











For the preferred temperature, the statistical analyses were performed using the
software package SPSS for Windows, version 20. Previous studies have used non-parametric
tests because of the limited range of values and the consequent potential for highly skewed
distribution of data. Due to the lack of independence in the samples from day and night
cycles, a non-parametric paired Wilcoxon Signed Rank test was used to compare the
preferred temperature and the net hourly displacement during day and night cycles for each
species. The data for preferred temperature and net hourly displacement were plotted as
parallel boxes in Microsoft Excel version 2013. In all analyses, a statistically significant

result was accepted for a = 0.05.

5.4 Results

5.4.1 CTMax

All individuals of both T. militaris and L. undulata maintained at their acclimation
temperatures in the control tanks remained attached to the glass plate or wall of the tank
throughout the entire experimental period. The mean CTMax from the experimental
treatment tanks for 1°C per 30 min was 34.42°C + 0.23°C for T. militaris and 32.58°C *
0.19°C for L. undulata. While the mean CTMax at 1°C per 12 h was 28.89°C £1.23°C and
30.08°C £ 0.16°C for each species respectively (Figure 5.3). The sigmoid response curves
with 0.5 probit values produced median CTMax for T. militaris and L. undulata of 33.95°C
and 32.09°C for 1°C per 30 min increment. For 1°C per 12 h increment, CTMax at 50% for
T. militaris and L. undulata were 29.42°C and 29.56°C respectively (Figure 5.4). Because of
the symmetrical shape of the response curve mean and median values were similar to within
+0.1°C and subsequent statistical comparisons used the mean values. Univariate
PERMANOVA revealed that there was a significant difference in mean CTMax between

species (df =1, F =14.22, P = 0.0004) and between warming rates (df =1, F =257.24, P =
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0.0001), as well as a significant interaction between these factors (F = 21.71, P = 0.0001).
Pairwise analyses of the interaction showed that, at the faster warming rate, the mean CTMax
for T. militaris was significantly higher than for L. undulata (P = 0.0001, Figure 5.3).
However, there was no significant difference between species at the slower ramping rate of

1°C per 12 h (P = 0.64).

A 8 Turbo militaris
C C B Lunella undulata

1°C/30 min 1°C/12 hour

Figure 5.3: Mean critical thermal maxima of L. undulata and T. militaris (pooled data from all
replicate tanks), estimated at 1°C/30 min (n, L. undulata = 33 and T. militaris = 18) and 1°C/12 h (n,
L. undulata = 24 and T. militaris = 18). Different letters indicate significantly different in the post-
hoc tests, with error bars representing the standard deviation.
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Figure 5.4: Cumulative response curves (% of individuals detached from the glass) with sigmoid curves used to estimate median CTMax for 1°C/30 min warming
rates for A) T. militaris (n = 36), C) L. undulata (n = 66): and for 1°C/12 h warming rates for, B) T. militaris (n = 36) and D) L. undulata (n = 48). Each bar
represents the average value = SD.
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5.4.2 Preferred temperature

T. militaris that were exposed to the temperature gradient had a preferred temperature
of 22.0°C and 23.9°C, during the day and night cycle respectively (Figure 5.5). L. undulata
showed a higher temperature preference in both the day and night of 24.0°C and 26.0°C,
respectively (Figure 5.6). Wilcoxon Signed Rank tests showed that the difference between
day and night preferences was significant for both T. militaris (Z = -6.47, P = 0.0001) and L.

undulata (Z =-7.51, P = 0.0001).
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Figure 5.5: The thermoregulatory behaviour of T. militaris in a day (9 to 21 h) and night (22 h to 10
am) cycle. The box plots represent median + 25" and 75" percentiles with the shadow zone
representing the 95% confidence interval of median.
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Figure 5.6: The thermoregulatory behaviour of L. undulata in a day (9 to 21 h) and night (22 h to 10
am) cycle. The box plots represent median + 25" and 75" percentiles with the shadow zone
representing the 95% confidence interval of the median.

Overall, T. militaris was more active (Figure 5.7) than L. undulata (Figure 5.8), but net
hourly displacement for both species fell rapidly during the first 3 hours of the experiment.
Net hourly displacement of T. militaris fell from 61 to 35 cm h* and for L. undulata it
diminished from 9 to 4 cm ht. The net hourly displacement of both species continuously
fluctuated until the turban snails remained within a relatively narrow temperature range,
indicated by the decrease of the net hourly displacement from 12.0 to 2.0 cm ht for T.
militaris (Figure 5.7) and 3.5 to 0.0 cm h! for L. undulata (Figure 5.8), for the last 3 hours in

the channel.
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The mean net hourly displacement of T. militaris during the light cycle was 31.3 cm h-
Land during the dark cycle it was 13.4 cm ht. Diel variation for L. undulata was less marked,
but displacement was also lower during the dark cycle (9.0 cm ht) than in the light (9.2 cm
h"). Wilcoxon Signed Rank test showed that the diel differences were significant for T.

militaris (Z=-6.47, P =0.0001) and L. undulata (Z = -7.51, P = 0.003).
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Figure 5.7: The net hourly displacement of T. militaris showing the median + 95% confidence
intervals.
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Figure 5.8: The net hourly displacement of L. undulata showing the median + 95% confidence
intervals.

5.5 Discussion

The results obtained from these experiments have demonstrated the thermal tolerance
and temperature preferences of two sympatric subtropical turban snail species living near the
warmer (northern) limits of their ranges. CTMax at the slower warming rate (1°C 12 h™ 1)
was almost 30°C for both species, whilst T. militaris had a significantly higher temperature
tolerance, by 2°C, in the faster warming rate (1°C 30 min 1) compared to L. undulata. The
preferred temperature for both species was lower by 2°C for T. militaris compared to L.
undulata. Both species of turban snails were found to have higher CTMax than predicted
future average water temperatures increases for the east coast of Australia, of greater than 4
°C by 2100 (Byrne et al., 2013; Hobday and Pecl, 2013), implying they have some resilience
to ocean warming. Subsequent survival after exposure to CTMax temperature stress indicated

that short-term exposure was not fatal in itself. However, detachment resulted from loss of
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muscle activity and the detached snails remained partially extended with opercula open and
were unresponsive to touch. This condition would severely affect survival in the wild from
predation and potential for being washed ashore. Under future ocean conditions, these snails
may be exposed to more frequent peaks in warmer water temperatures, especially in shallow
subtidal waters and intertidal pools. In addition, the thermal preference of both species is
below the 30-year predicted ocean temperature. This suggests the potential for southward
shifts in the northern limit of distribution for these east coast Australian molluscs. Poleward
shifts in distribution and abundance have been previously reported for a number of other

marine species in response to ocean warming (Parmesan and Yohe, 2003; Zacherl et al.,

2003; Sorte et al., 2010;).

By comparing the CTMax at two different warming rates, the current study found a
significantly higher CTMax at the faster warming rate for both species. Several reports have
shown that the CTMax values vary when different heating rates are applied (Becker and

Genoway, 1979; Mora and Maya, 2006; Terblanche et al., 2007; Vinagre et al., 2015). Our

results seem to be consistent with other research in that the slower warming rates lead to
lower CTMax values (Nguyen et al 2011; Rezende et al., 2011, 2014). Both warming rates
tested may be experienced in nature by these turban snails. In pools that are low on the shore
or connected to the sea at low tide, the average sea water temperature may change at rates

closer to the slower warming rate tested in this study (Lathlean et al., 2011). On midday low

tides, however, isolated intertidal pools can warm by over 10°C within 6 hours (Chan, 2000;
Lathlean et al., 2011), rapidly returning to sea temperatures on the incoming tide. High
thermal inertia, in which the animals’ tissues take time to equilibrate with the surrounding

water temperature (Pincehourde et al., 2009), combined with behavioural responses such as

seeking shade or deeper water may allow turban snails to tolerate such short-term exposures.

The effective CTMax in such circumstances is the temperature in the snails’ tissues rather
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than the water temperature. The larger size and thicker shell of T. militaris would increase its
thermal inertia (Helmuth, 1998; Mora and Ospina, 2001), potentially explaining the higher
CTMax than in L. undulata under conditions of rapid water temperature change. However,
there are no data on the rate at which body temperature equilibrates with ambient water
temperature changes in gastropods of comparable size and shell thickness to the turban snails
in this study, so further studies are needed to ascertain if thermal inertia is sufficient to explain

the result.

In a study of the thermal biology of a number of tropical invertebrates Nguyen et al.
(2011), noted that at rapid ramping rates (1°C/hr in their study) most species, regardless of
their upper tolerable temperature, had a thermal safety margin (the difference between
preferred or average ambient temperature and the CTMax) of approximately 10°C. In this
study the difference between the preferred temperature in the gradient experiment and the
CTMax at the rapid ramping rate was 12.0°C for T. militaris and 8.3°C for L. undulata. At
the slower warming rate the safety margins reduced to 7.4°C and 5.7°C respectively. Thus,

in agreement with Nguyen et al. (2011) the species from higher on the shore (L. undulata),

while preferring a higher average temperature have a smaller thermal safety margin and may

therefore be more vulnerable to future environmental warming trends or extreme events.

At the slower warming rate, CTMax for the two species in this study (29.4 and 29.6°C)
was similar to the 29.7°C CTMax reported by Diaz et al. (2011) for the subtropical eastern
Pacific turbinid Megastrea undosa, but are somewhat higher than for abalone (Haliotidae)

from cooler waters in southern Australia (Gilroy and Edwards, 1998) and South Africa

(Hecht, 1994) in which CTMax was less than 28°C. At the faster warming rate CTMax values
for T. militaris and L. undulata (34°C and 32.2°C) were similar to the abalone Haliotis

fulgens and H. corrugata (33.6°C and 32°C respectively) (Diaz et al., 2006). CTMax is
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expected to vary between populations of the same species, due to either genetic variability

within populations or acclimation conditions (Clarke et al., 2000a), and responses may be

different along the latitudinal range of both species tested here.

Thermal preferences in T. militaris and L. undulata differed substantially between day
and night cycles. Within the range of the temperature gradient, both species were able to
demonstrate a clear preference for a narrow temperature range during the day (T. militaris,
mean 22°C and L. undulata, 24°C) and night cycle (T. militaris, mean 24°C and L. undulata,
26°C). The results of this study indicate that both turban snails have a higher temperature

preference during the night cycle. This is in agreement with a study by Kavaliers (1980) on

the freshwater gastropod, Helisoma trivolis, which also had a higher preferred temperature
during the night (21-22°C) than during the day (17-18°C). It was suggested that the changes
in thermoregulatory behaviour during day and night cycle of H. trivolis reflected their feeding
behaviour or locomotory rhythm. Turban snails have been observed migrating up nearer to

kelp fronds each night in order to escape from nocturnal predation (Taniguchi and Rogers-

Bennett, 2001; Cox and Murray, 2006). Seeking cooler waters in daylight may assist the

snails to avoid higher temperatures during metabolically inactive periods during the daytime
low tides, by seeking shaded areas and deeper water. However, these experiments were only
able to maintain the temperature gradient for little more than 24 hours. Further research
should investigate if the snails would return to their original daytime temperatures by
extending the experimental duration or by starting the experiment in the evening. The
observed diel differences were not because the snails had to wait for nightfall to become
active enough to find their preferred temperature, as they were already active in daylight and
became less so at night. Previous investigation of preferred temperature for the freshwater
astacid ‘crawfish’ (Procambarus clarkii) demonstrated that during the last hours along the

gradient, the crawfish were found to congregate in the same compartments along the gradient
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(Espina et al., 1993). The current study found that T. militaris remains at a relatively narrow

temperature range, but this was not so for L. undulata, which were dispersed along the full
length of the temperature gradient channel. This may be because L. undulata is naturally
found higher on the shore than T. militaris and may therefore be adapted to a wider range of
temperatures. However, both turban snails showed a decreasing net hourly displacement with
increasing time in the temperature channel. This observation may support the hypothesis that
the turban snails can exhibit behavioural temperature regulation and tend to find their
preferred temperature quickly and then usually remain within a close range. This behavioural
response to temperature could maximize their scope of activity by providing optimal

conditions for metabolic processes (Somero, 2009). Consequently, more energy would be

available for other activities (such as reproduction and growth) (Kelsch, 1996). Other
research on gastropods has demonstrated similar trends in which animals decrease their net

hourly displacement as they approach their preferred temperature e.g. M. undosa (Diaz et al.

2011), Megathura crenulata (Diaz et al., 2013), Tegula regina (Salas et al., 2014), H. fulgens

and H. corrugata (Diaz et al., 2006). This study provides new insights into the behavioural

flexibility of T. militaris and L. undulata by demonstrating that they move within a
temperature gradient to adjust their body temperature within short temporal scales. This
behaviour together with their thermal inertia would assist survival during short-term

exposures to otherwise intolerable temperature changes.

This study has provided the first data on the thermal tolerance of subtropical Turbinidae
in a global warming hotspot. These findings suggest that increasing ocean temperature is not
putting these turban snails under immediate risk, due to high maximum tolerable
temperatures. However, based on preferred temperature data, T. militaris may experience a
potential range contraction to the south, along the east coast of NSW as a result of ocean

warming. This is supported by observational data on the southward range extension of this
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species. Earlier reports indicate a southern limit for T. militaris around the Sydney —

Wollongong area NSW (i.e. Long Reef, Bellambi, latitude 34.37°) (Beechey, 2004; Bishop

etal., 2009). However, more recent observations have recorded this species further south into
Jervis Bay (latitude 35.07°, A. Davis, University of Wollongong, Personal communication)
and the Batemans Bay Marine park (latitude 35.71°, B. Kelleher, NSW Marine Parks
Authority, Personal communication). However, more research needs to be undertaken before
the association between ocean warming and apparent shifts in the distribution of T. militaris
is clearly understood. If the current southern distribution of this species is actually limited by
cold water tolerance, there remains a possibility that T. militaris will shift to even higher
latitudes, such as Tasmania, as the warm east Australian current penetrates further south, as

has already been observed for some other marine species (Ling et al., 2009; Johnson et al.,

2011).
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CHAPTER 6

General discussion and conclusion
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6. GENERAL DISCUSSION

This study is the first investigation of the nutritional properties of Turbo militaris,
Lunella torquata and L. undulata. The overall composition of proteins, lipids,
carbohydrates, mineral (ash) and water content of turban snails is broadly similar to another
group of commercially valuable algivorous gastropods, the abalone. Like abalone, turban
snails can be considered as a healthful food source that contain high amounts of protein and
low lipid with a high proportion of PUFAs. Because of their low trophic level,
bioaccumulation of trace metals in turban snails is relatively low and across all field-based
and experimental studies, samples were usually within levels considered safe for human
consumption for a typical sized meal of snails. Nevertheless, some variation in specific
properties were found between species, seasons and in response to environmental stressors
(Table 6.1).

This study demonstrated the potential response of turban snails, living near the lower
latitudinal limits of their range, to future climate change. Although average future predicted
ocean temperatures are within the tolerable range of the two species tested, extremes beyond
the critical thermal limits are likely to occur more frequently, potentially causing range
contraction. Animals stressed in response to sub-optimal environmental parameters may

exhibit physiological changes that result in altered nutritional quality (Daflhoff, 2004;

Anacleto et al., 2014). Some changes in the proximate composition and free fatty acids of

T. militaris were observed under prolonged exposure (38 days) to near-future elevated

temperature (25°C) and reduced pH (7.85 £ 0.02) (Table 6.1).
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6.1 Proteins
Seafood has long been considered as a healthy food choice because it is a high quality
source of protein with a relatively low proportion of lipids compared with other protein

sources such as beef (Crosland et al., 1995; Karakoltsidis and Zotos, 1995; Mason et al.,

2014). This research has shown that the foot tissue of T. militaris, L. undulata and L.
torquata contains between 16-19% protein (w/w, Table 6.1, Chapter 2), which is similar to

other algivorous gastropods such as abalone (Haliotidae) (Chiou et al., 2001; Bae et al.,

2011;) and the turbinid Cookia sulcata (Mason et al., 2014). Although there were some

significant differences between the species, the differences were small compared to
differences between gastropods and bivalves or other animal protein sources. Mussels

contain between 8-13 % of protein wet weight (Karakoltsidis and Zotos, 1995) and goat

(11-35%) (Paleari et al., 2008).
L. undulata was chosen for the study of temporal variation in nutritional composition
because of its greater abundance and its importance in commercial harvests from several

states (PIRSA, 2010; Rowling et al., 2010; Smoothey, 2013). Significant monthly variations

in protein content were detected (Table 6.1), peaking in July, however the range was small
and of little consequence in terms of the implications for optimising harvest time (Chapter
3). The higher protein content in July coincided with increasing oocyte diameter. This may
suggest that protein serves as energy storage during gametogenesis as in other gastropods

and bivalves (Ren et al., 2003; Rodriguez- Astudillo et al., 2005; Velez-Arellano et al.,

2016). Alternatively, protein may peak in the cooler months of the astral winter due to

higher metabolic requirements in the warmer months. However, Salman and Nasar (2013)

showed that protein content in molluscs were higher in summer, which may be due to a shift

in metabolic dependency away from protein to other metabolites such as lipid.
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Many authors have been highlighted the use of the protein as an alternative energy
source, along with lipids and carbohydrates, for the metabolic functions of molluscs (Barber

and Blake, 1981; Najmudeen, 2007; Gharsallah et al., 2010). However, environmental

stress, including ocean warming and acidification, may influence the metabolic activities of
the organisms. Therefore, an experiment was conducted to observe the effects of climate
change on the nutritional quality of the edible foot tissue for T. militaris (Chapter 4). T.
militaris was chosen because it has the most restricted geographical range and is the largest
of the three species. In a controlled laboratory experiment there was a non-significant trend
for a higher proportion of protein in treatments with elevated temperature, but no difference
between pH levels (Table 6.1). The non-significant trend is suggestive that a longer
incubation time might lead to bigger and more significant changes. A recent unpublished
Master’s thesis on the predatory whelk D. orbita has found a 49% drop in protein content

after exposure to future ocean conditions for 30 days (Tate et al., 2016).

6.2 Lipid and fatty acid
The foot tissue of molluscs generally contains much lower levels of lipid than visceral

tissue (Najmudeen, 2007; Gharsallah et al., 2010). The three species of turban snails have

only a small amount of fat content in their foot tissue, ranging from 5.20% for L. undulata
to 8.46% in L. torquata (Table 6.1, Chapter 2). This is comparable to abalone, another
commercial algivorous species, in which the foot contained as little as 1% and up to 6.46%

of lipid (Chiou et al., 2001; Hernandez et al., 2013). It is generally accepted that lipids are

an important energetic reserve, particularly during the gametogenic cycle of the organisms

(Berthelin et al., 2000; Heude Berthelin et al., 2001; Litaay and De Silva, 2003; Gharsallah

etal., 2010). The use of lipid in reproductive activity can be seen from the decreasing amount

of foot tissue lipid after spawning coinciding with a drop in the gonadosomatic index.
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The reproductive cycle of L. undulata from New South Wales was studied through
macroscopic and microscopic analysis of male and female gonads (Chapter 3). Spawning
was inferred as primarily occurring in May followed by a secondary event in October—
November. Lipids declined in foot tissue during three months prior to the May spawning,
with another decline in June. No such pre-spawning decline was observed prior to October,
but a similar post-spawning decline was observed in November. This may be an indication
that lipid reserves in the visceral tissues, such as the gonad were sufficient to fuel the smaller
spawning event and the additional energy reserves in the foot tissue are only used for the
demands of the main spawning event in May. This is supported by previous research which
has shown that lipid from gonadal tissue decreased significantly in a bivalve mollusc as
spawning time approaches, whereas, lipid in the foot tissue only decreased slightly (Yan et
al., 2010), suggesting that lipid from the gonad tissue is the principle energy source for
gamete maturation.

The fatty acid composition in animal tissue results from a complicated proceess of

bioaccumulation, biosynthesis and degradation, dependent on external factors such as

environmental conditions (e.g.temperature and pH) (Pernet et al., 2007; Anacleto et al.,

2014; Valles-Regino et al., 2015), quantity and quality of food (Nelson et al., 2002), sexual

differences (Galap et al., 1999), geographical and temporal aspects (Brazao et al., 2003).

High correspondence in the fatty acid composition was found between wild-caught
individuals (Chapter 2 and 3) and those kept under laboratory conditions for 38 days
(Chapter 4) where dietary differences are to be expected. This suggests that the lipid content
is relatively stable in T. militaris exposed to ambient conditions, over the time frame of the
manipulative experiment. However, dietary changes may have an impact over longer time
frames and thus could contribute to the significant differences in lipid composition between

species and between months (Table 6.1) in wild caught Turbinidae. The manipulative
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experiment controlled for geographical and temporal differences, as all samples came from
the same location at the same time of year, and the average temperature and pH changes
predicted by climate change models did not significantly affect lipid composition (Chapter
4, Table 6.1). Several studies have reported that lipid storage in molluscs decreases during

summer or at elevated temperature (Dridi et al., 2007; Pernet et al., 2007). This has been

explained by lipid being catabolised at higher rates to provide for the higher metabolic

requirement at elevated temperature (Tremblay et al., 1998), provided that the elevated

temperature is within the tolerable range. It was therefore hypothesised that higher average
temperatures predicted by climate change models would result in lower lipid levels.
However, after 38 days of exposure to elevated temperature turban snail had no significant
difference in the total amount of lipid as a percent of fresh body weight (Table 6.1), with a
trend for slightly higher content in the higher temperature (Chapter 4). Nor did the lower pH
have any significant impact on the percent of lipid the foot tissue (Chapter 4). Given that the
constant average temperature predicted by climate change models is within the preferred
temperature range of T. militaris (Chapter 5) it is not expected to cause physiological stress.
However, the intertidal environment is highly variable and climate change is predicted to
produce more frequent and greater amplitudes of extremes that may produce physiological
stress. Further study should consider the effects of greater variations in temperature on
Turbinidae proximate composition.

Of the three species of turban snails studied, L. undulata contained the lowest
percentages of SFA (< 40%) with highest percentages of PUFAs (> 45%) (Chapter 2), in
particular, the essential long chain fatty acids, n—3 and n-6 such as AA, EPA and DPA.
These type of PUFAs are commonly observed in marine gastropods including the

commercial abalone (Litaay and De Silva, 2003; Hernandez et al., 2013). Turban snails are

herbivorous grazers and brown algae, which contain a small amount of DHA (Saito and
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Aono, 2014) are the major components of their diet. Nevertheless there is no evidence that

either synthesis pathway occur in this species or that fatty acid has been used for energy or
stored. Low levels of DHA in the turban snail foot tissues may result from regulation of
deposited lipid by the dietary algal intake.

The lipid levels in the body components of marine invertebrates tend to vary
considerably, and these lipids are transferred to different parts of the tissue for use in various
processes such as reproduction, metabolic responses to environmental stress, movement and
growth. Temporal variation in the fatty acid composition of the foot tissue of L. undulata
corresponded with the reproductive cycle, and was significantly affected by sex and shell
size (Table 6.1, P < 0.05) (Chapter 3). Reproductively mature individuals with the need to
produce gametes may have different lipid or fatty acid requirements compare to juvenilesin
which growth is a more important process. This has been supported by previous studies with
abalone that have been shown to accumulate high amounts of essential fatty acids in the

gonads as they mature (Durazo- Beltran et al., 2004; Bautista- Teruel et al., 2011). Further

analysis on SFA, MUFA and PUFA found that the proportions of these fatty acid types
varied significantly between months (Table 6.1). However, the range of each group of fatty
acids was small; SFA ranged between 33 to 36%, MUFA ranged from 10 to 12% and PUFA
from 39 to 43%. Furthermore, during the 15 months of sampling, the essential fatty acids
such as n—3 and n—6 were within a narrow range (Chapter 3, Table 3.5). Therefore, regardless
of months, sex or sizes the amount of fatty acids in the foot tissue of L. undulata were
comparable with other commercial species of molluscs, particularly abalone and despite
some significant variation, is it too small to be of consequence for optimising harvest for
human consumption.

As a slow moving poikilotherm, turban snails do not have physiological regulation of

body temperature and therefore their cell membranes need to adapt to the surrounding water
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temperature by modifying their biochemical composition. Study on the combination of near-
future ocean warming and acidification reveals that increased temperature, and not ocean
acidification, significantly influenced the fatty acid composition of the foot tissue. Similar
results were also found for the relative proportions of SFA and PUFAs (Chapter 4). PUFAS
are essential fatty acids that may be used to counteract temperature fluctuations by
maintaining the fluidity of the cell membrane in order to facilitate the transport of materials

through the lipid bilayer (Pernet et al., 2007; Anacleto et al., 2014). The saturation of

membrane fatty acids is increased at elevated temperatures to compensate for the effect of

increased membrane fluidity (Anacleto et al., 2014) and this condition is termed

homeoviscous adaptation.

Temperature decreased the amounts of both n—3 and n—6 PUFAs in the foot tissue of
turban snails. Many intertidal and shallow subtidal organisms, which commonly experience
large short-term fluctuations in temperature and encounter wide thermal ranges on a seasonal
basis, are able to adjust the fluidity of their membranes in response to the thermal stress.
However, if n—3 PUFAs decreased more than n-6 PUFAs, this may reduce the value of
mollusc flesh for human consumption since the ratio of n—3/ n—6 isan important determinant
for health. Many of the chronic conditions, such as cardiovascular disease and rheumatoid

arthritis are associated with a very high n—-3/ n—6 ratio (Mahaffey, 2004a; Mahaffey et al.,

2008; Simopoulos, 2008). It can thus be suggested that the near-future temperature (25°C)

potentially contribute to lower ratio of n—3 and n—6 PUFAs in the foot tissue of L. undulata

and thus may reduce the value for human consumption.

6.3 Trace elements
Bioaccumulation can be defined as the long-term rise of a toxic chemical in tissues of

living organisms as a result of the difference between uptake and depuration (Jakimska et
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al., 2011). Aquatic invertebrates accumulate trace metals via permeable tissues and from
digestive system regardless of whether these metals are essential or not to their metabolism
(Rainbow, 2002). Apart from habitat, numerous factors may affect the bioaccumulation of
heavy metals in mollusc tissues including size (Cubadda et al., 2001; Mubiana et al., 2006),
dietary intake (Ozden et al., 2009; Bilandzic et al., 2014), physiological condition (Fattorini
etal., 2008), temperature (Baines et al., 2005, 2006; Baines and Fisher, 2008 and pH (Lopez
etal., 2010). Accumulated trace metal concentrations in aquatic invertebrates therefore vary
greatly.

Molluscs are widely used to monitor coastal pollution because they possess many
suitable characteristics, such as being abundant and widely distributed, easily sampled,
sedentary and with a long life span (Rainbow, 2002; Gupta and Singh, 2011; Rainbow and
Luoma, 2011; Dang et al., 2015). Heavy metals are naturally occurring constituents in the
environment and vary in concentrations across geographic regions (Gupta and Singh, 2011,
Jakimska et al., 2011). Unlike organic pollutants, heavy metals cannot degrade biologically
and can be transferred through the food chain potentially resulting in harmful effects to
human health.

As the world population is growing, the per capita consumption of seafood is also
increasing rapidly. Because of health consciousness, the modern day human is interested in
taking seafood more in view of its nutritional superiority than all other sources of food
accessible to them. Natural levels of some elements in seafood can compensate for dietary
deficiencies in humans. This study revealed that turban snails are a good source of minerals,
and are high in Fe, Zn and Ca (Chapter 2). The range of mineral concentrations in the edible
flesh of turban snails are comparable with other commercial species particularly abalone.
Increasing seafood intake may be desirable, but a higher consumption may also lead to an

increased intake of potentially harmful contaminants, which can lead to toxicological health
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concerns. In this study, the results indicated that none of the toxic elements including
aluminium, arsenic and lead, in all the three species of turban snails were over the maximum
permissible weekly intake allowed in the Australia New Zealand Food Standard for as
standard meal of seafood (Chapter 2).

Pollutant levels can exhibit marked temporal and seasonal fluctuations (Amiard et al.,
2004; Fattorini et al., 2008). Temporal analysis of trace element concentrations in the foot
tissue of L. undulata (Chapter 3) demonstrated that the amount of macro- and micro-
elements were relatively constant throughout the year (Table 6.1). However, there was
significant temporal variation coincident with the reproduction cycle in the concentrations
of some toxic elements in L. undulata foot tissues, such as arsenic (Chapter 3). Arsenic was
one of the toxic elements that consistently exceeded the upper tolerable daily intake (1
mg/kg) (Abbott et al., 2003; FSANZ, 2004a), with arsenic concentration at the lowest, 2.62
mg/kg and highest as 3.71 mg/kg (Chapter 3), respectively. However, previous studies have
reported that the toxic inorganic arsenic only constitutes about 1% of the total arsenic in
seafood (Sloth et al., 2005; Fabris et al., 2006). The toxic intake of arsenic for human per
day (more than 1 mg/kg) corresponds to consuming more than a kg of edible flesh of turban
snails, which is excessively higher than a normal meal serving sizes. Higher arsenic
concentration was likely associated with the high levels of arsenic in some natural marine
sediments near the turban snails habitat.

Increasing of carbon dioxide in the atmosphere results in higher dissolving of carbon
dioxide in the ocean (Orr et al., 2005; Doney et al., 2009; Narita et al., 2012). As carbon
dioxide in the ocean increases, ocean pH decreases or becomes more acidic and subsequently
affects the marine life, particularly shell molluscs due to changes in the availability of Ca
and other ions for shell formation (Bijma et al., 2013; Wittmann and Portner, 2013). Due to

this, climate manipulation experiments are an important tool for understanding the responses
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of turban snails to such changes (Chapter 4). The results revealed no significant effects on
calcium ions and iron concentration, whereas elevated temperature but not acidification
increased zinc concentration in the flesh of turban snails (Chapter 4, Table 4.5). These two
minerals are indeed necessary for human health (Walker et al., 2005). However, continuous
exposed to elevated temperature may increase the concentration of these minerals to levels
that are potentially harmful to human health (NHMRC, 2015) if large means of turban snails

are regularly consumed.
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Table 6.1: Summary of results on nutritional quality of the foot tissue of turban snails with different factors measured under different chapter. Significant

differences between factors are indicated by different superscript letters in each analysis within each chapter (P < 0.05) and not significant different (NS). Data

represented the average +SE or ranges. MaE= Macro-element, MiE= Micro-element and TE= Toxic element.

Chapter Factor Proximate/ Nutritional quality (%)
Moisture Ash Protein Lipid Fatty acid Mineral Elements
Overall SFA MUFA PUFA MaE MiE TE
Chapter 2 Species
- T. militaris 73.08+1.15° 2.14+0.05 16.19+0.11° 557+1.07® P=0.05 40.82+0.23 14.05+0.24 45.13#0.21 NS P=0.05 P=0.05
-L.undulata  70.83#0.95° 1.97+0.11 18.49+0.47°  5.20+0.61° 38.60+0.58 14.82+0.26 46.58+0.40
- L. torquata 68.5040.64* 2.10+0.14 18.03+0.41*  8.46+0.52° 39.94+0.32 14.45+0.26 45.61+0.19
Chapter 3 Month NS NS P=0.002 P=0.0001 P=0.0001 P=0.0005 P=0.02 P=0.0001 NS NS P=0.03
(15-18%) (5-10%) (33-36%) (10-12%) (39-43%)
GSl NS NS NS P=0.002  P=0.009 NS NS NS NS NS P=0.03
Sex NS NS NS NS  P=0.007 NS NS NS NS NS NS
Length NS NS P=0.0004 NS  P=0.002 NS NS P=0.01 NS NS NS
Chapter 4  Temperature NS NS NS NS P=0.001 P=0.02 NS P=0.004 NS NS NS
P=0.002
(zinc)
pH NS NS NS NS NS NS NS NS NS NS NS
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6.4 Recommendations and future directions

This thesis will serve as a baseline for nutritional data on turban snails in Australia. In
this study, the turban snails were randomly sampled. It would be beneficial to divide the sizes
class for individuals representing different age groups (or at least small and large) to obtain
more representative data and establish the effects of size/age on nutritional properties.
Moreover, it is well known that a number of other factors contribute to the variability in the

composition of marine species including geographical distribution (Brazao et al., 2003;

Irisarri et al., 2015). Therefore more sampling across the full extent of the Turbinid species

range would be of value. Future studies should focus on establishing the influence of various
environmental parameters, such as type of macroalgae and water quality on the spatial
distribution of turban snails. Investigation of the available macroalgae in turban snail’s diet,
using gut analysis, could help establish how the biochemical composition of turban snails
varies as result of their dietary intake.

The use of different tissues is also suggested in order to overcome the limitations
incurred when determining the biochemical composition in the foot tissues, since it may not
accurately reflect the resource allocation of individuals in response to endogenous factors.
The focus on foot tissue in this study was because it is the portion eaten by humans, but other
tissues may be more suited to analyses for other purposes. Different tissues may accumulate

trace elements at different rates (Paez-Osuna et al., 1995; Bustamante and Miramand, 2005).

Therefore knowledge on chemical composition of the different tissues of turban snails may
help us to understand the processes involved in the reproductive cycle or excretion of metals.
This information could further inform the most suitable timing for harvesting turban snails
and potential for using this species as a bio-indicator to monitor heavy metal contamination.
Whereas, study on gonadal tissue may explain the relationship between biochemical

composition and reproductive activity.
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Furthermore, it is very important to gather additional information on aspects of the
population dynamics of these species that could help improve fisheries management. Cooling

and Smith (2015) have quantified the short term population dynamics of turban snails

particularly T. militaris in Solitary Islands Marine Park, Australia and the results suggested
that lower densities of turban snails are observed at a permitted harvesting site, which
indicates the occurrence of substantial harvest activities. This could be either substantial
harvest activities or low recruitment that result in low population densities of turban snails.
To ensure the fishery is sustainable and well managed, it is important to understand the
population dynamics of the turban snails throughout their full range, so that regional catch
rates can be developed based on this information and additionally, to help avoid potential
overexploitation. However, this will require long term observation study.

Elevated temperatures are known to cause a reduction in size of the northern

hemisphere periwinkle, Littorina littorea (Melatunan et al., 2013). It would be highly

interesting to ascertain the relationship between environmental parameters (such as water
temperature) and growth rates of turban snails. The use of growth data in fishery management
can ensure that the turban snails have the opportunity to spawn (based on the size maturity)
at least once before recruiting to the fishery. The present study highlights the need for
continuous research into the fishery for turban snail gastropods in Australia, through the
implementation of a monitoring programme for assessing the sustainable harvest of turban
snails with respect to future climate change. Australia is a continent that is experiencing faster
than global average ocean warming rates. The inland and coastal waters support fish and
shellfish in abundance. Therefore, there is a need to extend studies to other Australian
commercial species to establish whether future climate change will cause wide spread

impacts on the nutritional quality of seafood. In addition further research could be undertake
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on other under-utilised shellfish in order to identify other nutritionally suitable species that

could be investigated for sustainable development in Australia.
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Appendix 1

Table Al The average (£ SD, n = 3 mesocosms) measured and calculated seawater conditions in the mesocosms. Data include water temperature

(T), pH in NIST scale (pHnisT), partial pressure of carbon dioxide (pCO>), the saturation states of calcite (Qcaic.) and aragonite (Qarag.) and the

concentrations of carbonate (CO3 2-) and bicarbonate (HCO3").

Treatment T pHuist pCO, Quale. Qarae. Co; * HCOs5™
Q) (natm) (umol.kgSW™?) (umol.kgSW™)
°C
22°C & Ambient CO, 2197 £0.79 8.12 £0.02 448.89 + 12.82 4.19 £0.08 2.74 £ 0.05 175.58 £+3.29 1814.52+£19.13
25°C & Ambient CO, 24.64 £0.69 8.12 £ 0.02 461.75 £ 12.66 4.45 +0.06 2.93£0.04 186.01+£2.24 1789.54 +16.66
22°C & Future CO, 21.96 £0.87 7.87 £0.05 878.79 +57.32 2.57£0.12 1.68 £ 0.08 107.96 £5.23 1982.40+11.48
25°C & Future CO, 24.72 £0.68 7.88 £ 0.06 890.26 + 59.06 2.81+£0.17 1.85+0.11 117.47 £7.02 1959.59+10.34

Calculations were made using constants from Mehrbach et al. (1973), as adjusted by Dickson and Millero (1987) and the total alkalinity for each experiment

and the average ocean salinity for the ocean waters adjacent to Coffs Harbour, NSW, Australia (35.5 ppt, http://www.metoc.gov.au). The average (+ SE, n =4

experiments) total alkalinity was 2279.90 + 53.79 umol.kgSW™.
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