could be explained by the negative effects caused by the difference in ionic composition of
ISW. Deficiency in K+ concentration at lower K+ fortified ISWs may result in a severe
imbalance of ions between the blue mussel body and the environment (Panikkar, 1968),
affecting ion-regulatory mechanisms (Deaton, 2001; Silva & Wright, 1994), and
consequently forcing blue mussel to allocate more energy for the osmoregulatory capacity
(Zhu et al., 2004). When the energy expenditure is higher than the energy acquisition, it may
lessen the energy available for the growth (Zhu et al., 2004) and consequently resulting in the
negative growth rate (Panikkar, 1968; Zhu et al., 2004). Low growth rate of marine species,
e.g. western king prawn (Prangnell & Fotedar, 2005), pacific white shrimp Litopenaeus
vannamei (Samocha et al., 2002) and P. monodon (Tantulo & Fotedar, 2006), and gulf
killifish Fundulus grandis (Fisher et al., 2013) when cultured in K+ deficient ISW is also
found. The results on SGRL and SGRW of the blue mussel in this study are similar to those of
blue mussel at larger sizes (38.1 ± 0.4 mm and 42.5 ± 0.4 mm) where higher potassium
fortified ISW increase both survival and growth of the blue mussel (Dinh et al., unpublished).
In conclusion, the ISW with the K+ fortification of at 80 and 100% increased the survival and
SGRs of blue mussel, suggesting the feasibility to culture blue mussel in ISW fortified K+ at
the level of 80% or higher.
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5.1.4. Survival, growth, osmoregulatory capacity and proximate composition of blue mussel
cultured in potassium-fortified ISW
The DO, pH, and temperature were within the suitable range for the culture of blue mussel
(Berge et al., 2006; Riisgård et al., 2012; Yaroslavtseva & Sergeeva, 2006). Previous studies
have documented that blue mussels show optimum growth at a DO of 6 mg L-1 (Fischer,
1986), at a pH range of 7.4 to 8.1 (Berge et al., 2006), and at a temperature range of 20 to
29°C (Almada-Villela et al., 1982; Lutz et al., 1980; Tsuchiya, 1983).
There are many studies investigating the effects of biological and non-biological factors such
as seasonal variation (Dame, 2011; Zandee et al., 1980), tidal regimes (Buschbaum & Saier,
2001), epibionts (Thieltges & Buschbaum, 2007), food quality and quantity (Essink & Bos,
1985; Karayücel & Karayücel, 1999; Lange & Mostad, 1967; Mallet, Carver, Coffen, &
Freeman, 1987), air exposure duration (Seed, 1969), stock density (Dickie, Boudreau, &
Freeman, 1984; Mallet et al., 1987), and temperature (Mallet et al., 1987) on the survival and
growth of blue mussel. However, there is no available data on the effects of K+-fortified ISW
on the survival, growth, stress status and particularly the biochemical composition of blue
mussel during the grow-out stages, yet such data are important to assess the feasibility of
culturing blue mussel in ISW.
Many studies have also shown that the culture of marine species in ISW results in poor
survival (Fielder et al., 2001; Fisher et al., 2013; Partridge & Creeper, 2004; Prangnell &
Fotedar, 2005, 2006a; Roy et al., 2009; Tantulo & Fotedar, 2007; Zhu et al., 2004). Similarly
the blue mussel cultured in raw ISW (ISW27) showed a low survival at early (Dinh &
Fotedar, 2016) and adult stage (Dinh et al., unpublished). This low survival of marine
animals in ISW has been explained by the difference in ionic composition between ISW and
OW, particularly the extremely low level of K+ in ISW (Fotedar et al., 2008; Prangnell &
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Fotedar, 2006a; Tantulo & Fotedar, 2007), which may impair the normal physiological
processes, including osmoregulation (Costa & Pritchard, 1978; Gong et al., 2004). K+ plays a
crucial role in acid–base balance, osmoregulation, maintaining membrane potentials
(Hadfield et al., 2012), and the Na+/K+ ATPase activity (Liu et al., 2014) of marine aquatic
species. A deficiency of K+ results in an imbalance in Na+/K+ ratio in a way that restricts the
ability of Na+/K+ ATPase to function, and consequently results in osmoregulatory
malfunction (Costa & Pritchard, 1978; Gong et al., 2004) that can have lethal consequences.
To improve the survival of marine animals cultured in ISW, previous studies have attempted
to add K+ to ISW to increase the K+ level close to its level in OW (Fisher et al., 2013;
Prangnell & Fotedar, 2005, 2006a; Tantulo & Fotedar, 2007; Zhu et al., 2004) or to mix ISW
with OW to change the ionic composition of ISW to be similar to OW. However, the mixture
of ISW and OW is not feasible, as most salinised areas are far away from the coastal lines
(NLWRA, 2000), and consequently the cost of transporting OW to ISW areas is too high,
precluding culturing blue mussel at a commercial scale. Alternatively, the addition of K+ to
ISW has shown improved survival in pacific white shrimp Litopenaeus vannamei (Liu et al.,
2014), P. monodon (Tantulo & Fotedar, 2007), P. latisulcatus (Prangnell, 2007), Pagrus
auratus (Fielder et al., 2001), and the gulf killifish Fundulus grandis (Fisher et al., 2013)
including early life stages of the blue mussel (Dinh & Fotedar, 2016). Similarly, two adult
sized blue mussels showed higher survival in ISW fortified with 100% K+, indicating that
blue mussel can be cultured in ISW fortified with 100% K+, equivalent to the K+ level in OW,
without affecting the survival rate.
The species such as P. latisulcatus (Prangnell & Fotedar, 2005), L. vannamei (Samocha et al.,
2002), P. monodon (Tantulo & Fotedar, 2006), and H. laevigata (Fotedar et al., 2008) have
also shown a reduced growth rate when cultured in ISW, presumably due to the higher energy
expenditure in dealing with osmoregulation, leaving less energy available for growth (Zhu et
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al., 2004). The difference in the ionic composition of ISW, particularly the low K+ level than
OW results in a severe imbalance of ions between the blue mussel haemolymph and external
media (Panikkar, 1968), affecting ion-regulatory mechanisms (Deaton, 2001; Silva & Wright,
1994) and consequently forcing blue mussel to allocate more energy to adjust the
osmoregulation (Zhu et al., 2004). When the energy expenditure is higher than the energy
acquisition, it may result in a negative growth rate (Panikkar, 1968; Zhu et al., 2004). This
may have occurred in blue mussel in this study, as negative growth rates in terms of weight
were observed in blue mussel exposed to a low level of K+ fortification in both groups.
Further, larger mussel potentially could spend more energy in dealing with osmoregulation
than the smaller ones, resulting in negative growth rates when cultured in K+ fortification of
60% (ISWK+60) or lower. In contrast, the smaller mussel showed a negative growth rate only
in ISW with a level of K+ fortification of 20% or lower.
Marine species show optimal growth when they are exposed to media with a suitable Na+/K+
ratio. The fortification of K+ in ISW increased the K+ level and Na+/K+ ratio closer to OW
(28.58:1), the growth rate of blue mussel increased and became similar to OW (Table 5.1).
Table 5.1 Summary of the optimum Na+/K+ ratios for the growth and survival of marine
species.
Species

Water type Salinity Na+/K+ ratio

References

Mytilus edulis

ISW100K+ 27

28.58

Dinh and Fotedar (2016)

Haliotis laevigata

ISW

35

23.85

Fotedar et al. (2008)

ISW

+ 35

28.69

Penaeus

OW

23.85

ISW100K+ 30

31.30

latisulcatus

100

and

Prangnell and Fotedar (2005)

Litopenaeus

OW

30

34.1

Zhu et al. (2004)

ISW100K+ 25

23

Tantulo and Fotedar (2006)

OW

22.3

vannamei
Penaeus monodon

25

Besides survival and growth, it is also important to assess the biochemical composition such
as protein and lipid contents of the cultured species as the indicators of the flesh quality.
However, no information is available on the effects of K+ addition on the biochemical
composition of any cultured species, including blue mussel.
Intracellular K+ plays a significant role in protein synthesis (Lubin & Ennis, 1964; Weiler &
Greenough, 1991). The presence of K+ can result in the depolarisation of neuronal
membranes (Weiler & Greenough, 1991), triggering enzyme reactions for increasing protein
synthesis (Lipton & Heimbach, 1977; Verity, Brown, & Cheung, 1980; Wedege, Luqmani, &
Bradford, 1977; Weiler & Greenough, 1991). This may explain the increase in protein
content in blue mussel in the ISW fortified with 100% K+ than the ISW with lower levels of
K+ fortification. Importantly, the protein level in ISW100K+ was similar to the level of blue
mussel in OW, an important indication that the protein level of blue mussel cultured in ISW
is not lower than when cultured in OW. Lipid content is an important energy source for blue
mussel (De Zwaan & Mathieu, 1992; Svensson & Förlin, 2004; Zandee, Holwerda, & De
Zwaan, 1980) which accounted for 3 to 18% of the dry weight of blue mussel (Table 5.2) and
there was no effect of K+ fortification on lipid content. Exposure to ISW could also increase
the energy expenditure due to osmoregulatory pressures and can be reflected in the observed
reduced growth rate. Therefore, it was expected that blue mussel in ISW with low K+ levels
would show lower lipid content, a reflection of low stored energy. However, blue mussel
cultured in ISW showed the lipid content was similar to the blue mussel cultured in OW,
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indicating no comprise on flesh quality. No significant changes in the lipid contents can be
explained as blue mussel can also rely on another energy source such as glycogen (De Zwaan
& Mathieu, 1992; Zandee et al., 1980) to generate enough energy to combat stress caused by
ISW exposure (Myrand, Guderley, & Himmelman, 2000). Energy closely depends on the
variability shown in biochemical composition (Fernández et al., 2015). Our result showed
that energy levels of blue mussel in ISW were within the range of the previously documented
energy levels of 13.92 to 22.44 MJ kg-1 in blue mussel cultured in OW (Fernández et al.,
2015). The gross energy was also highest in blue mussel in ISW with 100% K+ fortification,
and this gross energy content was also comparable to blue mussel in OW.
Table 5.2 Biochemical composition (percent of dry weight) of cultured blue mussel M. edulis
Protein

Lipid (%)

Moisture (%)

Ash (%)

(%)

Gross

energy Reference

(MJ/kg)

46–73

4–10

30 – >50

6–10

52–82

3–13

9–17

Dare and Edwards (1975)
Zandee et al. (1980)

4–14

19–23

13–18

Okumuş and Stirling (1998)
Pleissner,
Lundgreen,

Eriksen,
and

Riisgård

(2012)
43–63

54–60

5–8

7–33

14–22

Fernández et al. (2015)

9–76*

Gallardi et al. (2014)

7–8

Pronker, Nevejan, Peene,
Geijsen,

and

Sorgeloos

(2008)
45–75

10–13

Pieters et al. (1980)
5–19

Wyatt et al. (2013)
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* denotes the percentage (%) was calculated based on wet weight.
Ash content was evaluated through the amount of inorganic compounds contained in the blue
mussel meat. Ash weight varies seasonally among cultured and wild blue mussel (Rodhouse
et al., 1984). A previous study (Fotedar et al., 2008) has reported that the ash content of H.
laevigata was not significantly different among K+-fortified ISW. The current study showed
somewhat different results, as the ash content increased only in blue mussel cultured in ISW
with 100% K+ fortification.
In this study, the OC range of both sized surviving mussel is similar to the OC range of the
surviving mussel exposed to raw ISW at salinity range of 5-35 ppt (Dinh et al., unpublished).
Higher K+ fortification in ISW brings OC closer to the isosmotic point and may consequently
minimising any potential stress of K+ fortified ISW on the survival and growth of blue
mussel.
In conclusion, the ISW fortified with 100% K+ increases the survival, growth, protein and ash
contents, while it does not alter the lipid but reduces the moisture contents. These results
were consistent between the two blue mussel groups and were similar to the blue mussel
cultured in OW, suggesting that technically the ISW fortified with 100% K+ equivalent to the
K+ level in OW is a suitable resource to culture blue mussel.
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Figure 5.1 Survival of smaller, medium and larger blue mussel cultured in appropriately
fortified K+ ISW and two control water types for 120 days.

Figure 5.2 Specific growth rate in length of smaller, medium and larger blue mussel cultured
in appropriately fortified K+ ISW and two control water types for 120 days.
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Figure 5.3 Specific growth rate in weight of smaller, medium and larger blue mussel cultured
in appropriately fortified K+ ISW and two control water types for 120 days.
The survival ranged from 23 to 90 % among three sized blue mussel and was lower in raw
ISW, which was used as control (Figure 5.1). While the blue mussel showed no difference in
the SGRL and SGRW between medium and larger sizes, the SGRL and SGRW of smaller blue
mussel was significantly higher than the other blue mussel sizes suggesting the suitable size
to initiate the blue mussel farming in K+ fortified ISW is at the juvenile stage (Figure 5.2 and
Figure 5.3). Furthermore, linear regression showed that survival, SGRL and SGRW were
strongly correlated with K+ fortification levels in ISW (Table 5.3) and all these performance
indicators of the mussel were independent of their sizes as there was no significant difference
in the R2 values of survival, SGRL and SGRW among three size groups of the mussel.
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Table 5.3 Linear regression of the SGRW and SGRL of the blue mussel as a function of K+
fortification levels in ISW (80 – 100% K+ fortification)
Parameter

Size

Regression

R2

Survival

Smaller

y = 0.382x - 4.200

0.95

Medium

y = 0.206x + 32.345

0.81

Larger

y = 0.229x + 33.383

0.84

Smaller

y = 0.000x - 0.001

0.93

Medium

y = 0.000x - 0.023

0.95

Larger

y = 0.000x - 0.019

0.99

Smaller

y = 0.001x + 0.015

0.93

Medium

y = 0.001x - 0.068

0.90

Larger

y = 0.001x - 0.092

0.80

SGRL

SGRW

There was also no significant difference in the condition indices of the mussel among water
types within each sized blue mussel, however, the condition indices of the medium and larger
blue mussels were significantly higher than smaller blue mussel sizes (Table 5.4). This shows
that the mussels do not grow uniformly in terms of length and weight and are not influenced
by the K+ fortification levels.
Table 5.4 Condition index (length/weight) of three sized blue mussel groups: smaller (15.7 ±
0.29 mm), medium (34.25 ± 0.59 mm) and larger (45.12 ± 0.47 mm) cultured in K+ fortified
ISW for 120 days
Group

ISW27

ISW20K+

ISW40K+

ISW60K+

ISW80K+

ISW100K+

OW25

Smaller

1

1

1

1

1

1

1

Medium

2

2

2

2

2

2

2

Larger

2

2

2

2

3

2

2

0.036 ± 0.002
0.007 ± 0.000
0.005 ± 0.000

0.036 ± 0.002
0.007 ± 0.000
0.005 ± 0.000

0.034 ± 0.004
0.007 ± 0.000
0.005 ± 0.000

0.034 ± 0.002
0.007 ± 0.000
0.005 ± 0.000

0.034 ± 0.001
0.007 ± 0.000
0.005 ± 0.000

0.032 ± 0.001
0.007 ± 0.000
0.005 ± 0.000

There was no significant (p > 0.05) difference in the data in the same row. Data in the same
column within each sized blue mussel group marked by different numerical letters are
significantly (p < 0.05) different within each water type.
Length-weight relationship is an important parameter to identify the condition (Maligaiah &
Solai, 2015) and estimate the biomass (Park & Oh, 2002) of the bivalve. The parameter is
isometric in most bivalve and different among species (Park & Oh, 2002). A previous study
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0.033 ± 0.002
0.006 ± 0.000
0.004 ± 0.000

showed that length-weight relationship of blue mussel is 1.708length2.850 which is close to the
parameter in larger blue mussel of this study (Table 5.5).
Table 5.5 Length-weight relationships of three sized blue mussel groups: smaller (15.7 ± 0.29
mm), medium (34.25 ± 0.59 mm) and larger (45.12 ± 0.47 mm) cultured in K+ fortified ISW
for 120 days
Group

Relationship

Smaller

Weight = 1.953length1.964

Medium

Weight = 1.391length2.294

Larger

Weight = 0.668length2.506

5.1.5. Size-dependent root shedding and byssus thread renewal capacity of the blue mussel
exposed to potassium-fortified ISW
Byssus threads play an important role in securing blue mussel to their substrates (Aldred et
al., 2006; Allen et al., 1976; Kishore et al., 2014) and reducing the risk of being captured by
predators (Cheung et al., 2006; Côté, 1995; Garner & Litvaitis, 2013). Also, the formation of
byssus threads is also important to assess their ability to secure blue mussel to artificial
substrates and to select the most suitable substrate. Yet, most of these studies investigating
the byssus formation of blue mussel are conducted in OW. However, little is known about the
blue mussel byssus thread renewal capacity and root shedding which are important for their
attachment ability to substrate in K+ fortified ISW. Blue mussel reach marketable sizes at 4060 mm (FAO, 2004-2015). Therefore, three different marketable sized size classes were
exposed to ISW with different levels of K+ addition
The DO, pH and temperature were in the suitable range for the development of blue mussel
(Berge et al., 2006; Fischer, 1986; Riisgård et al., 2012; Yaroslavtseva & Sergeeva, 2006).
Past studies documented the suitable range of environmental factors for the development of
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blue mussel are 6 mg L-1 for DO (Fischer, 1986), pH of 7.4 to 8.1 (Berge et al., 2006) and at
temperature of 20 to 29°C (Almada-Villela et al., 1982; Lutz et al., 1980; Tsuchiya, 1983).
The survival of blue mussel depends on various factors such as the epibionts (Thieltges &
Buschbaum, 2007), food quality and quantity (Essink & Bos, 1985; Karayücel & Karayücel,
1999; Lange & Mostad, 1967; Mallet et al., 1987), seasonal variation (Dame, 2011; Zandee et
al., 1980), tidal regimes (Buschbaum & Saier, 2001), air exposure duration (Seed, 1969),
temperature (Mallet et al., 1987) and stock density (Dickie et al., 1984; Mallet et al., 1987).
There was some evidence that deficient K+ levels in ISW may result in poor survival of
marine species cultured in ISW, such as H. laevigata (Fotedar et al., 2008), P. latisulcatus
(Prangnell & Fotedar, 2005), L. vannamei (Zhu et al., 2004), P. monodon (Tantulo & Fotedar,
2006), P. auratus (Fielder et al., 2001) and the gulf killifish Fundulus grandis (Fisher et al.,
2013). However, ISW, which was fortified with K+, improved survival of cultured species
(Fisher et al., 2013; Fotedar et al., 2008; Partridge, Lymbery, & Bourke, 2008; Prangnell &
Fotedar, 2006b; Roy et al., 2010; Tantulo & Fotedar, 2006). The K+ fortified ISW improved
survival of blue mussel early life stages (Dinh & Fotedar, 2016) and adult blue mussel (Dinh
et al., unpublished).
The renewal of byssus threads of bivalvia is affected by various environmental factors as
summarized in Table 5.6. Overall, there is no consistent pattern of the influence of
environmental factors on the formation of byssus threads of bivalvia species. Some species,
for example, Geukensia demissa and Mytella charruana produce less byssus threads at low
temperature than at high temperature (Brodsky et al., 2011). The number of byssus threads
increases with the increasing salinity from 8 to 17 ppt and decreases at the salinity from 17 to
23 ppt (Young, 1985). Glaus (1968) and Price (1980) reported that blue mussel respond to the
increased water velocity by increasing rates of byssus thread formation while Moeser et al.
(2006) found the opposite pattern that blue mussel reduce the numbers of the byssus thread
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when water velocity increases. Martella (1974) reported that tidal fluctuation does not
influence the formation of byssus threads of blue mussel.
The important finding of this study is that higher levels of K+ addition to ISW significantly
increased the formation of byssus threads in the blue mussel. A previous study has shown that
blue mussel exposed to low levels of Ca2+ and Mg2+ may result in low osmotic pressure
(Winkle, 1970) and reduce the formation of byssus threads (Winkle, 1970). However, in this
study the Ca2+ and Mg2+ levels in ISW were higher than those in OW; therefore these ions
were unlikely the cause of the low formation of byssus threads. The results from this study
have shown that the number of byssus threads produced by the blue mussel decreased during
a 35-day experiment. In this study, lower renewal capacity of byssus thread at lower K+
fortification levels suggests the negative effects of the deficiency of K+ in ISW. Previous
studies (Petrone et al., 2015; Sagert & Waite, 2009; Tamarin, Lewis, & Askey, 1976; Yu et
al., 2011) have shown that the injection of K+ at the concentration of 0.56 into the base of
mussel foot induce the formation of byssus threads. In line with this, the previous study (Dinh
& Fotedar, 2016) has shown that the fortification of K+ in ISW significantly increase the
number of settling larvae of the blue mussel. Deficiency in K+ level has been known to
impair the osmoregulatory ability (Panikkar, 1968) and compelled the blue mussel to allocate
the energy to deal with the imbalance of osmoregulatory process (Deaton, 2001; Silva &
Wright, 1994). As a consequence it may be a trade off with the energy allocation to the
formation of byssus threads (equal to 7.5% (Hawkins & Bayne, 1985)) and reduced the
number of byssus threads produced by the blue mussel at the lower K+ fortified ISW.
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Table 5.6 Factors influence the byssus thread renewal capacity of molluscs
Factor

Findings

Byssus thread mussel-1 day-1

Reference

Temperature increase

Increase in byssus thread renewal capacity

1 - 14

Allen et al. (1976)

4-7

Young (1985)

1-4

Allen et al. (1976);

Salinities (8.5 – 17 ppt): Salinity

Decrease in decrease in byssus thread

increase

renewal capacity

Winkle (1970); Young
(1985)

Pesticides:

Endofulfan

Decrease in byssus thread renewal capacity

(organochlorine) and Trichlorphon

with

the

increase

in

the

(organophosphate) increase

concentration from 0.1 to 0.8 mg L-1

Circadian rhythm

byssus thread renewal capacity at night time

2 - 10

Roberts (1975)

1-7

Martella (1974)

pesticide

> day time
Water velocity

No effect

Martella (1974)

Increased velocity with the decrease in
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3 - 23

Moeser et al. (2006)

byssus thread renewal capacity
Tidal regime

Vary

2-6

Young (1985)

Toxic dinoflagellate

byssus thread renewal capacity decrease

2-7

Shumway, Pierce, and
Knowlton (1987)

Predator

More, shorter and thicker byssus thread

8 with urchin

renewal capacity with the present of

10 with crab

Côté (1995)

predator (crab)
Substrate: wettability decrease

Increase in byssus thread renewal capacity

Epibiont

2 -5

Aldred et al. (2006)

- 11 (Epibiont-attached mussels)

Thieltges

- 8 (Epibiont-removed mussels)

Buschbaum (2007)

- 5 (Unattached mussels)
Seasonal variation

Reduction to lowest number in winter and
increase in summer to reach peak at June
and July
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Moeser et al. (2006)

and

Based on the previous studies (Denny & Gaylord, 2010; Iwasaki, 2015; Young, 1985), it is
unclear whether the byssus root is completely separated from of the mussel or not. So far, this
study is the first report on the root shedding of the blue mussel when exposed to K+ fortified
ISW. The shedding of blue mussel is affected by several factors, for example epizoism
(Witman & Suchanek, 1984), light conditions (Duchini, Boltovskoy, & Sylvester, 2015),
wave (Paine & Levin, 1981; Witman, 1987) and water velocity (Schneider, Wethey,
Helmuth, & Hilbish, 2005). The shedding rate in the mussel M. edulis and M.
galloprovincialis and the hybrid genotypes at the sizes of 25 to 35 mm were 48%, 34% and
24% at the water velocity of 8 m s-1 while 82% of shedding was reported in the blue mussel
at the water velocity of 10 m s-1 (Schneider et al., 2005). In this study, the formation of
byssus threads of blue mussel in K+-fortified ISW, particularly in ISW100K+ indicates that
blue mussel can reduce the shedding risk. Although the shedding results in natural (Hunt &
Scheibling, 2001; Paine & Levin, 1981) and economic loss (Bourque & Myrand, 2006), the
underlying mechanism is poorly understood. Possibly, under the deficiency in K+, the energy,
which is allocated to the byssus formation, is traded off to solve the imbalance in the
osmoregulatory capacities (Deaton, 2001; Silva & Wright, 1994), and may resulting in the
byssus root malfunction, for example low tenacity and consequently causing the mussel
dislodgement (Denny & Gaylord, 2010).
In conclusion, potassium-fortified ISW did not affect the survival of blue mussel while the
higher level of potassium fortification to ISW significantly increases the byssus thread
renewal capacity and reducing the root shedding in the blue mussel.

5.2. Conclusions
ISW, which is deficient in K+, is lethal to the blue mussel at salinities of lower than 20 ppt
and higher than 30 ppt. The lethal effect is associated with the osmoregulatory capacities. A
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deficiency in K+ results in an imbalance in ionic composition, that may change the Na+/K+
ratio in a way that restricts the ability of Na+/K+ ATPase to function, and consequently results
in an osmoregulatory malfunction causing mortalities in blue mussel. The isosmotic point of
blue mussel was 700 mOsm kg-1 in ISW, equal to a salinity of 27 ppt and stabilized between
770 to 800 mOsm kg-1 in OW, equal to salinities of 24 to 25 ppt.
K+ fortification in ISW shows invariable effects on the blue mussel at different stages.
The later stages of early development are more sensitive to K+ deficiency, which might is
associated with the development of osmoregulatory organs. Higher levels of potassium in
ISW, particularly with 100% K+ fortification (ISW100K+), invariably improved the survival
and size, and reduced the developmental stage interval and deformities of blue mussel larvae.
Deformities, such as faulty cell cleavage, abnormal formation of trochophore larvae,
protruding mantle in veliger larvae, and indented shell margin in veliger and in pediveliger,
were observed when reared in any ISW. However, rearing in ISW did not result in any
deformities in settlement larvae. The number of deformities was reduced at higher K+
fortification levels, and there were no deformities in pediveliger larvae reared in ISW100K+
and in OW. These results showed that K+ fortification in ISW improves the performance of
the rearing of the larval stages of the blue mussel.
Higher K+ significantly improved the survival of the juvenile blue mussel. ISW with 80 and
100% K+ fortification (ISW100K+) significantly increased the SGR in length while only
ISW100K+ significantly increased SGR in weight of the juvenile blue mussel. These results
highlight the feasibility of culturing the juvenile blue mussel in ISW with 80 or/and 100% K+
fortification.
ISW with 100% K+ fortification (ISW100K+) significantly increased the survival, SGR (both
length and weight) protein, ash, and energy contents of the cultured blue mussel and brought
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it similar to OW. The osmoregulatory capacity was similar among K+ fortified ISW and
between sized blue mussel. Lipid and moisture contents of both sized mussel were similar to
initial values in all water types, however, moisture alone was influenced by different K+
fortification levels. The survival, growth, and protein and lipid contents of blue mussel
cultured in ISW100K+ were similar to those cultured in OW and were independent of the
cultured sizes. These results highlight the potential of culturing blue mussels in 100% K+fortified ISW.
Higher K+-fortification of ISW significantly increased the byssus thread renewal capacity and
decreased the root shedding in all three size classes. The 100 percent fortification of K+ in
ISW is recommended for culturing blue mussel in order to increase their attachment to a
substrate.

5.3. Recommendations

Further studies aiming at other physiological responses of blue mussel when exposed to ISW
are needed, for example the activity of Na+/K+ ATPase and underlying mechanisms affecting
the survival of the blue mussel.
The investigation of the supplement of K+ to the diets, for example, K+ enriched microalgae
as the another source of K+ for the blue mussel aquaculture is needed.
Understanding of the effect of ISW on the broodstock conditioning of the blue mussel, when
cultured in ISW, may close the whole life cycle of the blue mussel and enable the future
successful hatchery in ISW.
Long term implication of 100% K+ fortified ISW for the blue mussel aquaculture should be
carried out to validate the interaction of other factors on the performance of this species.
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