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Abstract
The world’s oceans are increasing in levels of anthropogenic CO2 resulting in reductions
in seawater pH and the availability of carbonate ions which are essential to calcifying
marine species. Ocean acidiﬁcation is considered to be a potential threat to marine populations through changes to survival, growth and calciﬁcation. Very little information
exists on the eﬀects of reduced seawater pH on abalone molluscs, particularly the New
Zealand black-foot abalone Haliotis iris. This thesis aimed to investigate the eﬀects of
reduced seawater pH, through elevating the partial pressure of carbon dioxide, on the
growth, biomineralisation and respiration of juvenile H. iris. To assess the impacts of
acidiﬁcation, post-settlement (initial length 4–10 mm) and 30–40 mm juvenile H. iris
were exposed to long-term (two separate 100 day experiments) pH levels of ambient
pH, pH 7.8 and pH 7.6 across autumn/winter (6.4–11.6°C) and spring/summer (13.0–
19.5°C) temperatures, and measured; survival, growth, and shell deposition, repair, microstructure, mineralogy and also metabolism in the form of oxygen consumption. The
experiments were conducted using a ﬂow-through design, and each pH treatment had
three replicate 16 L aquaria containing equal numbers of abalone.
Juvenile survival appeared to be unaﬀected by acidiﬁcation, however, other sublethal changes were found. After 100 days of experimental exposure, the relative
growth rate of shell length was 9%, and wet weight was 50% lower for post-settlement
juveniles reared at pH 7.6 in comparison to ambient pH during the autumn/winter. Larger 30–40 mm juveniles exposed to ambient pH had a 1.2% greater RGRSL than pH 7.6
juveniles. During the spring/summer growth trial, growth diﬀerences among treatments
were more pronounced with post-settlement ambient pH juveniles growing 160% and
1500% in shell length and wet weight respectively, in comparison to only 99% and 800%
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gains in post-settlement pH 7.6 juveniles. Growth was also signiﬁcantly greater for
30–40 mm H. iris grown in ambient pH, although diﬀerences among treatments were
not as pronounced as post-settlement growth. The pH 7.8 treatment also signiﬁcantly
reduced growth in both size-classes, but not as substantially as the pH 7.6 treatment.
Shell deposition and mineralogy were signiﬁcantly reduced by declines in seawater
pH and the sensitivity to acidiﬁcation was found to decrease with increasing body size.
X-ray diﬀraction results found that ambient pH-reared post-settlement juveniles had a
15% higher calcite weight % in their shell in comparison to juveniles reared at pH 7.6.
Scanning electron micrographs and XRD of juvenile shells indicated substantial dissolution of the outer calcitic layer of post-settlement juvenile shells following prolonged
low pH exposure, however, larger juveniles were generally unaﬀected. A shell repair
experiment showed that shell damage decreases growth of juvenile H. iris, and when
coupled with reduced seawater pH the eﬀects were additive, and in addition scanning
electron micrographs indicated shell repair was inhibited by low pH conditions.
No changes to soft-tissue growth or oxygen consumption were found leading to the
proposal that juvenile H. iris suﬀer a growth delay and do not upregulate metabolism
under long-term pH stress. The results suggest there is a shift in the energy budget
of juvenile H. iris with resources invested into survival and somatic mass, however, juveniles do not upregulate metabolism to maintain normal growth or to combat shell dissolution pressure by low pH seawater. Overall, ocean acidiﬁcation has the potential to
cause detrimental eﬀects to the juvenile stages of abalone, creating concerns for future
aquaculture and ecosystem management.
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Chapter 1

General introduction
1.1

Ocean acidiﬁcation background

Detrimental ecological modiﬁcations in many ecosystems continue to occur through overexploitation, habitat degradation and contamination by pollution (Hoegh-Guldberg and
Bruno, 2010; Kerr, 2010). Climate change is considered to be a great concern to future
ecological and economic stability and is thought to be accelerated by the extensive use of
fossil fuels and land-use alteration which is driving environmental changes in terrestrial
and aquatic habitats (Hoegh-Guldberg and Bruno, 2010; Kerr, 2010; Orr et al., 2005;
Raven et al., 2005). The increasing use of fossil fuels has resulted in rising global atmospheric carbon dioxide (CO2 ) from 280 (pre-industrial revolution) to current levels
of ≈390 parts per million (ppm) which is resulting in the warming and acidifying of the
world’s oceans (Fabry et al., 2008; IPCC, 2007). If the rising atmospheric CO2 concentrations are not controlled this could accelerate and conditions could intensify in the
near future (Caldeira and Wickett, 2003).
Seawater pH and atmospheric CO2 has ranged between pH 8.3–8.0 and 120–340
ppm respectively over the last 20 million years, and current atmospheric CO2 levels are
the highest that have occurred over this time period (Pearson and Palmer, 2000). Since
the industrial revolution, anthropogenic fossil fuel emissions have increased atmospheric
CO2 concentrations at ten times the rate of what has occurred for millions of years
(Doney and Schimel, 2007). Atmospheric CO2 concentrations have increased by 100
ppm over the past 200 years (Feely et al., 2004) to present global levels of approximately 390 ppm rising by 0.5% annually (Fabry et al., 2008). Keeling et al. (2009) found
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that in Hawaii CO2 concentrations have increased by 69 ppm over the last 50 years,
which correlates with an increase in average global temperatures by 0.13 °C since 1956
(IPCC, 2007). The rise in atmospheric CO2 has resulted in an increase in aqueous CO2
(CO2(aq) ), and thus a corresponding reduction in ocean surface pH by 0.11 units since
the industrial revolution (1750, Brewer, 2009; Doney et al., 2009; Hoegh-Guldberg
and Bruno, 2010; Keeling et al., 2009). Furthermore, pH is predicted to further decline
if anthropogenic carbon dioxide emissions are not stabilised and reduced.
Oceans absorb approximately one third of atmospheric CO2 , which causes changes
in ocean chemistry resulting in the lowered pH of sea water (Sabine et al., 2004). It
is predicted that by 2100 there will be a further drop in ocean pH by 0.3–0.5 units
and 0.7–0.77 units by 2300 (Caldeira and Wickett, 2003, 2005; IPCC, 2007). The
phenomenon by which pH approaches more acidic levels is known as ’Ocean Acidiﬁcation’
(Raven et al., 2005).

1.2

Eﬀects of CO2 on seawater carbonate chemistry

When CO2 dissolves in seawater, carbonic acid (H2 CO3 ) forms which then dissociates
losing hydrogen (H+ ) ions and forming bicarbonate (HCO−3 ) and carbonate (CO2−
3 ) (Doney
et al., 2009). Oceans will continue to uptake CO2 which will increase the number of H+
ions reducing the pH and the saturation of carbonate required for calciﬁcation in many
marine organisms (Dupont and Thorndyke, 2009). The projected 0.3–0.4 pH drop for
the 21st century equates to an approximate 150% increase in H+ and a 50% decrease
in CO2−
3 . Ocean carbonate chemistry showing how hydrogen increases ocean acidity and
decreases carbonate saturation is shown below (Doney et al., 2009):

+
− Ð
+
2−
CO2(atmos) Ð
↽Ð
Ð⇀
Ð H2 CO3 Ð
↽Ð
Ð⇀
Ð H + HCO3 Ð
↽Ð⇀
Ð 2 H + CO3
↽Ð
Ð⇀
Ð CO2(aq) + H2 O Ð

(1.1)

Under ocean acidiﬁcation CO2(aq) is likely to increase and carbonate (CO2−
3 ) concentrations will decrease due to lower seawater pH associated with higher hydrogen (H+ )
concentrations in the oceans, making calciﬁcation more diﬃcult for marine organisms
(Orr et al., 2005).
It has been predicted that the intensiﬁcation of ocean acidiﬁcation will make the
world’s oceans surface waters under-saturated with respect to calcium carbonate (CaCO3 )
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by the year 2300 (Caldeira and Wickett, 2005; Feely et al., 2004). Dissolution and
formation of CaCO3 vary with saturation state (Ω), deﬁned as the ion product of calcium and carbonate ion concentrations. Solubility of CaCO3 is dependent on a number
of factors, particularly the mineral phase used to form shell and skeletal material; highmagnesium calcite and aragonite are more soluble than low-magnesium calcite in seawater (Mucci, 1983). The saturation states of these mineral phases is determined by variation in carbonate levels; calculated using temperature, salinity, pH, dissolved inorganic
carbon and total alkalinity data. When Ω values are > 1.0, shell and skeletal formation is
possible, however, if Ω < 1.0, dissolution of CaCO3 occurs if it is not protected (e.g. by
an organic coating).
Therefore, severe impacts to marine calciﬁers may occur due to this decrease in calcium carbonate saturation (Doney et al., 2009; Fabry et al., 2008; Orr et al., 2005;
Raven et al., 2005). Research has found that ocean acidiﬁcation results in changes of
key processes including fertilisation, development, calciﬁcation and physiology depending on the organism and locality in question (Doney et al., 2009; Fabry et al., 2008;
Widdicombe and Spicer, 2008). Therefore, the eﬀects of ocean acidiﬁcation appear to
be diverse and species-speciﬁc and can be diﬃcult to predict. Many studies have examined the ensuing eﬀects of ocean acidiﬁcation on single-species and population processes, with considerable eﬀort being contributed towards the projection of future consequences.

1.3

Biological responses

Changes to seawater pH is known to aﬀect a number of biological processes in marine
invertebrates, with substantial research ﬁnding early development stages are especially
vulnerable (see reviews by Doney et al., 2009; Kroeker et al., 2013). Over recent
years a large number of studies on biological impacts of acidiﬁcation on phylogenetically diverse species have revealed a range of responses. Negative responses such
as impaired homing ability in reef ﬁshes (Munday et al., 2009, 2010), bleaching and
decreased calciﬁcation in corals (Ries et al., 2009), reductions in growth, calciﬁcation
and delayed larval development in echinoderms (Byrne, 2011; Clark et al., 2009; Ericson et al., 2010; Kurihara and Shirayama, 2004) and molluscs (Beniash et al., 2010;
Gazeau et al., 2007; Kurihara et al., 2008; Talmage and Gobler, 2010; Waldbusser
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et al., 2010), and also positive growth responses seen in macro algae (Hurd et al.,
2009). Hypercapnia, a condition related to too much CO2 in the blood, has also been
discovered as a major change in organisms when exposed to elevated p CO2 , which is
suggested to alter acid-base regulation (Melzner et al., 2009; Michaelidis et al., 2005;
Pörtner, 2008). Other physiological processes are aﬀected diﬀerently; Todgham and
Hofmann (2009) discovered ocean acidiﬁcation depresses metabolic rates and downregulates gene expression, however, increases in metabolic rates and upregulation of
gene expression have also been reported (Beniash et al., 2010; Cummings et al., 2011;
Stumpp et al., 2011a,b).
Ocean acidiﬁcation is known to negatively aﬀect calcifying species as it reduces the
concentration of carbonate ions available to form shells, reduces pH that may directly
dissolve shells, the increase in CO2 may have hypercapnic eﬀects on the organism, and
all these pressures may result in indirect changes to the organisms overall physiology
such as energy allocation and gene expression. A recent meta-analysis on ocean acidiﬁcation research by Kroeker et al. (2013) revealed early development of molluscs to
be the most vulnerable group to acidiﬁcation. Further, there is high interest in futureprooﬁng commercially important species to climate change since there is the potential
that ocean acidiﬁcation may detrimentally impact shellﬁsh and raising concern for the
future economic values of these industries (Narita et al., 2012; Parker et al., 2013).
Aquaculture is a highly valuable service that is relied upon for nutrition and employment,
therefore, there is ongoing need to research the responses of commercially important
molluscs to changes in seawater chemistry (Cooley and Doney, 2009; Cooley et al.,
2012).
Some commercial shellﬁsh species with ﬁsheries and aquaculture value are known
to be negatively aﬀected by ocean acidiﬁcation, including larval and juvenile mussels
(Kurihara et al., 2008; Michaelidis et al., 2005; Range et al., 2012), larval and juvenile
oysters (Beniash et al., 2010; Kurihara et al., 2007), and larval abalone (Byrne, 2011;
Crimm et al., 2011; Kimura et al., 2011). Results have varied among species and even
within species. Larval stages of both the blue mussel, Mytilus galloprovincialis and
oyster, Crassostrea gigas have been found to grow to a smaller D-veliger size, and
higher proportions of abnormal larvae were reported when reared at a pH of 7.4 (Kurihara et al., 2008, 2007). Both Range et al. (2012) and Fernández-Reiriz et al. (2012)
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found that the blue mussel M. galloprovincialis suﬀered no negative eﬀect of pH on
juvenile growth at pH levels as low as 0.6 units below ambient, however, Range et al.
(2012) did ﬁnd signiﬁcant reductions in the calciﬁcation rate of this species. A recent
study that exposed larval and juvenile stages of three commercially important bivalves
(the clam Mercenaria mercenaria, scallop Argopectan irradians and the Eastern oyster
Crassostrea virginica ) to ocean acidiﬁcation scenarios showed that growth and survival
of all larval stages was reduced, whereas, the response of juveniles was much more
robust (Talmage and Gobler, 2011).
To date, few studies have looked into the potential eﬀects of ocean acidiﬁcation on
abalone. Crimm et al. (2011) found that survival in endangered Northern or ’pinto’ abalone Haliotis kamtschatkana larvae was 40% lower in high CO2 (800 and 1500 ppm)
seawater in comparison to ambient, and that 40% of abalone larvae were abnormal when
exposed to pH 7.8 (1500 ppm) seawater and > 90% of larvae were abnormal and lacked
shells at pH 7.6. Another study by Byrne (2011) also observed unshelled abalone (H.
coccoradiata ) larvae when reared at low pH, and suggested that this condition prevents
the survival to the juvenile stage. Kimura et al. (2011) found that elevated p CO2 concentration > 1100 µatm increased mortality and malformations, as well as decreasing
hatching rate and d-veliger size in Ezo abalone, H. discus hannai. Clearly ocean acidiﬁcation has a negative impact on these species and it appears the early development stages
of benthic gastropods such as those of the Haliotis genus are more sensitive than bivalves. Additional research is required to determine if Haliotis is speciﬁcally sensitive to
climate change stressors. Further, limited knowledge is available regarding pH and postmetamorphic stages of abalone and in the case of the present study, the New Zealand
black-foot abalone (Haliotis iris ) has received no attention regarding pH change despite
its importance as an extractive ﬁshery.

1.4

Black-foot abalone (Haliotis iris ) biology, ﬁshery and
aquaculture

Abalone are large gastropods from the family Haliotidae. Haliotis iris (Gmelin 1784),
locally known as Pāua, is endemic to New Zealand and the largest of the three species of
abalone found in New Zealand waters growing to approximately 180 mm in shell length
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(Heath and Moss, 2009). H. iris has high commercial ﬁshery value (McShane et al.,
1994a; Seafood Industry Council, 2013), and is considered as a taonga (treasured)
species as pāua is of signiﬁcant customary importance to New Zealand Māori (Bess,
2001; Smith, 2013b). Similar to abalone ﬁsheries worldwide, depletion of H. iris stocks
has occurred around New Zealand through ﬁshing and reductions of suitable habitat
(Prince, 2005).
H. iris is widely distributed within New Zealand, found in coastal areas of the North
Island, South Island, Chatham Islands and the Snares Islands (Sainsbury, 1982). Diﬀerences in distribution, growth, size and maturity can be seen over relatively small spatial
scales and research has found that this is determined by food, recruitment, limited dispersal capability, and water temperature (Day and Fleming, 1992; McShane and Naylor,
1995b; McShane et al., 1994b). Depending on life stage and size, H. iris can be found
between the intertidal zone and 18 m (Poore, 1972a).
Like many marine invertebrates, H. iris have separate sexes and are broadcast spawners releasing gametes into the water column for fertilisation (Hooker and Creese, 1995;
McShane et al., 1994b; Sainsbury, 1982). Following fertilisation, cells divide and develop into trochophore larvae, normally within 24 hours (McShane et al., 1994b; Tong
et al., 1992). Trochophores develop into a shelled veliger stage where they are lecithotrophic absorbing organics from surrounding seawater (Tong et al., 1992). Depending
on temperature, abalone larvae will spend between 6 to 14 days at the veliger stage and
during this, they will undergo metamorphosis, forming eye spots, the rudimentary foot,
develop and grow their shell among other important physical, biochemical and neurological capabilities (Degnan and Morse, 1995; Tong et al., 1987, 1992). H. iris larvae and
juveniles show very little movement from adult populations, and it has been suggested
that larvae are demersal rather than pelagic to ensure dispersal and settlement to favourable inshore habitat such as cobble ﬁelds and coralline algal covered areas (Aguirre
and McNaught, 2012; Prince et al., 1987; Roberts et al., 2007a). To contribute to gene
ﬂow between abalone populations, long range dispersal is still ecologically important
(McShane and Battershill, 1992).
H. iris settle when they reach suitable substrate, generally characterised by speciﬁc cues and occurs on crustose coralline algae (Lithothamnion sp. Moss and Tong,
1992; Roberts et al., 2010, 2007a; Tong et al., 1987). Once settled, larvae undergo
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metamorphosis to post-larvae and juveniles (Tong et al., 1992). Post-larvae diet consists of diatoms and bacteria until they reach approximately 5 mm in shell length (Tong
et al., 1992). The early juvenile period is a survival bottleneck for abalone species, with
mortality estimated to exceed 95%, mainly due to predation (Gosselin and Qian, 1997;
Griﬃths and Gosselin, 2008; Rossetto et al., 2012; Shepherd and Breen, 1992; Takami
et al., 2008).
The juvenile stage of H. iris lasts 3 to 5 years, where they actively forage and feed
on macroalgae in sheltered intertidal areas (Poore, 1972c). Pāua are considered adults
when they can produce viable gametes, and this generally occurs when abalone reach 7090 mm in shell length (Poore, 1972c, 1973). Juveniles are cryptic by nature and spend
day light hours underneath cobbles and boulders, and come out to feed during darker
hours (Aguirre and McNaught, 2012; McShane et al., 1994b). Young adults change their
behaviour away from a cryptic nature, and move into the open, usually in the subtidal
zone and in exposed areas where water movement is high and drift algae is abundant
(Aguirre and McNaught, 2012; Pederson et al., 2008). Adult H. iris are thought to
primarily feed passively in wave swept areas on drift algae (Poore, 1972b), diﬀering
from their active-feeding juvenile stage. Excluding poaching, adults greater than 125
mm in shell length are targeted for harvest by commercial and recreational ﬁsheries with
the exception of an 85 mm limit for the Taranaki recreational ﬁshery.
With a TACC (Total allowable commercial catch) of 1000 tonnes, the New Zealand
abalone ﬁshery fetches a substantial economic gain, NZ$ 46 million in 2012 (Seafood Industry Council, 2013). Commercial and recreational take of pāua in New Zealand is regulated by excluding harvest by SCUBA (self contained underwater breathing apparatus)
diving, and having a minimum legal size limit of 125 mm, allowing pāua to contribute to
their populations before harvested (Schiel, 1992). Before the 1960’s, the New Zealand
pāua ﬁshery focussed on the attractive shells for jewellery purposes and the meat being
discarded. Fishing pressure increased in the 1970’s as the demand for both shell and
meat was high (Schiel, 1992). The largest pāua ﬁsheries occur in the Otago/Southland,
Chatham Islands, and the Nelson/Marlborough regions. Like many abalone ﬁsheries,
pāua are believed to be declining due to unsustainable harvest, and mismanagement. McShane et al. (1994a) suggested due to the vast diﬀerences between populations only
100’s of meters apart, pāua should be micromanaged rather than over large quota man7

agement areas (QMA) (i.e. over smaller spatial scales). Global abalone stocks have
declined primarily through a combination of overﬁshing and loss of critical habitat leading to substantial increases in abalone aquaculture (Gordon and Cook, 2013; Hobday
et al., 2000; Shepherd and Brown, 1993).
Abalone ﬁsheries have declined with overﬁshing (Hobday et al., 2000; Karpov et al.,
2000; Shepherd et al., 2001), poaching (Hauck and Kroese, 2006; Hauck and Sweijd,
1999; Tarr, 2000) and disease (Gardner et al., 1995; Laﬀerty and Kuris, 1993) highlighted as the main concerns for these ﬁsh stocks. In the 1970s, global legal abalone
landings totalled approximately 20, 000 metric tonnes (mt), and as of 2011, landings
are estimated to be at 7, 500 mt (Gordon and Cook, 2013).
Aquaculture of abalone is used to enhance ﬁsheries stocks (Hansen and Gosselin,
2012) and primarily to supplement the large demand of abalone (Gordon and Cook,
2013). To keep up with high demand, abalone culture is developing at an enormous
rate in many countries with China providing the majority of abalone production through
sea-based aquaculture (Gordon and Cook, 2013). Today, the world abalone market is
dominated by farm production (Gordon and Cook, 2013). In 2010, the total supply
of abalone from all sources was approximately 77, 000 mt with 65, 000 mt coming
from farmed product (Gordon and Cook, 2013). New Zealand farmed abalone (H. iris )
makes up a small fraction of the global production, with an estimated yearly 80 mt
output as of 2010, with aims to increase this in the future into the 100’s of tonnes (New
Zealand Abalone Farmers Association, Gordon and Cook, 2013). Unsustainable harvest
and poaching of natural pāua stocks may lead to the need to more intensely farm H. iris
in New Zealand to supplement natural ﬁsh stocks and growing market demand.
Understanding what and how factors inﬂuence growth rate are highly important in
abalone aquaculture as the proﬁtability of abalone culture increases as growth rate to
market size increases. Many factors inﬂuence growth rate in abalone, including food
quality and quantity (Braid et al., 2005; Tung and Alfaro, 2011; Wassnig et al., 2009),
temperature (Searle et al., 2006; Steinarsson and Imsland, 2003; Vosloo and Vosloo,
2010), salinity (Chen and Chen, 2000), light intensity (Clarke and Creese, 1998), water movement (Wassnig et al., 2010), density (Huchette et al., 2003; McShane and
Naylor, 1995a; Mgaya and Mercer, 1995; Vivanco-Aranda et al., 2011; Wassnig et al.,
2010), recirculating versus ﬂow-through design systems (Vivanco-Aranda et al., 2011)
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and water quality (Harris et al., 2005, 1998, 1999a,b; Naylor et al., 2011, 2013).
Previous climate change studies have revealed that growth of calciﬁers decreases with
increasing p CO2 concentrations and the associating pH decline, among other negative
responses. Because abalone aquaculture has predominately moved towards sea-based
systems globally, ocean acidiﬁcation could therefore threaten the proﬁtability of abalone farms in the future. Further pH declines in re-circulating land-based systems is also
possible due to the build-up of respiratory CO2 (Colt et al., 2009) which causes similar
eﬀects, highlighting the importance of eﬀective pH control.
Two studies on 60-70 mm South African abalone Haliotis midae, identiﬁed pH as a
major growth limiting factor in recirculating systems using serial-use raceways (Naylor
et al., 2011, 2013). It is possible that ocean acidiﬁcation and acidiﬁcation through respiration could impact H. iris in a number of diﬀerent ways, through dissolving of the
shell, reducing calciﬁcation, and indirect physiological eﬀects such as reduced metabolic
rates. Therefore, ocean acidiﬁcation and the associated reduced pH and hypercapnia may
have pronounced eﬀects on the juvenile development of H. iris.

1.5

Thesis aims and objectives

This thesis investigates the eﬀects of reduced seawater pH through increasing p CO2
concentration in seawater on the New Zealand black-foot abalone, Haliotis iris. Two
size classes of abalone were selected; juveniles with an initial shell length of 5–13 mm
and are referred to as ’post-settlement’ juveniles throughout, and a larger size class with
an initial shell length of 30–40 mm referred to as ’30–40 mm’ juveniles throughout. The
study has three main questions;
1. What are the eﬀects of reduced pH on the survival and growth of post-settlement
and 30–40 mm juvenile H. iris ?
2. How does reduced pH aﬀect shell deposition, repair, microstructure and the mineralogy of post-settlement and 30–40 mm juvenile H. iris ?
3. Do post-settlement and 30–40 mm juvenile H. iris change their metabolic rates
when exposed reduced pH for 100 days?
These questions are investigated in the following chapters;
9

Chapter 3 - Survival, and growth in two size classes of juvenile Haliotis iris exposed
reduced pH conditions for 100 days. In this chapter it is hypothesised that survival
and growth of H. iris will decrease with decreasing pH and smaller juveniles will
suﬀer more severe eﬀects in comparison to larger juveniles.
Chapter 4 - Shell deposition, repair, microstructure and mineralogy following prolonged exposure to reduced pH. In this chapter it is hypothesised that juvenile
abalone will deposit less shell, the repair process will be impaired, signs of corrosion and dissolution will be evident, and the shell mineralogy will be altered when
juveniles are exposed to prolonged reduced seawater pH. It is also hypothesised
that sensitivity to pH change of the shell will reduce with increasing body size (age)
of juveniles.
Chapter 5 - Oxygen consumption rate of juvenile Haliotis iris following prolonged exposure to reduced pH. In this chapter it is hypothesised that the respiration rates
of juvenile H. iris will be aﬀected in some way by ocean acidiﬁcation scenarios. It
is expected the eﬀects of pH on oxygen consumption will be greater on smaller
juveniles.
Chapter 6 - General discussion of the thesis results and their wider ecological and applied implications are discussed. The general ﬁndings of each section are discussed
within each chapter.
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Chapter 2

General methods
The eﬀects of reduced seawater pH on juvenile Haliotis iris was investigated by undertaking two experiments during autumn/winter and spring/summer spanning 100 days
each using juveniles from the same pool of broodstock. Both experiments had the same
experimental set-up and methods for rearing, exposure, and measurement of variables
including; seawater parameters, growth, morphometrics, and oxygen consumption. Data
on shell repair, micro-structure and mineralogy was gathered from the spring/summer
experiment. Each experiment used diﬀerent juvenile abalone. Therefore, abalone may
genetically diﬀer or have experienced diﬀerent hatchery conditions prior to the current
study. Therefore, results from this study were analysed within each experiment and
not statistically tested between the diﬀerent seasons, however, diﬀerences in survival,
growth, shell deposition and oxygen consumption between seasons are compared and
discussed.

2.1

Animal collection and rearing

Experiment 1: Autumn/winter
On April 5th 2012, two size classes of juvenile Haliotis iris at 7–13 mm (referred to
as post-settlement juveniles) and 30–40 mm (referred to as 30–40 mm juveniles) shell
length were transported in Hessian bags and on ice from OceaNZ Blue Pāua farms, Ruakaka, Northland, New Zealand to Portobello Marine Laboratory, Dunedin, Otago, New
Zealand. OceaNZ Blue hatchery water temperature at the time of dispatch was 16 °C.
Once the abalone arrived at Portobello Marine Laboratory they were acclimated for 21
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days in a large tank at ambient seawater temperature (13 °C at the time of arrival and
ranged between 10–13 °C over the 21 days) under continuously ﬂowing ﬂow-through
seawater. Seawater was pumped from the outer Otago Harbour through a sand ﬁlter and into the holding tank where it was continuously aerated, and bubbled to create
suﬃcient water movement. The animals received a prepared pellet diet made speciﬁcally for abalone aquaculture. Following the acclimation period, each size class was divided equally at random into three treatments (30 abalone per size class per treatment).
Each treatment had a 60 L header tank that supplied three replicate 16 L ﬂow-through
aquaria, with each containing equal numbers of abalone from each size class.

Experiment 2: Spring/summer
For the second experiment, juvenile H. iris of the same two size classes as the autumn/winter experiment were transported from OceaNZ Blue Pāua farms to Portobello
Marine Laboratory on the 15th of October 2012. Initial post-settlement juvenile shell
length ranged between 5 and 10 mm for this experiment. Abalone were acclimated for
16 days at ambient seawater temperature (13–15 °C on arrival) under ﬂow-through
seawater. All other acclimation procedures were kept the same as experiment 1. Following this acclimation period, each size class was divided equally at random into the
three pH treatments, although this time with forty-ﬁve post-settlement juveniles and
thirty-six 30–40 mm juveniles per treatment. Sixty litre header tanks supplied three
replicate 16 L ﬂow-through aquaria per treatment(nine total), holding equal numbers
of abalone (ﬁfteen post-settlement per replicate and twelve 30–40 mm juveniles per
replicate aquaria).

2.2

Experimental design, seawater chemistry &
experimental exposure

There were three target pHN BS levels used in the study: a current pH of natural 1µm
ﬁltered seawater (control) and two levels of reduced pHN BS (pH 7.8 and pH 7.6) 1 µm
ﬁltered seawater. Experimental pH levels were chosen as the upper and lower limits
from the ‘business as usual scenario’ for the year 2100 (IPCC, 2007). Seawater was
pumped from the outer Otago Harbour, passed through a sand ﬁlter, aerated, and then
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passed on through a 1 µm ﬁlter before entering the ﬂow-through rearing system. Each
level of pH had a separate 60 L header tank with a pump to circulate seawater, and the
tank supplied three replicate 16 L plastic aquaria tanks. To prevent migration of juveniles
out of the tanks, the aquaria were ﬁtted with 2 cm strips of artiﬁcial turf at the water
level and mesh over the tank inlets and outlets. In addition, each replicate aquaria had
one plastic hide (plastic pipe cut in half, 25 cm length, 15 cm width and 10 cm high) to
allow juveniles to seek shelter from any light during the day. The seawater supply to
the replicate tanks had a ﬂow rate of ≈ 1 L per minute ± 0.01 SE, and on average, the
volume of water in each replicate was replaced ﬁve times every hour. A ﬂow-through
system was used to minimise the eﬀect of any metabolic wastes the juvenile abalone
may have produced, reducing the chance of additional acidiﬁcation caused by respiration,
build up of ammonia, and ﬂow-through design also helps to maintain optimal oxygen
concentrations (90-100% saturation).
The pH levels were maintained using a pH feedback system where pH was continually monitored by a pH probe (calibrated with NBS buﬀers; 4.0, 7.0, 9.18, Pronalys,
Biolab, New Zealand) connected to a computer. For reduced pH treatments, food-grade
CO2 and air was bubbled through the seawater. The control treatment was bubbled
with ambient air. The gas ﬂow from the CO2 tanks were controlled by the pH control
system (TUNZE pH/CO2 controller 7074/2, TUNZE AQUARIENTECHNIK GMBH, Penzberg, Germany) by opening or closing a solenoid valve when pH readings in the header
tanks deviated from the predetermined set-points by ± 0.01 pH units. When the target pH levels were met, the delivery of CO2 was stopped by the solenoid valve and
when the pH increased above the target, the solenoid valve opened allowing CO2 to
bubble into experimental seawater (Fig.2.1). Temperature and pH of seawater were
continuously monitored in the header and replicate tanks during the two 100-day experiments. Temperature of the seawater entering the header tanks was measured two
times per hour using a HOBO Pendent Temperature data logger. Seawater parameters
in the replicate tanks were checked three times weekly; temperature using a Digitech
thermometer, salinity using a refractometer and the dissolved oxygen saturation using
an YSI 550A (Yellow Springs Instruments, USA) dissolved O2 metre. The pH of the
header tanks was manually recorded three times per day and the replicate tanks were
measured three times per week. The pH electrodes for the header tanks were calib13

Figure 2.1: Experimental set-up for each treatment. Please note that the ambient treatment was not bubbled with CO2 and the pH was not controlled.

rated weekly (NBS buﬀers as above) and standardised against Tris seawater buﬀers,
and the pH meter (Schott pH meter CG 837) used to measure pH in replicate tanks was
calibrated (NBS buﬀers as above) prior to every use.
For the autumn/winter experiment temperature ranged between 6.4 °C and 11.6 °C
with an average of 8.8 °C± 0.34 SE (Fig. 2.2A). Header tank pH for the pH 7.8 treatment
group ranged from 7.69 to 7.93 with an average of pHN BS 7.77 ± 0.01 SE, and the pH
7.6 treatment ranged from pH

N BS

7.42 to 7.87 and an average of pH

N BS

7.59 ±

0.01 SE (Fig. 2.2B). Header tank pH could vary on occasion and was generally due to a
blockage in the solenoid valve or a CO2 tank running out of gas. These problems were
noticed quickly and solved immediately. The average pH of the replicate tanks for the
control treatment group over the 100 day period ranged from pHN BS 7.99 to 8.17 and
an average of 8.10 ± 0.02, the pH 7.8 group had a pHN BS between 7.74 and 7.93 with
an average of pHN BS 7.83 ± 0.01 SE, and in the pH 7.6 treatment group, pHN BS was
measured between 7.54 and 7.65 with an average of pHN BS 7.61 ± 0.01 SE (Fig.2.2C).
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The spring/summer water temperature was higher than measurements taken during the
autumn/winter, ranging between 13 and 19.5 °C with an average of 16.47 °C ± 0.29
SE(Fig. 2.3A). The average pH of the pH 7.8 treatment header tank ranged from pHN BS
7.77 to 7.83 with an average of 7.79 ± 0.01 SE and the pH 7.6 treatment ranged from
7.37 to 7.68 with an average of 7.58 ± 0.01 SE (Fig.2.3B). The average replicate tank
pH for the control treatment group over the 100 day period ranged from pHN BS 8.01 to
8.21 and an average of pHN BS 8.11 ± 0.02 SE, the pH 7.8 group had a pHN BS between
7.77 and 7.87 with an average of pHN BS 7.82 ± 0.01 SE, and in the pH 7.6 treatment
group, pHN BS was measured between 7.54 and 7.67 with an average of pHN BS 7.61 ±
0.01 SE (Fig. 2.3C). Salinity and dissolved oxygen was regularly measured throughout
the experiments and values ranged between 32 and 36 ppt for salinity and dissolved
oxygen saturations were between 90 and 100%.
Water samples were collected on day 0, 50 and 100 of each experiment. Samples
were collected in 1L glass bottles and ﬁxed with 1 ml mercuric chloride (HgCl2 ). Determinations of total alkalinity (TA) were made by automatic titration with HCl. Dissolved inorganic carbon (DIC), partial pressure of CO2 in seawater (p CO2 ) and the
CaCO3 saturation state for calcite (ΩCalcite ) and aragonite (ΩAragonite ) were calculated
from in situ temperature, salinity, pH and TA. The pHN BS , TA, temperature and salinity
of the seawater at the time seawater was sampled were added into a CO2 calculation system SWCO2 (http://www.neon.otago.ac.nz/research/mfc/people/keith_ hunter
/software/swco2/) to calculate the saturation omega (Ω) values for calcite and aragonite, and the p CO2 . The dissociation constants of Mehrbach et al. (1973) were used
to determine seawater properties. Seawater chemistry parameters for both experiments
are shown in Table 2.1. The Ω and p CO2 values are derived from pH, temperature, salinity, and because temperature was not controlled for, these values would have changed
throughout the duration of each experiment. The addition or removal of CO2 to a solution does not alter its alkalinity (Caldeira et al., 2007). Figures 2.4 and 2.5 using in situ
temperature, pHN BS and salinity show estimations of ΩCalcite and ΩAragonite , and p CO2
throughout the duration of the experiments assuming TA of Otago Harbour stayed constant.
The 30–40 mm abalone were fed on hatchery quality artiﬁcial feed at a grain size
of ≈ 2 mm, and the post-settlement size class was fed a ﬁner grade of feed that had
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Figure 2.2: Autumn/winter; Average daily header tank (A) temperature (from 48 measurements a day) and (B) pHN BS (from three measurements per day) over the 100 day
juvenile Haliotis iris experiment. (C) shows the average pHN BS from the three replicate aquaria for each treatment. Error bars are ± SE. Please note that the error bars for
temperature recordings are very small, and are therefore not easily visible.
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Figure 2.3: Spring/summer; Average daily header tank (A) temperature (from 48 measurements a day) and (B) pHN BS (from three measurements per day) over the 100 day
juvenile Haliotis iris experiment. (C) shows the average pHN BS of the three replicate
aquaria for each treatment. Error bars are ± SE. Please note that the error bars for
temperature recordings are very small, and are therefore not easily visible.
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Experiment 1: Autumn/winter
Ambient
pH 7.8
pH 7.6
8.80 ± 0.34
34.0±0.4
8.10±0.02
7.83±0.01
7.61±0.01
442.9±25.2 964.2±81.3 1523.0±106.6
2.80±0.11
1.48±0.09
0.96±0.05
1.78±0.07
0.94±0.10
0.61±0.03
2106.5±7.4 2213.4±8.3 2275.4±6.3
2262.9±0.7 2265.1±1.1 2264.4±1.6

Experiment 2: Spring/summer
Ambient
pH 7.8
pH 7.6
16.47 ± 0.29
33.8±0.5
8.11±0.02
7.79±0.01
7.61±0.01
488.7±39.3
1011.3±68.1 1638.0±84.4
3.25±0.25
1.81±0.07
1.20±0.11
2.10±0.17
1.17±0.04
0.77±0.13
2085.7±13.1 2191.5±6.5
2255.1±20.7
2268.5±3.9
2264.9±1.7
2267.6±0.3

Table 2.1: Mean temperature, salinity, pH, alkalinity and carbonate chemistry of both autumn/winter and spring/summer experiments.
Total alkalinity (TA), temperature, salinity and pHN BS were measured three times for each of the experiments. Dissolved inorganic
carbon (DIC), partial pressure of CO2 in seawater (p CO2 ), and the saturation states for calcite (ΩCalcite ) and aragonite (ΩAragonite )
were calculated from in situ temperature, salinity, pH and TA.
Parameter
Temperature °C
Salinity (ppt)
pHN BS
p CO2 (µatm)
Ω Calcite
Ω Aragonite
Total DIC (µmol L−1 )
Alkalinity (TA) (µmol kg−1 )
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Figure 2.4: Estimated daily autumn/winter (A) p CO2 , and (B) ΩCalcite and (C) ΩAragonite
saturation values calculated from mean total alkalinity and in situ temperature, pHN BS
and salinity.
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Figure 2.5: Estimated daily spring/summer (A) p CO2 , and (B) ΩCalcite and (C) ΩAragonite
saturation values calculated from mean total alkalinity and in situ temperature, pHN BS
and salinity.
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to be mixed with seawater prior to adding. Tanks and ﬁlters were cleaned three times
per week, and water ﬂow to replicate tanks was stopped while ﬁlters were cleaned.
During ﬁlter cleaning, water ﬂow was not stopped for longer than ﬁve minutes at a
time. Post-settlement juveniles were fed six times per week, once in the morning and
once in the late-afternoon on cleaning days, always following cleaning. The 30–40 mm
juveniles were fed three times per week in the late-afternoon, always following cleaning.
Abalone were fed in excess, approximately 3% of their total bodyweight. In general,
abalone feeding was lower during the autumn/winter experiment and higher during the
spring/summer experiment which was likely to be driven by the diﬀerences in metabolic
activity caused by higher temperatures.

2.3

Measurements

Abalone length (mm), width (mm) and wet weight (g) were measured on days 0, 30, 60
and 100 of each experiment. Length and width were measured using digital callipers to
the nearest 0.01 mm and wet weight was recorded with digital scales to the nearest
1 mg. The oxygen consumption rate of juveniles from each treatment was measured at
the end of the experimental periods (after day 100). All individuals were sacriﬁced, and
their shell, soft-tissue and ash free dry weights (AFDW used for respiration) were taken.
Shells were stored for mineralogy and scanning electron microscopy analyses. Methods
for growth (see Chapter 3), shell repair, microstructure and mineralogy (see Chapter
4), and respiration (see Chapter 5) will be explained in greater detail in the following
chapters.
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Chapter 3

Growth and survival
3.1

Introduction

Reductions in somatic and shell growth can be detrimental for calcifying organisms. The
shell or skeleton is highly important in providing structural support, protection from their
predators, parasites and the environment (e.g. desiccation), as well as roles in other crucial functions (Crenshaw, 1972; Kamat et al., 2000; Smith et al., 1999; Sokolova et al.,
2000). Overall, optimal growth rate and survival maximises the viability of ﬁsh stocks
and value of aquaculture species. Environmental stressors such as temperature and low
water quality can negatively aﬀect growth of marine species and in some circumstances
cause death of the organism (Colt et al., 2009; Harris et al., 1999b; Poxton and Allouse,
1982). Reduced pH is identiﬁed as a potential growth-limiting factor in aquaculture systems (Naylor et al., 2011) and ocean acidiﬁcation research has found that reduced pH
acts on the physiology of calcifying organisms resulting in widespread biological consequences (see reviews by Doney et al., 2009; Kroeker et al., 2013). Ocean acidiﬁcation along with reduced pH and change to the calcium carbonate saturation state may
have adverse eﬀects on the growth and survival of marine calciﬁers such as abalone.
An increase in p CO2 and associated declines in seawater pH and the degree of saturation with respect to aragonite and calcite can impair shell deposition and increase dissolution rates, weakening shells of marine molluscs (Beniash et al., 2010; Byrne et al.,
2011; Crimm et al., 2011; Green et al., 2004; Kurihara et al., 2008, 2007; Michaelidis
et al., 2005; Nienhuis et al., 2010). Many studies reveal growth in molluscs is negatively aﬀected by ocean acidiﬁcation (see reviews by Doney et al., 2009; Kroeker et al.,
23

2013). It is unclear whether growth is negatively aﬀected due to shell dissolution, availability of carbonate ions for calciﬁcation, changes to physiology (e.g. hypercapnia) or a
combination of all three mechanisms.
Both growth and metabolic rate declined in blue mussels (Mytilus galloprovincialis ),
suggesting lower growth may be due to the hypercapnic eﬀect of elevated p CO2 (Michaelidis et al., 2005). On the other hand, elevated metabolic rates and no growth differences were reported for oysters (Crassostrea gigas and Saccostrea glomerata ) and
it was suggested that these organisms are exerting more energy to maintain the status
quo under ocean acidiﬁcation scenarios (Beniash et al., 2010; Parker et al., 2012). Responses can diﬀer within and among species, C. gigas may be able to adapt to future
climate change as they up-regulate metabolism whereas other species suﬀer depressed
or no change to metabolic rates and lower growth which highlights the inability to compensate for changes to seawater pH (Parker et al., 2012).
Energy costs of biomineralisation may contribute to the metabolic costs of marine
calcareous species, and even more so when acidic seawater erodes away calcium carbonate shells or skeletons (Beniash et al., 2010; Day et al., 2000; Palmer, 1992; Wood
et al., 2008). Calcium carbonate (CaCO3 ) is an organic material in which energy costs
for molluscs derive directly from the metabolic expenses of accumulating, transporting
and precipitating CaCO3 (Palmer, 1992). The saturation state of CaCO3 , on average, is
supersaturated, however, increases in p CO2 associated with ocean acidiﬁcation lower
this saturation state (Caldeira and Wickett, 2003, 2005). Studies have found growth
and calciﬁcation of molluscs decreases with decreasing saturation states of ΩCalcite and
ΩAragonite despite supersaturation of both these minerals (Ω > 1.0). Compensation for
dissolution or erosion is a long-term cost for marine calciﬁers and has been estimated to
be 8–20% of total production including somatic growth, shell production and reproduction (Day et al., 2000). Costs to compensate for the potential erosion and dissolution
caused by future-predicted ocean acidiﬁcation may increase shell production costs in the
future due to higher dissolution pressure, as well as the hypercapnic eﬀects caused by
higher p CO2 concentrations. Therefore CO2 driven ocean acidiﬁcation may have indirect
negative consequences for abalone by increasing basal metabolic costs and allocating
energy away from other important processes for growth and reproduction as it has in
other marine molluscs (Beniash et al., 2010).
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The general consensus is that early stages of development are more vulnerable to
ocean acidiﬁcation (Talmage and Gobler, 2011), although, severe negative impacts to
post-metamorphic stages (juvenile and adult) are reported. Albright et al. (2012) found
that juvenile tropical sea urchins developed eroded spines and put on signiﬁcantly less
weight when exposed to elevated p CO2 (560 and 800 µatm) and reduced seawater
pH, while in molluscs, Beniash et al. (2010) reported lower somatic growth and weaker
shells for eastern oysters (Crassostrea virginica ). Few studies have looked into sizedependent responses to ocean acidiﬁcation in juvenile molluscs. When exposed to seawater undersaturated in respect to aragonite and calcite, high dissolution-induced mortality decreased with larger size in recently settled juvenile hard shell clams, Mercenaria
mercenaria (Green et al., 2004). Another study on Mercenaria spp. by Waldbusser
et al. (2010) found that larger juveniles were better-able to calcify under acidic conditions, whereas smaller juveniles could not overcome dissolution pressure at low pH
levels of 7.64 and 7.41. The survival and growth of juvenile stages of abalone may be
vulnerable to ocean acidiﬁcation and this may vary with size. One environmental stressor
that has been investigated in regards to abalone size-dependent growth is temperature.
Steinarsson and Imsland (2003) found that optimum growth temperature varied with
size in red abalone (Haliotis rufescens ) and Searle et al. (2006) found a very similar
trend in black-foot abalone (Haliotis iris ). Ocean temperature, p CO2 , pH and CaCO3 can
covary simultaneously and may have synergistic eﬀects on marine invertebrates (Byrne,
2011).
Multi-stressor studies involving acidiﬁcation and warming show complex results.
Normal larval development decreased signiﬁcantly in molluscs (C. gigas, S. glomerata,
and Haliotis coccoradiata ) with increasing temperature and p CO2 (Byrne et al., 2011;
Parker et al., 2009, 2010). S. glomerata and C. gigas suﬀered complex synergistic effects on development with temperature facilitating development and acidiﬁcation lowering development success (Parker et al., 2010). Temperature increases of +4 °C and increased p CO2 (390 to 750ppm) had additive eﬀects, decreasing survival, development,
growth, and lipid synthesis of M. mercenaria and Argopectan irradians larvae (Talmage
and Gobler, 2011). In addition, juveniles of these species were also negatively aﬀected
by elevated temperature, however, C. virginica and A. irradians shell and tissue growth
were negatively aﬀected by CO2 (Talmage and Gobler, 2011). This study highlights dif25

ferential species and life-stage sensitivity to predicted climate change, suggesting there
will be winners and losers to near-future predicted ocean changes (Doney et al., 2009;
Havenhand et al., 2008).
Haliotis iris are a slow growing species and the on-growing stage of aquaculture can
take three to four years before they are marketable. The proﬁtability of abalone culture
depends on the length of time taken to reach the market size. Optimising growth rate
is critical for successful abalone culture. The growth of abalone is aﬀected by a number of factors (see Chapter 1, Naylor et al., 2011), with temperature being the primary
environmental factor as it directly inﬂuences the metabolic rate of poikilotherms (Fry,
1971; Searle et al., 2006). Therefore, many aquaculture systems control temperature
by site location, or direct mechanical control. Temperature is very important to optimise
growth, although, future predicted ocean change such as ocean acidiﬁcation or acidiﬁcation through biological respiration may have adverse impacts on the growth and survival
of abalone oﬀsetting growth optimisation by temperature.
On the West coast of the United States of America, the eﬀects of increased seawater p CO2 and reduced pH are beginning to be realised at the economic level. Corrosive seawater high in CO2 and undersaturated in respect to aragonite (ΩAragonite < 1.0)
seasonally upwells along the coast and is a natural phenomenon, however, increased
oceanic uptake of anthropogenic CO2 has been suggested to increase the extent of affected areas (Feely et al., 2008). As a result mass mortalities of oyster larvae have
been reported at Northwest American oyster hatcheries (Weiss, 2012). Other impacts
have not necessarily been reported, although, it is possible that calcifying larvae and
early stages of benthic juveniles are susceptible to this upwelling of corrosive seawater and ocean acidiﬁcation. Barton et al. (2012) investigated the eﬀects of seawater
that experiences natural ﬂuctuations in carbonate chemistry (ΩAragonite 0.8 to 3.2 and
a pH of 7.6 to 8.2) on the Northwest American coast and reported negative eﬀects
of low aragonite saturation state on both larval production and growth of the oyster
Crassostrea gigas larvae. North-western abalone (Haliotis kamtschatkana ) were also
found to be especially vulnerable to experimentally increased p CO2 /decreased pH (pH
7.8) with d-veliger larvae failing to form shells under acidic conditions and larval survival
decreasing signiﬁcantly (Crimm et al., 2011). Therefore, signs of economically important species with world-wide aquaculture and ﬁsheries value showing high sensitivity to
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above average CO2 concentrations is becoming apparent.
A number of problems can arise in abalone aquaculture, particularly in high-intensity
culture systems. Not taking into account ocean acidiﬁcation, reductions in seawater pH
can be common. The accumulation of respiratory CO2 released by the abalone and CO2
associated with nitriﬁcation (Colt et al., 2009; Harris et al., 1999b) can lead to decreases in pH (Colt et al., 2009; Fivelstad et al., 1998; Sanni and Forsberg, 1996).
Naylor et al. (2011) showed that pH declined rapidly on a serial-use raceway from pH
7.86 to as low as 7.50, and that it could cause changes to growth and calciﬁcation of
cultured animals. In serial-use raceways, the water ﬂow remains constant as it passes
from tank to tank while cumulative biomass increases with increasing water re-use. This
increasing biomass and water re-use results in the build-up of metabolic wastes which
degrade water quality as water passes through tanks or gets re-used (Colt et al., 2009;
Naylor et al., 2011; Poxton and Allouse, 1982). Abalone aquaculture primarily is carried out on sea-based farms directly intaking water from the open-ocean. Sea-based
aquaculture may be an area of risk under future ocean acidiﬁcation scenarios.
Previous studies have found that seawater enriched with CO2 can cause mortality
and depress calciﬁcation, growth, and metamorphosis in larval and juvenile molluscs.
Embryos and larval life stages have received considerable focus within ocean acidiﬁcation research as they are thought to be the most vulnerable life stage as they are yet to
develop critical physiological processes such as specialised ion-regulatory epithelia that
form later in development (Melzner et al., 2009). The juvenile life-stage is none the less
as important, particularly in benthic animals such as abalone. These early benthic juvenile stages can be a key survival bottleneck for populations (Gosselin and Qian, 1997;
Griﬃths and Gosselin, 2008; Rossetto et al., 2012; Shepherd and Breen, 1992; Takami
et al., 2008).
In the case of abalone, the juvenile stage is not only a survival bottleneck, but for
aquaculture and population reseeding, the on-growing of juveniles is a vital area of concern (Roberts et al., 2007b). As with other benthic marine species (Hunt and Scheibling,
1997), early-stage juveniles may lack the ability to grow and survive well under acidiﬁed conditions, whereas older juveniles and adult abalone may operate normally under
slightly lower pH levels. This has important consequences for aquaculture management,
as smaller juveniles may require more/less/diﬀerent care to optimise growth and devel27

opment in comparison to larger juveniles that may be more tolerant to less than optimum
conditions.
For this chapter, post-settlement (1 month old, 5-13 mm in initial length) and 30–40
mm (6 month old, 30-40 mm in initial length) juvenile H. iris were exposed to lowered
seawater pH through increasing p CO2 concentrations with target pH values of 8.1 (control), 7.8 and 7.6 for 100 days over autumn and winter, and spring and summer. The
goal of this chapter was to establish the eﬀects of reduced seawater pH on the survival
and growth of two juvenile size classes of H. iris. Mortality was recorded and growth
was measured on days 0, 30, 60 and 100 of each 100-day experiment, relationships
between length and soft-tissue weight were calculated to determine the eﬀect of reduced pH on somatic growth. The data presented here provide a better understanding
of the impacts of low pH and predicted ocean acidiﬁcation eﬀects on an economically
and ecologically important gastropod in aquaculture, ﬁsheries and the environment.

3.2

Materials and methods

Information regarding experimental animal source, size of abalone, experimental set up,
seawater temperature and chemistry, feeding regime, are described in Chapter Two.

Survival
The health of juvenile abalone, along with water quality measurements of temperature
and pH were checked a minimum of three times weekly and dissolved O2 and salinity
was monitored weekly. Any dead individuals were removed from tanks immediately,
identiﬁed, weighed and measured. Mortalities were totalled on days 30, 60 and 100,
and calculated as the proportion of the original tank population and then averaged among
the three replicates to calculate the mean survival of each treatment.

Growth
Individuals were removed from the acclimation tank and randomly selected for experimentation. Before the experiment the length and width of all animals were measured
using electronic vernier callipers to the nearest 0.01 mm, and wet weights were recorded using digital scales to the nearest 0.01 mg. Individuals were patted dry to
remove excess water from the mantle cavity prior to weighing. Furthermore, extreme
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care was taken to avoid shell damage of post-settlement juveniles during the measurement process. Photographs were taken of abalone using a digital camera to allow for
individual identiﬁcation. No tags were used to avoid unwanted disturbance to the juveniles. Photographs and length, width and wet weight measurements were taken on days
0, 30, 60 and 100. These sample days were selected to avoid excess disturbance of
animals, as handling and stress is known to negatively aﬀect the growth and condition
of abalone (Ragg et al., 2000). Density has been found to reduce growth in abalone
through intraspeciﬁc competition for food and space (Huchette et al., 2003; Marsden
and Williams, 1996; Mgaya and Mercer, 1995), however, densities were low and food
concentration remained high to minimise competition for food.

Autumn/winter growth
Ten post-settlement and ten 30-40 mm juveniles were added to each of nine experimental 16 L tanks, giving a total of 30 individuals per size class per treatment. There
were no signiﬁcant diﬀerences in the initial length (post-settlement; mean length = 9.87
mm ± 0.16 SE, one-way ANOVA, F 2,76 = 1.357, p > 0.26, 30–40 mm; mean length =
34.45 mm ± 0.27 SE, F 2,76 = 2.207, p > 0.12) or live wet weight (post-settlement;
mean WW = 0.12 g ± 0.01 SE, one-way ANOVA, F 2,76 = 1.048, p > 0.36, 30–40 mm;
mean WW = 5.64 g ± 0.10 SE, F 2,76 = 3.388, p > 0.05) of abalone among treatments
within their respective size classes.

Spring/summer growth
Fifteen post-settlement and twelve 30-40 mm juvenile abalone were randomly added
to each of nine replicate 16 L tanks, giving a total of forty-ﬁve post-settlement juveniles
and thirty-six 30–40 mm juveniles per treatment. There were no signiﬁcant diﬀerences
in the initial shell length or wet weight of post-settlement (mean SL = 7.29 mm ± 0.09
SE, one-way ANOVA, F 2,116 = 0.352, p > 0.70; mean WW = 0.04 g ± 0.001 SE, F 2,116
= 1.638, p > 0.19) and 30–40 mm juveniles (mean SL = 34.32 mm ± 0.29 SE, one-way
ANOVA, F 2,105 = 0.02, p > 0.98; mean WW = 5.81 g ± 0.14 SE, F 2,105 = 0.05, p >
0.96).
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Somatic growth
Juveniles were sacriﬁced at the end of the experiment to analyse shell properties (Chapter
4) and oxygen consumption (Chapter 5) to reduced pH. Individuals were removed from
their shell using a blunt hard-plastic knife, and the dissected mass was dried at 60°C for
48 h. The dry tissue was then placed into a desiccator ﬁlled with silicon beads for 24 h
to remove remaining moisture from the samples and to cool them at room temperature
for weighing. Dry soft-tissue was weighed to the nearest 0.01 mg using digital scales
and the relationship between soft-tissue weight and ﬁnal shell length was analysed to
investigate if there were any eﬀects of reduced pH on soft-tissue growth accounting for
any diﬀerences in ﬁnal length. All shells were used for shell deposition, microstructure
and mineralogy analyses (Chapter 4).

Statistical analysis
Two-way ANOVA’s were used to test for signiﬁcant diﬀerences in ﬁnal survival percentage, overall relative growth rates (Equations 3.1 and 3.2) of shell length and wet weight,
and soft-tissue weight with pH and size class as the independent variables. Post-hoc
analyses were run using Tukey’s HSD test or subsequent one-way ANOVA’s were carried out. Data were checked for normality using q-q plots and the Shapiro-Wilk test,
and for equality of variances the Levene’s Test was undertaken. Changes in survival percentage were tested for signiﬁcance using repeated measures ANOVA’s, followed by
subsequent one-way ANOVA’s at each sample day. Survival percentage data was arcsine transformed so that it was normally distributed and any data that was not normally
distributed or did not have homogeneous variances was log transformed. Diﬀerences
in average shell length and wet weight in response to reduced pH at the end of each
seasonal experiment was tested for signiﬁcance using one-way ANOVA’s for each size
class.
To account for diﬀerences in initial shell length and body weight, shell length increment and body weight data used for statistical analyses were expressed as relative
growth rate (RGR) using Hopkins (1992) formulae:

RGRlength =

SLi − SL0
× 100
SL0
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(3.1)

SL i is the abalone shell length at i day and SL 0 is the shell length at day 0, and:
RGRweight =

W Wi − W W0
× 100
W W0

(3.2)

where WW i is the live wet weight of abalone at i day and WW 0 is the weight at day
0. RGR was used to account for diﬀerences in initial shell length or live wet weight.
RGR was log transformed and repeated measures ANOVA was used to test for any
statistical diﬀerences in RGR of length and weight among pH treatments at the diﬀerent
size classes over time. RGR was the dependent variable, with pH, size and time the
independent variables. Subsequent one-way ANOVAs analysed diﬀerences in RGR at
each sample day.
Statistical analyses of morphometric data were made on log-transformed lengths and
dried soft-tissue weights. Dry soft-tissue weight and ﬁnal length data was pooled for
each treatment within size class for each seasonal experiment and the signiﬁcance of the
linear relationship between dry soft-tissue weight and ﬁnal shell length at the diﬀerent
pH levels was checked using analysis of covariance (ANCOVA). Homogeneity of the
slopes of the regression lines was tested and then diﬀerences among treatment groups
in the dry soft-tissue weight were tested for signiﬁcance by performing an ANCOVA.
The ﬁnal shell length was used as the covariate. All statistical analyses were carried out
using statistical software JMP 10 (SAS Institute Inc., Cary, NC) and R (R Development
Core Team, 2013).

3.3

Results

Survival
Autumn/winter
At the conclusion of the autumn/winter experiment, survival ranged between 73 and
90%, and 83 and 100% for post-settlement and 30–40 mm juvenile Haliotis iris respectively (Fig. 3.1). Survival was lowest in the pH 7.8 treatment group (73%) and highest
at ambient pH for post-settlement juveniles (90%). Post-settlement juvenile survival
signiﬁcantly decreased over time in all treatments (MANOVA, F 2,3 = 9.09, p < 0.01),
however, there was no eﬀect of pH on survival (MANOVA, F 2,3 = 1.38, p = 0.32). Subsequent one-way ANOVA’s showed no signiﬁcant diﬀerence in post-settlement survival
among pH treatments at any of the sample times (Table 3.1).
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Figure 3.1: Autumn/winter (A) average proportion of post-settlement juvenile Haliotis
iris surviving 100 days of experimental exposure at pHN BS of ambient (8.1), 7.8 and
7.6 for three replicates. (B) 30–40 mm juvenile H. iris survival over 100 days at three
diﬀerent seawater pH levels. Initial N = 30 for each treatment and size class. Values
represent mean survival proportion from three replicates ± SE. Please note data points
are oﬀset to avoid overlapping error bars.

For 30–40 mm juveniles, pH (MANOVA, F 2,3 = 6.72, p = 0.03) and time (MANOVA,
F 2,3 = 10.86, p < 0.01) signiﬁcantly aﬀected survival, with survival decreasing with
decreasing pH and as time increased. The repeated measures ANOVA indicated that
there was no signiﬁcant interaction between pH and time (MANOVA, F 2,3 = 3.02, p
= 0.06). Reduced pH did not have a signiﬁcant negative eﬀect on 30–40 mm juvenile
survival on day 30, however on day 60 and 100 of the experiment, there was a signiﬁcant
negative eﬀect of pH (Table 3.2).

Spring/summer
Survival diﬀered between size classes at spring/summer temperatures, with survival ranging between 80 and 96%, and 100% for post-settlement and 30–40 mm juveniles respectively (Fig. 3.2). Post-settlement juvenile survival was not signiﬁcantly aﬀected by
reduced pH (MANOVA, F 2,3 = 4.06, p = 0.07) with the control group showing the low32

Table 3.1: Analysis of variance results of the proportion of surviving 30–40 mm Haliotis
iris juveniles from three replicates among pH treatments at day 30, 60 and 100 of the
autumn/winter experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
6
2
6
2
6

SS
0.05
0.14
0.05
0.29
0.13
0.31

MS
0.02
0.02
0.02
0.05
0.07
0.05

F value
1

Pr (>F)
0.42

0.5

0.63

1.28

0.35

Table 3.2: Analysis of variance results of the proportion of surviving 30–40 mm Haliotis
iris juveniles from three replicates among pH treatments at day 30, 60 and 100 of the
autumn/winter experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
6
2
6
2
6

SS
0.04
0.21
0.21
0.08
0.30
0.06

MS
0.02
0.04
0.10
0.01
0.15
0.01

F value
0.53

Pr (>F)
0.61

7.5

0.02

15.79

<0.01

Table 3.3: Analysis of variance results of the proportion of surviving post-settlement
Haliotis iris juveniles from three replicates among pH treatments at day 30, 60 and 100
of the spring/summer experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
6
2
6
2
6

SS
0.21
0.09
0.18
0.17
0.17
0.24

MS
0.09
0.02
0.09
0.03
0.08
0.04

F value
7.0

Pr (>F)
0.03

3.08

0.12

2.10

0.20

est mortality and pH 7.8 having the highest. Furthermore survival decreased signiﬁcantly
overtime (MANOVA, F 2,3 = 12.79, p < 0.01). There was no interaction found between
time and reduced pH (MANOVA, F 2,3 = 2.19, p = 0.16). Post-hoc analysis revealed
no diﬀerence among treatment groups on sample days 60 and 100, however, at day 30
survival was found to be signiﬁcantly lower in the pH 7.8 group. No mortality occurred
for 30–40 mm juveniles in any of the treatments during the spring/summer experiment.
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Figure 3.2: Spring/summer (A) Average proportion of post-settlement juvenile Haliotis
iris surviving 100 days of experimental exposure at pHN BS of ambient (8.1), 7.8 and 7.6
for three replicates. Initial N = 45 post-settlement juveniles per treatment. (B) 30–40
mm juvenile H. iris survival over 100 days at diﬀerent seawater pH levels. Initial N =
36 30–40 mm juveniles per treatment. Values represent mean survival proportion ± SE,
N = 3. Please note data points are oﬀset to avoid overlapping error bars.

Growth
Autumn/winter
Post-settlement juvenile H. iris grew from a mean shell length 9.87 mm to a mean of
12.31 mm ± 0.18 SE in shell length and a mean wet weight of 0.12 g to 0.20 g ± 0.01 g
with no signiﬁcant eﬀect of pH on ﬁnal shell length (one-way ANOVA, F 2,76 = 0.242, p
> 0.79) or wet weight (one-way ANOVA, F 2,76 = 0.827, p > 0.44) among pH treatments
(Fig. 3.3A). Larger 30–40 mm juveniles grew from a mean length of 34.45 mm to a mean
length of 34.87 mm ± 0.30 SE and overall lost weight from a mean of 5.64 g to 5.36
g ± 0.13 SE with no signiﬁcant diﬀerences among pH treatments (Fig. 3.3B, one-way
ANOVA, SL; F 2,76 = 3.01, p > 0.05, WW; F 2,76 = 1.22, p > 0.30).
Shell relative growth rates of both post-settlement and 30–40 mm juvenile H. iris
were aﬀected by reduced pH levels (Fig. 3.5). The RGR of shell length increased signiﬁcantly overtime in all treatment groups. The pH level had a signiﬁcant eﬀect on post34

Figure 3.3: Haliotis iris mean shell length (± SE) of (A) post-settlement and (B) 30–40
mm juveniles cultured at ambient autumn/winter temperatures and at pHN BS of ambient
(8.1), 7.8 and 7.6 over time (100 days). Final N = 26, 22 and 27 for ambient, pH 7.8
and pH 7.6 post-settlement juveniles respectively. Final N = 30, 27 and 22 for ambient,
pH 7.8 and pH 7.6 30–40 mm juveniles respectively. Note: y-axis scale varies between
size classes. Please note data points are oﬀset to avoid overlapping error bars.

settlement shell growth (MANOVA, F 6,76 = 8.16, p < 0.01) and the repeated measures
ANOVA showed a negative signiﬁcant interaction of pH and time on RGRSL (MANOVA,
F 6,76 = 8.87, p < 0.01). Subsequent one-way ANOVA’s showed a signiﬁcant eﬀect of
pH at all sample intervals (Table 3.4). Post-hoc analysis found signiﬁcant diﬀerences
between the control and pH-reduced treatments at day 30 and 60, however, at day 100
post-settlement shell growth in the control and pH 7.8 treatments were no longer statistically diﬀerent, but they did show signiﬁcantly greater shell growth in comparison to
the pH 7.6 treatment group. Between day 30 and 60, shell growth was lowest, with an
approximate 2% increase in the control treatment, and close to 0% change in shell length
in reduced pH treatments. Final RGRSL at day 100 was signiﬁcantly diﬀerent, with
control and pH 7.8 abalone growing 27% and 29% respectively in comparison to a 20%
shell increment for post-settlement juveniles reared at pH 7.6 for 100 days (one-way
ANOVA, F 2,76 = 7.57, p < 0.01).
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Figure 3.4: Haliotis iris mean live wet weight (± SE) of (A) post-settlement and (B)
30–40 mm juveniles cultured at ambient autumn/winter temperatures and at pHN BS of
ambient (8.1), 7.8 and 7.6 over time (100 days). Final N = 28, 22 and 27 for ambient,
pH 7.8 and pH 7.6 post-settlement juveniles respectively. Final N = 30, 27 and 22 for
ambient, pH 7.8 and pH 7.6 30–40 mm juveniles respectively. Note: y-axis scale varies
between size classes. Please note data points are oﬀset to avoid overlapping error bars.

Ambient pH 30–40 mm juvenile RGRSL was low at 2.7%, although, this was still
signiﬁcantly higher than pH 7.8 and pH 7.6 treatments with growth increments of 1.7%
and 1.2% respectively (one-way ANOVA, F 2,76 = 10.82, p < 0.01) and there was a
signiﬁcant interaction with time (MANOVA, F 6,76 = 8.50, p < 0.01).
As expected, post-settlement juveniles had a signiﬁcantly higher RGR in comparison
to 30–40 mm juveniles, and there was a signiﬁcant interaction of both pH and sizeclass on RGRSL at day 100 (two-way ANOVA, F 2,152 = 5.643, p < 0.01) and RGRW W
(two-way ANOVA, F 2,152 = 5.510, p < 0.01). In all treatments, the majority of shell
growth for 30–40 mm juveniles occurred during the ﬁrst 30 days of the experiment,
before levelling out with no further substantial changes in shell growth. Tukey’s posthoc analysis showed that relative growth rate in shell length did not signiﬁcantly diﬀer
between days 30 and 60, 30 and 100, and, 60 and 100. The ambient 30–40 mm juvenile
growth was signiﬁcantly higher than reduced pH treatments on all sample days (30, 60
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Figure 3.5: Haliotis iris mean relative growth for length of (A) post-settlement and
(B) 30–40 mm juveniles cultured at ambient autumn/winter temperatures and at pHN BS
of ambient (8.1), 7.8 and 7.6. Error bars indicate the standard error of the mean. N
adjusted for mortality = 28, 22 and 27 for ambient, pH 7.8 and pH 7.6 post-settlement
juveniles respectively. N adjusted for mortality = 30, 27 and 22 for ambient, pH 7.8
and pH 7.6 30–40 mm juveniles respectively. Note: y-axis scale varies between size
classes. Please note data points are oﬀset to avoid overlapping error bars.

and 100), and reduced pH treatments did not diﬀer from each other (Table 3.5).
Weight change was less responsive to reduced pH during the autumn/winter experiment in 30–40 mm juveniles and they generally lost weight, while post-settlement juveniles gained between 50–100% in live wet weight with greater diﬀerences among
treatments occurring (Fig. 3.6). There was a signiﬁcant negative eﬀect of pH on RGRW W
on all sample days for post-settlement juveniles (Table 3.6), and there was a signiﬁcant
interaction of both pH and time (MANOVA, F 6,76 = 9.54, p < 0.01). Post-hoc analysis
showed that pH 7.8 and 8.1 did not signiﬁcantly diﬀer in post-settlement RGRW W but
they did show greater growth in comparison to juveniles reared at pH 7.6. There was no
signiﬁcant eﬀect of pH or time or any interaction on the RGRW W of 30–40 mm juveniles
(Table 3.7). Therefore during this autumn/winter experiment post-settlement juvenile
growth was more sensitive to pH change in terms of weight change in comparison to
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Table 3.4: Analysis of variance of the relative growth of shell length (mm) of postsettlement Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the
autumn/winter experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
76
2
76
2
76

SS
1.15
7.04
1.60
5.84
0.35
1.75

MS
0.58
0.09
0.8
0.08
0.17
0.02

F value
6.23

Pr (>F)
<0.01

10.41

<0.01

7.57

<0.01

Table 3.5: Analysis of variance of the relative growth of shell length (mm) of 30–40 mm
Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the autumn/winter
experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
76
2
76
2
76

SS
0.01
0.01
0.01
0.01
3.03
10.64

MS
0.01
0.01
0.01
0.01
1.52
0.14

F value
12.36

Pr (>F)
<0.01

12.54

<0.01

10.82

<0.01

Table 3.6: Analysis of variance of the relative growth of live wet weight (g) of postsettlement Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the
autumn/winter experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
76
2
76
2
76

SS
0.09
0.37
0.18
0.46
0.19
0.95

MS
0.05
0.01
0.09
0.01
0.09
0.01

F value
9.52

Pr (>F)
<0.01

14.57

<0.01

7.47

<0.01

larger juvenile stages.

Spring/summer
After 100 days of experimental exposure, reduced pH was found to have a signiﬁcant
negative eﬀect on post-settlement shell length, increasing in length from 7.29 mm to
19.88 mm ± 0.35 SE, 15.97 mm ± 0.46 SE and 14.65 mm ± 0.38 SE shell length
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Figure 3.6: Haliotis iris mean relative growth for body weight of (A) post-settlement and
(B) 30–40 mm juveniles cultured at ambient autumn/winter temperatures and at pHN BS
of ambient (8.1), 7.8 and 7.6. Error bars indicate the standard error of the mean. N
adjusted for mortality = 28, 22 and 27 for ambient, pH 7.8 and pH 7.6 post-settlement
juveniles respectively. N adjusted for mortality = 30, 27 and 22 for ambient, pH 7.8
and pH 7.6 30–40 mm juveniles respectively. Note: y-axis scale varies between size
classes. Please note data points are oﬀset to avoid overlapping error bars.

Table 3.7: Analysis of variance of the relative growth of live wet weight (g) of 30–40 mm
Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the autumn/winter
experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
76
2
76
2
76

SS
0.01
0.08
0.01
0.46
0.01
0.11

MS
0.01
0.01
0.01
0.01
0.01
0.01
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F value
2.90

Pr (>F)
<0.01

0.45

0.64

1.07

0.35

Figure 3.7: Haliotis iris mean shell length (± SE) of (A) post-settlement and (B) 30–40
mm juveniles cultured at ambient spring/summer temperatures and at pHN BS of ambient
(8.1), 7.8 and 7.6 over time (100 days). Final N = 43, 35 and 41 for ambient, pH 7.8
and pH 7.6 post-settlement juveniles respectively. Final N = 45 in all treatments for
30–40 mm juveniles. Note: y-axis scale varies between size classes. Please note data
points are oﬀset to avoid overlapping error bars.

in ambient pH, pH 7.8 and pH 7.6 treatments respectively (Fig. 3.7, one-way ANOVA,
F 2,116 = 50.29, p < 0.01). Juvenile post-settlement H. iris increased in weight from 0.04
g to mean ﬁnal wet weights of 0.75 g ± 0.04 SE, 0.41 g ± 0.03 SE, and 0.32 g ± 0.02
SE in control, pH 7.8 and pH 7.6 treatments respectively, with reduced pH signiﬁcantly
decreasing ﬁnal wet weight (Fig 3.8, one-way ANOVA, F 2,116 = 75.29, p < 0.01). Final
shell length of 30–40 mm abalone was signiﬁcantly diﬀerent among treatments, with the
control treatment showing the greatest length at 45.46 mm ± 0.71 SE, in comparison
to pH 7.8 at 42.74 mm ± 0.50 SE and pH 7.6 of 41.18 ± 0.38 SE (Fig 3.7, one-way
ANOVA, F 2,105 = 14.10, p < 0.01). A similar trend was found in ﬁnal weight of 30–40
mm juveniles with the control treatment having signiﬁcantly greater ﬁnal wet weight of
10.17 g ± 0.45 SE, pH 7.8 at 8.60 g ± 0.30 SE, and pH 7.6 had a ﬁnal wet weight of
7.83 g ± 0.26 SE (Fig 3.8, one-way ANOVA, F 2,105 = 10.98, p < 0.01).
RGR length and weight signiﬁcantly diﬀered between size class (Fig 3.9, RGRSL ;
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Figure 3.8: Haliotis iris mean live wet weight (± SE) of (A) post-settlement and (B)
30–40 mm juveniles cultured at ambient spring/summer temperatures and at pHN BS of
ambient (8.1), 7.8 and 7.6 over time (100 days). Final N = 43, 35 and 41 for ambient,
pH 7.8 and pH 7.6 post-settlement juveniles respectively. Final N = 45 in all treatments
for 30–40 mm juveniles. Note: y-axis scale varies between size classes. Please note
data points are oﬀset to avoid overlapping error bars.

two-way ANOVA, F 1,221 = 2880.25, p < 0.01, Fig 3.10, RGRW W ; F 1,221 = 2975.26, p
< 0.01). There was a statistically signiﬁcant interaction at the p < 0.05 level between pH
and size for overall RGRSL (two-way ANOVA, F 2,221 = 36.03, p < 0.01), and RGRW W
(two-way ANOVA, F 2,221 = 24.54, p < 0.01). For both post-settlement (MANOVA,
F 6,116 = 105.29, p <0.01) and 30–40 mm juveniles (MANOVA, F 6,105 = 30.72, p <
0.01) shell growth was signiﬁcantly reduced by low pH. Furthermore, there was a signiﬁcant interaction between pH level and time on shell growth (post-settlement; MANOVA, F 6,119 = 71.33, p < 0.01, 30–40 mm; MANOVA, F 6,105 = 28.80, p < 0.01).
Shell growth increased overtime in all treatments and both size classes, however, postsettlement ambient pH juvenile growth was 55% and 68% greater than the pH 7.8 and
7.6 treatments respectively. Post-hoc analysis showed that in all treatments postsettlement RGRSL was signiﬁcantly diﬀerent from one another on all sample days for
both length and weight (Table 3.8 and 3.10). RGRW W was signiﬁcantly higher for con41

Figure 3.9: Haliotis iris mean relative growth for shell length of (A) post-settlement
and (B) 30–40 mm juveniles cultured at ambient spring/summer temperatures and at
pHN BS of ambient (8.1), 7.8 and 7.6. Error bars indicate the standard error of the
mean. N adjusted for mortality = 43, 35 and 41 for ambient, pH 7.8 and pH 7.6 postsettlement juveniles respectively. N = 45 in all treatments for 30–40 mm juveniles.
Note: y-axis scale varies between size classes. Please note data points are oﬀset to
avoid overlapping error bars.

trols at day 30, 60 and 100, however, pH 7.8 and 7.6 did not diﬀer from one another.
Following the 100 days of experimental exposure, 30–40 mm juvenile growth under
acidic conditions was lower than the control group with pH 7.8 group showing 8% and pH
7.6 showing 12% less shell growth. Subsequent one-way ANOVAs showed statistically
signiﬁcant diﬀerences in post-settlement juvenile shell and body weight growth by day
30, and this continued through to the other sample periods. Post-hoc analysis found
that RGRSL was signiﬁcantly higher in the control treatment group on all sample days
and there was no signiﬁcant diﬀerence between pH 7.8 and pH 7.6 30–40 mm juveniles
until day 60 (Table 3.9). RGRW W in the control treatment group signiﬁcantly diﬀered
from growth in pH 7.6 by day 30 and growth in the control did not diﬀer from pH 7.8
until day 60. There was a signiﬁcant eﬀect of pH on 30–40 mm juvenile RGRW W on all
sample days (Table 3.11).
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Table 3.8: Analysis of variance of the relative growth of shell length (mm) of postsettlement Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the
spring/summer experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
116
2
116
2
116

SS
1.033
1.31
1.15
0.88
1.31
1.01

MS
0.52
0.01
0.57
0.01
0.65
0.01

F value
45.71

Pr (>F)
<0.01

75.91

<0.01

75.29

<0.01

Table 3.9: Analysis of variance of the relative growth of shell length (mm) of 30–40 mm
Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the spring/summer
experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
105
2
105
2
105

SS
0.65
2.63
0.50
1.18
0.72
1.05

MS
0.32
0.03
0.25
0.01
0.36
0.01

F value
12.88

Pr (>F)
<0.01

22.04

<0.01

36.3

<0.01

Table 3.10: Analysis of variance of the relative growth of body weight (g) of postsettlement Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the
spring/summer experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
116
2
116
2
116

SS
2.19
2.19
1.85
2.12
3.26
3.18

MS
1.10
0.02
0.92
0.02
1.63
0.03

43

F value
57.91

Pr (>F)
<0.01

50.53

<0.01

59.55

<0.01

Figure 3.10: Haliotis iris mean relative growth for body weight of (A) post-settlement
and (B) 30–40 mm juveniles cultured at ambient spring/summer temperatures and at
pHN BS of ambient (8.1), 7.8 and 7.6. Error bars indicate the standard error of the
mean. N adjusted for mortality = 43, 35 and 41 for ambient, pH 7.8 and pH 7.6 postsettlement juveniles respectively. N = 45 in all treatments for 30–40 mm juveniles.
Note: y-axis scale varies between size classes. Please note data points are oﬀset to
avoid overlapping error bars.

Table 3.11: Analysis of variance of the relative growth of body weight (g) of 30–40 mm
Haliotis iris juveniles among pH treatments at day 30, 60 and 100 of the spring/summer
experiment. The pH level was the ﬁxed factor.
Groups
Day 30
Day 60
Day 100

Source
pH
Residuals
pH
Residuals
pH
Residuals

DF
2
105
2
105
2
105

SS
0.02
0.09
2.43
3.64
2.16
3.59

MS
0.01
0.01
1.22
0.03
1.08
0.03
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F value
10.33

Pr (>F)
<0.01

35.12

<0.01

31.61

<0.01

Table 3.12: Analysis of covariance of the eﬀect of pH on the dry soft-tissue weight
(g) of post-settlement juvenile Haliotis iris reared at autumn/winter temperatures, with
ﬁnal shell length (mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-10.83
2.83
0.01
-0.27
0.01
-0.01
0.01
0.27

Std. Error
0.33
0.13
0.04
0.31
0.04
0.38
0.04
0.34

t-value
-32.82
21.93
0.14
-0.88
0.38
-0.015
0.22
0.79

Pr (>F)
<0.01
<0.01
0.89
0.38
0.71
0.99
0.83
0.43

Somatic growth
Autumn/winter
Mean post-settlement dry soft-tissue weight was 30, 25 and 25 mg for control, pH 7.8
and pH 7.6 juveniles respectively, and 600, 530 and 570 mg for 30–40 mm juveniles,
with greater soft-tissue weight as shell length increased (Fig. 3.11 and 3.12). The
slopes of the regression lines of the log-transformed dry soft-tissue weight versus the
log-transformed ﬁnal shell length for post-settlement juveniles were homogeneous, as
shown by the non-signiﬁcant interaction between pH treatments and ﬁnal shell length
(Table 3.12; t8.1v7.8 = -0.0.88, p 8.1v7.8 = 0.38, t8.1v7.6 = -0.02, p 8.1v7.6 = 0.99, t7.8v7.6 =
0.79, p 7.8v7.6 = 0.43). When taking into account ﬁnal shell length, there was no eﬀect
of pH on abalone soft-tissue dry weight among pH treatments (Table 3.12). For 30–
40 mm juveniles regression lines were also homogeneous (Table 3.13; t8.1v7.8 = 0.43,
p 8.1v7.8 = 0.67, t8.1v7.6 = -1.46, p 8.1v7.6 = 0.15, t7.8v7.6 = -1.79, p 7.8v7.6 = 0.08) and
there was no eﬀect of pH on soft-tissue weight (Table 3.12; p > 0.1).
Spring/summer
Slopes of the regression lines of post-settlement juvenile H. iris log-transformed shell
length and dry soft-tissue weight were homogeneous as shown by the non-signiﬁcant
interaction between pH and ﬁnal shell length of abalone (Table 3.14; t8.1v7.8 = 1.12,
p 8.1v7.8 = 0.27, t8.1v7.6 = 0.34, p 8.1v7.6 = 0.73, t7.8v7.6 = -0.95, p 7.8v7.6 = 0.27). There
was no signiﬁcant eﬀect of pH on soft-tissue weight for a given shell length between
control and reduced pH treatments (Table 3.14, p>0.05), however, individuals reared
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Figure 3.11: Linear regressions of the dry soft-tissue weight (g) versus the ﬁnal shell
length (mm) for post-settlement juvenile Haliotis iris cultured at ambient autumn/winter
temperatures, and at pHN BS of ambient (8.1), 7.8 and 7.6. N = 26, 22 and 27 for
ambient, pH 7.8 and pH 7.6 post-settlement juveniles respectively. Linear regression
equations for juvenile soft-tissue weight: pH 8.1: y = 0.006x − 0.053, R2 = 0.874, pH 7.8:
y = 0.005x − 0.040, R2 = 0.892, pH 7.6: y = 0.006x − 0.044, R2 = 0.819.

Table 3.13: Analysis of covariance of the eﬀect of pH on the dry soft-tissue weight (g)
of 30–40 mm juvenile Haliotis iris reared at autumn/winter temperatures with ﬁnal shell
length (mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-7.43
1.94
-0.04
0.23
-0.02
-0.76
0.02
-0.99
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Std. Error
0.78
0.22
0.04
0.52
0.04
0.52
0.04
0.55

t-value
-9.55
8.88
-1.02
0.43
-0.40
-1.46
0.58
-1.79

Pr (>F)
<0.01
<0.01
0.31
0.67
0.69
0.15
0.56
0.08

Figure 3.12: Linear regressions of the dry soft-tissue weight (g) versus the ﬁnal shell
length (mm) for 30–40 mm juvenile Haliotis iris cultured at ambient autumn/winter
temperatures at pHN BS of ambient (8.1), 7.8 and 7.6. N = 30, 27 and 22 for ambient, pH 7.8 and pH 7.6 30–40 mm juveniles respectively. Linear regression equations for juvenile soft-tissue weight: pH 8.1: y = 0.035x − 0.624, R2 = 0.604, pH 7.8:
y = 0.037x − 0.739, R2 = 0.598, pH 7.6: y = 0.020x − 0.120, R2 = 0.29.

at pH 7.8 had decreased soft-tissue weight for a given ﬁnal shell length in comparison
to post-settlement individuals from the pH 7.6 treatment (t7.8v7.6 = 3.25, p < 0.01) and
pH 7.6 individuals had the greatest overall soft-tissue weight when taking into account
the covariate (Fig. 3.13). Slopes of regression lines were only homogeneous between
ambient and the reduced pH 7.8 treatment, and pH 7.8 and pH 7.6, although slopes
were not homogeneous between ambient and pH 7.6 within 30–40 mm juveniles (Table
3.15; t8.1v7.8 = 1.42, p 8.1v7.8 = 0.16, t8.1v7.6 = 2.53, p 8.1v7.6 < 0.05, t7.8v7.6 = 1.04,
p 7.8v7.6 = 0.30). There was no aﬀect of pH on soft-tissue weight of 30–40 mm juveniles
(Fig. 3.14).

3.4

Discussion

The results suggest growth of juvenile Haliotis iris were aﬀected by reductions in seawater pH and diﬀerences occurred between each seasonal experiment. Mortality did
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Figure 3.13: Linear regressions of the dry soft-tissue weight (g) versus the ﬁnal shell
length (mm) for post-settlement juvenile Haliotis iris cultured at ambient spring/summer
temperatures at pHN BS of ambient (8.1), 7.8 and 7.6. N = 43, 35 and 41 for pH
ambient (control), pH 7.8 and pH 7.6 post-settlement juveniles respectively. Linear
regression equations for juvenile soft-tissue weight: pH 8.1: y = 0.014x − 0.169, R2 =
0.924, pH 7.8: y = 0.010x − 0.103, R2 = 0.941, pH 7.6: y = 0.009x − 0.076, R2 = 0.925.

Table 3.14: Analysis of covariance of the eﬀect of pH on the dry soft-tissue weight (g)
of post-settlement juvenile Haliotis iris reared at spring/summer temperatures with ﬁnal
shell length (mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-11.04
2.93
-0.02
0.19
0.05
0.06
0.08
-0.13
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Std. Error
0.18
0.06
0.03
0.17
0.03
0.16
0.02
0.14

t-value
-60.25
47.93
-0.91
1.12
-1.84
0.34
3.25
-0.95

Pr (>F)
<0.01
<0.01
0.37
0.27
0.07
0.73
<0.01
0.27

Figure 3.14: Linear regressions of the dry soft-tissue weight (g) versus the ﬁnal shell
length (mm) for 30–40 mm juvenile Haliotis iris cultured at ambient spring/summer temperatures at pHN BS of ambient (8.1), 7.8 and 7.6. N = 45 for each treatment. Linear regression equations for juvenile soft-tissue weight: pH 8.1: y = 0.066x − 1.775, R2 = 0.818,
pH 7.8: y = 0.67x − 1.883, R2 = 0.871, pH 7.6: y = 0.070x − 1.957, R2 = 0.727.

Table 3.15: Analysis of covariance of the eﬀect of pH on the dry soft-tissue weight (g)
of 30–40 mm juvenile Haliotis iris reared at spring/summer temperatures with ﬁnal shell
length (mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-9.14
2.44
-0.04
0.44

Std. Error
0.70
0.18
0.03
0.31

t-value
-13.06
13.29
-1.45
1.42

Pr (>F)
<0.01
<0.01
0.15
0.16

0.81
0.03
0.37

0.32
0.03
0.36

2.53
1.18
1.04

<0.05
0.24
0.30
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not appear to be directly aﬀected by lowered seawater pH, however, post-settlement
juvenile abalone had lower survival overall in comparison to the larger 30–40 mm juveniles. Seawater pH did have a signiﬁcant negative eﬀect on the survival of the larger
juveniles in one of the experiments. During the spring/summer experiment, diﬀerences
in both shell growth and body weight gain could be seen as early as day 30, and diﬀerences between control and pH treatments continued to increase throughout the experiment. Relative growth rate was substantially higher in post-settlement juveniles, which
was expected. Reduced pH clearly had a negative eﬀect on the growth of juvenile H.
iris, however, the results from the present study suggest that post-settlement juveniles
may be more sensitive to long-term pH change in comparison to larger, older juveniles.
The negative eﬀects of pH on shell and body weight growth were substantial, although,
pH had almost no aﬀect on the somatic growth of juvenile H. iris, suggesting a potential development delay as individuals of similar shell length did not diﬀer in soft-tissue
weight among treatments while overall growth was greatly impaired.

Survival
The general eﬀect of lowered pH on juvenile mollusc survival is negative, however, juveniles appear to be more robust in comparison to embryos and larval stages (Byrne,
2011). In the present study, juvenile H. iris survival was negatively aﬀected by reduced
pH during autumn/winter temperature exposure, however, no diﬀerence was found between
body size and pH 7.6 had more of an eﬀect on 30–40 mm juvenile survival rather than
post-settlement abalone. Previous studies examining the eﬀects of reduced seawater
pH on the survival of marine invertebrates have found varying results.
A meta-analysis by Kroeker et al. (2013) found that along with calciﬁcation, survival
was the response that was most negatively aﬀected by acidiﬁcation with an average 27%
reduction when the survival response of all taxa were pooled. Generally, embryonic and
larval stages have been found to suﬀer high mortality when exposed to reduced pH.
Clark et al. (2009) showed that four species of echinoderm larvae suﬀered signiﬁcant
negative eﬀects to survival by lowering the pH of seawater, although, diﬀerences were
only seen <pH 7.0 which is well outside the predicted range for the ocean in the coming
century. On the other hand, reduced survival of a range of molluscan larvae has been
recorded at pH levels of 7.8 and 7.6, with diﬀerences between ambient pH and reduced
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pH being as great as 60%, with the lowest survival in the reduced pH treatment (Talmage
and Gobler, 2011).
The mortality of juvenile oysters (Crassostrea virginica ) has been found to be substantially higher at pH levels between 7.4 and 7.6 (Beniash et al., 2010; Talmage and
Gobler, 2011), however, no diﬀerences in survival occurred in juvenile hard clams (Mercenaria mercenaria, Talmage and Gobler, 2011), another species of juvenile oyster (Saccostrea glomerata, Amaral et al., 2012) or the Antarctic bivalve Laternula elliptica following medium to long-term pH 7.78 exposure (21-120 days) (Cummings et al., 2011).
Both elevated temperature and p CO2 were found to have a synergistic eﬀect on the
survival of juvenile ﬂuted giant clams (Tridacna squamosa ) with less than 20% of experimental animals surviving at pH 7.8 and 2 °C above ambient suggesting temperature
ampliﬁes the eﬀect of reduced pH on survival of marine invertebrates (Watson et al.,
2012). Mortality under acidic conditions also decreases with increasing size, as Green
et al. (2004) found dissolution-induced mortality was greatest for small sized juvenile
M. mercenaria and larger juveniles were much more robust to seawater undersaturated
in respect to aragonite.
Post-settlement survival was lower than survival of 30–40 mm H. iris juveniles.
When comparing ambient pH treatments of the autumn/winter experiment, post-settlement
juveniles had 13% mortality compared to 0% in 30–40 mm juveniles, however diﬀerences
in summer mortality between size classes of controls was only 4%. Reduced pH had
no statistically signiﬁcant eﬀect on survival during spring/summer exposure, although,
post-settlement juveniles suﬀered higher mortality (max of 15% seen in pH 7.8) compared with older juveniles (0% across all treatments). Results from a temperature experiment by Searle et al. (2006) were consistent with spring/summer ﬁndings from the
present experiment where juvenile H. iris mortality was greatest in smaller size classes,
however, mortality in Searle’s study was contributed to increased walk-out behaviour in
younger juveniles which are generally more mobile.
Searle et al. (2006) also reported very high mortality of approximately 40%. This
high mortality could be attributed to tank design (no barrier to prevent abalone leaving
tank or moving out of the water) and also the thermal conditions going beyond those
tolerable by H. iris. Reddy-Lopata et al. (2006) also found increased mortality of smaller (younger) juveniles at ammonium levels older juveniles could tolerate. These results
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suggest substantial diﬀerences in sensitivity of younger benthic invertebrates to environmental stress. Mortality in the present experiment contrasted these results where
autumn/winter 30–40 mm juvenile survival was negatively aﬀected by reduced pH and
post-settlement juveniles were unaﬀected.
Temperatures dropped to as low as 6°C during the winter, and although previous
ocean acidiﬁcation research has not investigated any additional eﬀects of lowering temperatures coupled with reduced pH, the low temperature experienced by juvenile abalone in the present experiment may have been enough to cause a thermal stress response
because abalone were sourced from northern New Zealand and reared at southern New
Zealand temperatures which are colder. Water temperature can reach up to 20 °C at
the OceaNZ Blue hatchery during summer, whereas the present experiment water temperature at time of arrival was only 13–15 °C. Therefore, the thermal stress caused by
relocation coupled with reduced pH may have interacted to increase 30–40 mm juvenile
mortality, seen as pH did not cause any changes to survival during the spring/summer
experiment and control animals from the autumn/winter experiment suﬀered 0% mortality. No diﬀerence in survival among pH treatments of post-settlement juveniles was
interesting and this result is not clear when taking into the account the eﬀect pH had
on 30–40 mm autumn/winter survival. One explanation is that thermal stress may have
masked the pH eﬀect during the winter experiment.
H. iris < 10 mm in shell length have a critical thermal maximum (greatest temperature abalone can tolerate before 50% mortality) of 28.8 °C, 1 °C higher than what 30
mm and 60 mm juveniles can tolerate (Searle et al., 2006). In addition survival was
higher for 10 mm juveniles at lower temperatures (8–14 °C) and low at higher temperatures, whereas, 30 mm juvenile H. iris suﬀered lower survival at the lowest (8 °C) and
highest (22 °C) in comparison to 14 and 18°C. Contrasting this, Takami et al. (2008)
suggested post-settlement juvenile Ezo abalone (Haliotis discus hannai ) winter mortality was size-dependent, and that increased growth prior to cold events is important for
recruitment. It is likely that this size dependency is due to the inferior ability to regulate
energy consumption and incomplete protective adaptations to thermal stress in smaller
individuals (Hunt and Scheibling, 1997). Therefore, it is a possibility the results seen in
this autumn/winter experiment were an anomaly due to small sample sizes or unwanted
additional stress caused by handling or an issue that went undetected.
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A number of studies show how abalone survive at diﬀerent sizes and under stressful
conditions. High levels of ammonia (Harris et al., 1998; Huchette et al., 2003; ReddyLopata et al., 2006), poor nutrition quality of food (Daume et al., 2003), medium-high
light intensity associated with supersaturation of O2 levels due to excessive photosynthesis by diatoms (Searcy-Bernal et al., 2003), low dissolved oxygen concentrations
<50% (Harris et al., 1999b), high temperature (Searle et al., 2006), low temperature
(Takami et al., 2008) have all been found to increase mortality in juvenile abalone. Further, sensitivity to ammonia levels and low temperatures decreases with increasing body
size (Reddy-Lopata et al., 2006; Takami et al., 2008).
Few studies have looked at the eﬀects of reduced pH through elevations in p CO2
and body size in abalone. Crimm et al. (2011) investigated the larval survival of northern abalone Haliotis kamtschatkana and found survival was severely impaired, however,
when 60 mm H. midae were exposed to reduced pH (through respiration) on a serial
raceway (Naylor et al., 2011, 2013) and intermittent low pH exposure of 5–10 mm
H. rufescens (Kim et al., 2013), survival was not reduced. The eﬀect of reduced pH
through HCl addition had signiﬁcant negative eﬀects on survival at pH levels <7.76 in
blacklip (Haliotis rubra ) and <7.14 in greenlip abalone (Haliotis laevigata ). The results
of the present study suggest that reductions in pH to 7.8 and 7.6 through elevations in
p CO2 does not directly reduce juvenile abalone survival, however, sub-lethal negative
eﬀects were reported.

Growth
Acidiﬁcation to pH values between 7.8 and 7.6 have been shown to severely reduce
growth in larval marine invertebrates (see reviews by Doney et al., 2009; Kroeker et al.,
2013), and the present study shows that post-metamorphic stages are also susceptible.
There was a signiﬁcant decrease in the shell and body weight relative growth rates of
juvenile Haliotis iris reared at pH levels predicted for the end of the century. Ocean
acidiﬁcation clearly inhibits normal juvenile growth and these ﬁndings are consistent with
previous research on early life-stages of marine calcifying invertebrates (Albright et al.,
2012; Beniash et al., 2010; Crimm et al., 2011; Dickinson et al., 2012; Kurihara et al.,
2008, 2007; Melzner et al., 2011; Michaelidis et al., 2005; Talmage and Gobler, 2011).
The present research conﬁrms that juvenile H. iris growth is signiﬁcantly aﬀected by
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predicted ocean acidiﬁcation scenarios, and also supports the idea that earlier stages of
juvenile development are more vulnerable to environmental stress, however, following
long-term exposure older individuals can still suﬀer severe reductions in growth that
may impact their overall survival. Further, diﬀerences in RGR for both length and weight
of juveniles between ambient pH and reduced pH treatments increased as time went
on suggesting short-term tolerance to low seawater pH conditions, but not prolonged
changes. Changes in growth under reduced pH and carbonate saturation, and hypercapnic conditions may be attributed to metabolic and physiological constraints including
metabolic depression and the need to increase acid-base regulation, thus reducing scope
for growth and development (Byrne, 2011; Michaelidis et al., 2005; Pörtner, 2008).
For many temperate marine calciﬁers, growth is one of the main processes that is negatively aﬀected even if other processes such as survival, metabolism and other functions
including byssal production and movement in oysters are found to be normal (Clark et al.,
2009; O’Donnell et al., 2013; Welladsen et al., 2011).
Throughout both the autumn/winter and spring/summer experiments, post-settlement
juveniles had greater relative growth rates in terms of both shell and live wet weight in
comparison to the 30–40 mm juvenile size class. Higher relative growth rates in younger
juveniles is consistent with growth in many ﬁsh species where growth is characterised
by an initial exponential growth stage followed by a linear stage that gradually tapers
oﬀ as the ﬁsh grows over time (Ricker, 1979), therefore this result is expected. Further, relative growth rate of juvenile H. iris increases with decreasing shell length when
reared at the same experimental temperature and certain size classes diﬀer in their optimal temperature for growth (Searle et al., 2006), and this result has been reported
for other species of abalone (Steinarsson and Imsland, 2003). Relative growth rates
of body weight were similar to that of Searle et al. (2006) for 30 mm H. iris, although
for smaller juveniles (post-settlement), the present study had 3-times the RGR in both
winter and summer experiments. Experimental ambient temperature in the winter was
similar to that of Searle’s study (mean of 8.4°C compared to 8.8°C in the present study).
Searle et al. (2006) optimised temperature (18-22°C for growth of small juveniles),
however, growth of small juveniles was only 500% over approximately 120 days at 18–
22°C in comparison to 1600% experienced in the present experiment over only 100 days
at approximately 16.5°C which is most likely contributed to a slightly greater initial body
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weight of <10 mm juveniles in Searle’s study.
Growth trends between the two experiments diﬀered. These results can be explained by the general eﬀect of temperature on growth and metabolism. For the initial autumn/winter experiment, temperature went from 13°C to 6°C before increasing
to 10°C. The ﬂuctuations in temperature likely caused large changes in growth rates
between sample periods since abalone are poikilothermic animals, and therefore their
metabolic rate and scope for growth increases with increasing temperature until a critical thermal maximum (lethal limit for temperature) is reached. The growth curve for
abalone becomes concave when temperatures reach optimum for a particular size-class
(Searle et al., 2006; Steinarsson and Imsland, 2003). Searle et al. (2006) reported
for 10 mm juvenile H. iris, relative growth increases of wet weight of 500% at 22 °C in
comparison to <20% at 6–10°C over four months, and similar diﬀerences were noted for
larger size classes of abalone.
Between days 30 and 60 of the autumn/winter experiment growth was neutral and
even negative for animals exposed to ocean acidiﬁcation conditions. During this period
temperatures ranged between 6.4 and 9.0 °C and growth in control animals was very
low in comparison to other sample periods. Low temperatures would have reduced
metabolic rates and therefore the scope for shell maintenance and growth, leading to enhanced dissolution of the shell and the neutral and negative growth rates reported here
during the autumn/winter experiment. Slower nacre deposition in red abalone (Haliotis
rufescens ) during winter temperatures has been contributed to lower metabolic activity
(Lopez et al., 2011). The saturation state of CaCO3 minerals decreases with decreasing temperatures, ΩAragonite = 0.63 and 0.76 in the autumn/winter and spring/summer
experiment respectively (See Table 2.1). Therefore the lower saturation state in the
autumn/winter experiment would have increased dissolution pressure, and coupled with
lower metabolic activity shell deposition would have been minimal.
Temperatures from the spring/summer experiment showed the opposite trend to that
of the autumn/winter experiment, increasing from 13.5 °C to 19 °C which likely resulted
in the general increase of relative growth rate between sample periods. Although, this
experiment did not directly investigate the interactive eﬀect of pH and temperature on
juvenile H. iris, results do show a potential synergistic eﬀect of pH and temperature over
the experimental duration on growth of juveniles, as diﬀerences among pH treatments in
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both size classes increased with time during the spring/summer experiment and juvenile
growth during autumn/winter did not. This research supports previous research where
synergistic negative eﬀects of these two climate stressors have been found in embryos,
larvae and juveniles of molluscs (Byrne et al., 2013, 2011; Kroeker et al., 2013; Lannig
et al., 2010; Parker et al., 2010, 2012).
Juvenile 30–40 mm H. iris were less sensitive to lower pH, as growth was signiﬁcantly and substantially higher for post-settlement juveniles reared in ambient pH by day
30 when compared to both reduced pH treatments. These diﬀerences suggest growth
processes in smaller juvenile abalone are more aﬀected by reduced pH. Sensitivity to reduced pH and saturation state, and hypercapnia may decrease with age (size) of juvenile
H. iris. There is consensus that early juvenile (settlement and post-settlement) stages
of benthic marine invertebrates are more susceptible to physiological stress caused by
abiotic changes in the environment than older juveniles and adults (Green et al., 2004;
Hunt and Scheibling, 1997; Waldbusser et al., 2010). This increased sensitivity is attributed to greater surface area to volume ratio, lower ability to reduce energy consumption
during environmental stress and lack of developed protective adaptations (Baker and
Mann, 1992; Hunt and Scheibling, 1997). Increasing tolerance to stress such as anoxia
has been found to correlate with development stage and increasing body size (Baker
and Mann, 1992; Widdows et al., 1989). Therefore a similar process may be occurring
with juvenile abalone in that larger body sized juveniles have a better ability to tolerate
growth pressure from pH stress in comparison to smaller juveniles.
When an organism’s surrounding environment changes it is likely to regulate certain
physiological processes. In less than optimal conditions such as low pH, an organism
may reduce metabolism, however, upregulation of metabolic activity is also possible as
the organism is working harder to maintain normal functioning. Cummings et al. (2011)
found that adult Laternula elliptica metabolic rates were 2.1 to 2.3 times higher in adults
exposed to elevated (pH 8.32) and reduced (pH 7.78) for 120 days in comparison to
control conditions (pH 7.99). This increase in metabolic rate was associated with no
diﬀerences in growth rate between treatments suggesting L. elliptica elevated its metabolic rate to maintain normal function (Cummings et al., 2011). Beniash et al. (2010)
reported similar ﬁndings in that C. virginica did not grow any slower in reduced pH (7.5),
although metabolic rate increased signiﬁcantly due to higher costs of homoeostasis.
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In the current study, reduced pH did not aﬀect the metabolic rate in the form of
oxygen consumption of juvenile H. iris following the 100 day experimental exposure
(see Chapter 5) despite substantial negative eﬀects on abalone growth, shell deposition, and microstructure and mineralogy (see Chapter 4). These ﬁndings contrast previous research on marine molluscs and suggests that following long-term reduced pH
exposure juvenile abalone may be unable to upregulate metabolic rate to maintain normal growth functioning. Therefore, ocean acidiﬁcation may pose a substantial threat
to juvenile stages of benthic calcifying invertebrates and abalone maybe especially susceptible. Michaelidis et al. (2005) found that following 30 days to reduced seawater
pH/elevated CO2 , adult blue mussels depressed metabolic rate and growth, and this is
potentially possible for juvenile abalone. Studies that investigate short-term reduced
pH exposure on post-metamorphic stages may elicit stress responses in organisms such
as metabolic depression, however, organisms may be able to acclimate or compensate
for reduced pH stress by increasing metabolism (Fernández-Reiriz et al., 2012; Parker
et al., 2012).
Distinguishing between the responses of marine calcifying organisms to short-term
acute pH exposure (<pH 7.5) and long-term mid-range pH exposure (pH 7.6 to 7.9) is
important. Metabolic depression in mussels has been found to occur with the rate of
oxygen consumption decreasing with time at pH 7.3 (Michaelidis et al., 2005). Whereas,
at less extreme reductions and at longer exposure times mussels increase metabolic
rate attempting to maintain normal functioning (Thomsen and Melzner, 2010). A study
by Form and Riebesell (2012) found that short-term high CO2 exposure (one week) of
cold-water corals (Lophelia pertusa ) caused a 29% reduction in calciﬁcation, however
in contrast, this species was able to acclimate to acidiﬁed conditions and even slightly
increase growth and calciﬁcation in the long-term (six months).
Changes in H. iris growth rate are also possible due to handling stress during transportation from hatchery or shock from reduced-pH exposure, although, juveniles were
acclimated to Dunedin conditions for at least two weeks prior to experimentation and
the study was over an extended period of time reducing any noise created by the initial
shock. Care was taken to keep handling to a minimum and the same among treatments,
however, handling and transport of abalone is potentially an additional stressor in this
study.
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The large diﬀerences in relative growth rate between the autumn/winter and spring/summer
experiments could be attributed to energy allocation during times of stress such as low
temperature and pH that were experienced by juvenile abalone. Preference may be
primarily towards surviving and limiting allocation to carry out other functions such as
feeding and somatic growth (Pörtner, 2008). In addition, metabolic rates were higher
during the spring/summer experiment (see Chapter Five) giving rise to a greater scope
for growth, feeding behaviour and other critical functions. Higher feeding rates during
the spring/summer period may also have led to diﬀerences in growth, and this may be
true for the diﬀerences in growth between pH treatments in each of the experiments.
On the other hand, Crimm (2010) undertook a feeding experiment exposing adult Haliotis kamtschatkana to a range of temperatures and pH levels, and found that feeding
in this abalone was unaﬀected by pH level, but feeding rates were enhanced at higher
temperatures.
The results from the present study and previous research show that Haliotis iris will
be negatively aﬀected by predicted ocean changes. Reduced growth in a high CO2 ocean
would increase the time taken for juveniles to recruit into the adult population. Lower
growth of young juveniles would increase vulnerability to predation, potentially reducing
the viability of abalone populations. These implications could cause complex changes to
marine food webs. Not only are abalone important ecologically, economically they are a
highly valuable seafood product in ﬁsheries and aquaculture.
Seawater pH is clearly a growth limiting factor in abalone (Naylor et al., 2011,
2013), and pH control is essential for abalone health and viability of farming. A reduction of 0.3 - 0.5 pH units can cause substantial decreases to growth of juveniles and
this sensitivity decreases with increasing age of abalone. Young juveniles likely require
more intensive care in regards to abiotic factors. These results highlight the importance
of diﬀerent management strategies for diﬀerent size classes of individuals to optimise
aquaculture production.

Somatic growth
Overall, lower growth rates were not associated with any pH-caused change to somatic
soft-tissue growth in juveniles from either size class of pāua when accounting for shell
length. This suggests somatic growth is not as sensitive to pH change as overall growth,
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shell deposition, mineralogy and microstructure which are negatively aﬀected by reduced
pH. Additionally, what we are seeing here may be a pH-induced delay in juvenile development as indicated by the lower growth throughout the 100-day experiments in juveniles
exposed to reduced pH, however when accounting for size of the individual, soft-tissue
weight is not compromised potentially suggesting normal somatic growth under lower
pH.
On the other hand, the results of the present study suggested a near-signiﬁcant
positive eﬀect of pH 7.6 on dry soft-tissue weight of post-settlement juveniles (p =
0.07). Research investigating the eﬀects of pH on somatic growth have focussed on
commercially important bivalves and have revealed diﬀering results including reductions
in soft-tissue of C. virginica (Beniash et al., 2010; Dickinson et al., 2012), A. irradians
(Talmage and Gobler, 2011), no change in soft-tissue growth has been reported for
M. galloprovincialis (Michaelidis et al., 2005), M. edulis (Thomsen and Melzner, 2010),
M. mercenaria and C. virginica (Talmage and Gobler, 2011). Fernández-Reiriz et al.
(2012) surprisingly found that M. galloprovincialis increased somatic growth in response
to a 0.6 reduction in seawater pH and suggested animals reared at this experimental
level revealed the greatest scope for growth, although the environment this species
occupies is remarkably high in total alkalinity. Clearly the impact of reduced pH causes
a diverse range of responses to the somatic growth of marine calcifying molluscs which
may be directly related to the organisms’ ability to physiologically cope with a changing
environment.
Lowered seawater pH did not reduce somatic weight of juvenile abalone in the present
experiment, however, there were substantial changes to shell length and whole body
weight increment. Therefore, reduced pH may cause a growth and development delay
in juvenile H. iris as individuals have to alter their physiology to cope with the reduction of seawater pH. This result also highlights a change in the energy budget of H. iris
as juveniles may allocate more resources towards somatic mass over growth and shell
maintenance.

Summary of results
1. Overall, post-settlement Haliotis iris had lower survival in comparison to 30–
40 mm juveniles. During both the autumn/winter and spring/summer experiments
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pH had no eﬀect on survival of post-settlement juveniles, however there was a
negative eﬀect on 30–40 mm juveniles reared during autumn/winter. During the
spring/summer trial, 30–40 mm juveniles had 0% mortality across all treatments.
2. Growth in terms of shell length and weight increase was negatively aﬀected by
reduced pH.
3. Growth of post-settlement juveniles was more sensitive to reduced seawater pH
in comparison to larger 30–40 mm juveniles. Negative eﬀects of pH on growth
increased with longer exposure time.
4. Reduced seawater pH had no eﬀects on the soft-tissue weight of juvenile H. iris
suggesting ocean acidiﬁcation may cause a delay in development/growth of H. iris
juveniles as well as changes to their energy budget.
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Chapter 4

Shell deposition, microstructure,
mineralogy and repair
4.1

Introduction

The reductions in seawater pH, carbonate (CO2−
3 ) ion concentration, and saturation states
(Ω) of CaCO3 minerals predicted to occur due to ocean acidiﬁcation may have adverse
impacts on marine calciﬁers as these factors both directly and indirectly aﬀect shell and
skeleton formation and maintenance (Albright et al., 2012; Andersson et al., 2005; Gattuso et al., 1998; Gazeau et al., 2007; Langdon et al., 2000; Ries et al., 2009). Marine
molluscs construct their shells from CaCO3 polymorphs, which diﬀer in solubility (Addadi et al., 2006; Weiss et al., 2002). The polymorph aragonite is known to be more
soluble than calcite, however, as the magnesium content in calcite increases so does the
mineral solubility (Andersson et al., 2008). Further, reduced pH and lower saturation
states of CaCO3 polymorphs actively dissolve shells and cause stress to the organism
(Green et al., 2004; Nienhuis et al., 2010). Ocean acidiﬁcation will lower CaCO3 saturation along with pH, the mineralogical composition and micro-structure of shells may
be altered potentially compromising their protective ability against predation and the
environment (Ries, 2011).
Organisms initiate biomineralisation by identifying and uptaking elements and ions
from their environment to incorporate into functioning structures (Mount et al., 2004;
Veis, 2003). Molluscs form their shell by isolating their environment from the outside
world using a highly cross-linked protein layer known as the periostracum which is also
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used as a protective organic layer on the outer sections of the shell (Addadi et al., 2006;
Veis, 2003). Melzner et al. (2011) suggested blue mussels (Mytilus edulis ) have an
eﬃcient periostracum that prevents dissolution of their outer prismatic shell layer, however, the inner aragonite shell section does not have such extensive protection and is
therefore subject to corrosive acidic seawater. The periostracum is a critical tool for
molluscs that improves shell integrity and protects the shell formation process from the
outer environment
The epithelial cells of the mantle are also directly responsible for shell formation
(Addadi et al., 2006; Nudelman et al., 2006). A matrix (comprised of polysaccharide
β-chitin, silk protein and a complex assemblage of hydrophilic proteins) is established
providing the framework for the mineral to form (Addadi et al., 2006). The mineral
is then assembled within the matrix with some of the acidic hydrophilic proteins incorporated in the formation of the mineral. The minerals molluscs form are aragonite and
calcite, and in some taxa, the shell may have layers of aragonite and calcite (Marin and
Luquet, 2004). Most gastropod skeletons are constructed of aragonite, however, a few
gastropods, including abalone incorporate calcite into the construction of their shells as
the outer layer. Haliotis iris form polymorphic shells using both aragonite and calcite
(Gray and Smith, 2004). Shell deposition in abalone occurs at the umbo and a line of
tremata (breathing holes) grows parallel to the outer contour of the shell (Gray and
Smith, 2004).
Shell growth in abalone begins with proteins that initiate the precipitation and synthesis of prismitic calcite followed by a transition to aragonite (Lin and Meyers, 2005;
Thompson et al., 2000). Initially aragonite tablets are randomly nucleated on protein
and grow in both perpendicular and parallel directions before another tablet is nucleated
beneath and also continues to grow (Fig. 4.1, Lin and Meyers, 2005).
The outer layer of mollusc shells is the organic periostracum and is approximately
100–200 nm thick in Haliotis spp. (Schäﬀer et al., 1997; Shepherd et al., 1995). The
prismatic calcite layer is beneath the periostracum, and is made up of calcite crystals
with a diameter of approximately 100 nm (Gray and Smith, 2004). The inner layer of
the shell is composed of tabular nacreous aragonite (Fritz et al., 1994; Shepherd et al.,
1995). The aragonite plates in H. iris are 300–450 nm thick (Gray and Smith, 2004) and
each plate is surrounded by an organic matrix. This complex assemblage gives abalone
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Figure 4.1: Hypothetical aragonite growth showing periodic injection of proteins that
arrest perpendicular growth: (a) nucleation of aragonite perpendicular to protein layer;
(b-e) growth with periodic protein regulation parallel to protein layer (Figure from Lin
and Meyers, 2005).

shells exceptional strength that has been found to be 3000 times that of pure calcium
carbonate (Jackson et al., 1988; Shen et al., 1997). Aragonite tablets are deposited in
stacks and form the growing edge of the shell. Each new aragonite tablet is deposited in
the middle of the preceding tablet, thus forming pyramid-like columns (Gray and Smith,
2004; Schäﬀer et al., 1997).
The mineral structure of abalone shells is highly variable between species (Watabe,
1965), and variation can also occur within species as with H. iris (Gray and Smith, 2004).
Because abalone form their shells out of aragonite, low magnesium calcite, and also
some high magnesium calcite, shells may be especially vulnerable to ocean acidiﬁcation
as with the bimineralic whelk that increased the calcite/aragonite ratio in response to
< 1.0 ΩAragonite (Ries, 2011). Juvenile abalone may be particularly vulnerable to low
CaCO3 saturation and pH, potentially due to early juvenile stages of benthic molluscs
lacking eﬃcient repair and protective capabilities (Hunt and Scheibling, 1997).
Some calciﬁers, such as cephalopods and crustaceans can overcome dissolution pressure by corrosive seawater due to higher metabolic rates (see review by Whiteley,
2011), however, bivalves and gastropods rely on the outer organic layer (periostracum)
to shield them from the environment (Melzner et al., 2011; Nienhuis et al., 2010; Ries,
2011; Ries et al., 2009). Reduced seawater pH has the potential to erode organic and
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nacreous layers of calcareous structures which would most likely negatively aﬀect shell
integrity and strength (Ries et al., 2009; Rodolfo-Metalpa et al., 2011; Welladsen et al.,
2010).
Certain molluscan species and life stages may lack or have a poorly developed protective outer organic layer. The paper nautilus (Argonauta nodosa ) egg case lacks a
periostracum and its entire shell is made of one mineral (high magnesium-calcite), making the egg case of this species very vulnerable to reduced pH (Wolfe et al., 2012a,b).
Unshelled abalone veliger larvae (Byrne et al., 2011; Crimm et al., 2011) have been
documented as well as corroded Antarctic pteropod juveniles (Lischka et al., 2010) in
response to ocean acidiﬁcation scenarios and this maybe because the periostracum at
early-life stages is lacking or ineﬃcient.
Previous work has also found that juvenile (Beniash et al., 2010; Green et al., 2004;
Welladsen et al., 2010) and even adult marine molluscs are susceptible to dissolution/reductions in calciﬁcation and changes to shell mineralogy (Ries, 2011). Further,
early benthic marine juveniles are believed to be especially sensitive to environmental
change and this area of development is a key survival bottleneck for these benthic
invertebrate populations (Gosselin and Qian, 1997; Takami et al., 2008). In juveniles, the early stages of mollusc development have been documented to be sensitive
to dissolution pressure caused by increases in p CO2 and decreases in pH with both
dissolution-based mortality and dissolution decreasing with increasing size of juvenile
bivalves (Green et al., 2004; Waldbusser et al., 2010). Abalone, and speciﬁcally Haliotis iris are a commercially and ecologically important benthic calcifying invertebrate and
may be particularly susceptible to ocean acidiﬁcation due to the high importance of their
shell. Further, changes to seawater chemistry may diﬀer in their impact depending on
the size of juvenile abalone.
Shell and skeletal analysis using electron microscopy can aid in documenting altered
shell microstructure under acidiﬁed conditions such as dissolution, corrosion and malformations (Wolfe et al., 2012a). Changing seawater chemistry has been reported to
dissolve and alter shell structures in urchins (Albright et al., 2012), oysters (Waldbusser
et al., 2010; Welladsen et al., 2010), larval abalone (Byrne et al., 2011; Crimm et al.,
2011), juvenile clams (Green et al., 2004), adult gastropods (Nienhuis et al., 2010),
mussels (Melzner et al., 2011), juvenile tubeworms (Lane et al., 2012) and cephalo64

pods (Wolfe et al., 2012a,b). Thus, it is expected marine calciﬁers will struggle under
future ocean acidiﬁcation scenarios and these results are likely to vary depending on
species, how and what mineral is used to form their skeleton and what protective and
repair abilities they possess.
Mineralogy of shells and skeletons of marine calciﬁers are important for the mechanics of calciﬁed structures. Despite this, few studies have investigated the eﬀects of
reduced seawater pH on shell skeletal mineralogy. Reductions in seawater ΩAragonite
to as low as 0.7 increases the calcite to aragonite ratios of bimineralic calciﬁers such
as the marine gastropod Urosapinx cinerea suggesting this species struggles to produce aragonite in undersaturated conditions, or the more soluble aragonite is dissolving
(Ries, 2011). Juvenile tubes of the serpulid tubeworm, Hydroides elegans are comprised primarily of the more soluble form of CaCO3 , aragonite (Chan et al., 2012).
When exposed to aragonite saturation states Ω<1.0, tubes dramatically increased their
calcite/aragonite ratio, which resulted in detrimental eﬀects to tube integrity and calciﬁcation through a loss of strength and elasticity (Chan et al., 2012).
As highlighted in this chapter, the shell is of great importance to abalone as well as
other molluscs. Abrasions, breaks, and even loss of shell can be detrimental to their survival and severely weaken the overall strength and integrity of the shell. Abalone have a
very strong shell and likely require substantial energy allocation to form and maintain it
(Palmer, 1992). Any damage to the shell likely shifts energy allocation away from other
important functions such as growth and reproduction (Geller, 1990; Palmer, 1983).
The accumulation, precipitation and synthesis of CaCO3 is a metabolically costly process
and any damage to the shell would likely require an increase in metabolism to maintain
the status quo (Day et al., 2000; Geller, 1990; Palmer, 1983, 1992). Mollusc biomineralisation is highly successful, as they have a remarkable ability to repair shell damages such as cracks, boring and damages caused by attempted predation (Fleury et al.,
2008). Abalone occupy an extreme coastal environment where water motion is high and
dislodgement is common and therefore shells may be damaged regularly. Encrustation
and boring by epibionts is also a common occurrence. Molluscs and other marine calciﬁers rely on their calcareous protective structures for survival and any reductions to this
through ocean acidiﬁcation could have wide ranging ecological eﬀects.
Here, I describe juvenile Haliotis iris calciﬁcation, microstructure, mineralogy and
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shell repair in response to near-future ocean acidiﬁcation using electron microscopy and
X-ray diﬀraction, and aim to answer three questions:
1. What are the eﬀects of reduced pH on shell deposition of post-settlement and
30–40 mm juvenile H. iris ?
2. What are the eﬀects of reduced pH on the shell mineralogy of post-settlement
and 30–40 mm juvenile H. iris ?
3. How does reduced pH aﬀect the shell repair process of juvenile H. iris ?

4.2

Materials and methods

For shell morphometrics, both post-settlement and 30–40 mm juvenile Haliotis iris
shells from the 100-day autumn/winter and spring/summer experiments were used. The
shell repair experiment involved comparing relative growth rates (RGR) of additional
30–40 mm individuals (same batch of pāua collected from OceaNZ Blue Pāua farms)
with deliberately perforated shells to non-perforated individuals at pH 8.1, 7.8 and 7.6
(described further in the ’Shell repair’ methods section). Shell sections of the repair
zone were analysed using scanning electron microscopy (SEM). For shell microstructure,
thickness and mineralogy, shells of post-settlement and 30–40 mm juvenile pāua from
the spring/summer experiment were used.

Shell morphometrics
Following the 100-day seasonal experiments juveniles were removed from their shells
using a small plastic blade, and the shells were scrubbed and washed in fresh tap and distilled water before being dried for approximately 48 h at 60°C. Dried shells were placed
into a desiccator ﬁlled with silicon beads to remove any moisture from the samples and
to cool them to room temperature. Samples were then weighed to the nearest 0.01 mg
to determine shell dry weight (SDW). SDW was compared among pH treatments for
each size class and experiment. Because juveniles diﬀered in initial and ﬁnal shell length
it was to account for this. Therefore regressions of SDW versus ﬁnal shell length were
used.
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Observations with scanning electron microscopy
Upon termination of the 100-day spring/summer growth experiment, juvenile abalone
shells were sampled for use in scanning electron microscopy (SEM) to determine potential eﬀects of seawater pH/p CO2 on shell micro-structure. Shell sections were selected
and then cut using a DremelT M tool equipped with a 0.2 mm cutting wheel or fractured.
All shell sections were cleaned with distilled water and dried for a minimum of 48 hours
at 60 °C. Shells that were cut with the DremelT M tool were not used for cross-section
analysis as heat and friction can alter the mineralogy of the shells. Samples were mounted on 9.5 mm or 25 mm aluminium stubs using double-sided carbon tape. Samples were
then coated with approximately 20 nm gold palladium with an Emitech K575x Peltier
Sputter coater (EM Technologies Ltd, Kent, England). Samples were then viewed with
a JEOL 6700F ﬁeld emission scanning electron microscope (FESEM, JEOL Ltd, Tokyo,
Japan) at an accelerating voltage of 5kV using the LEI (lower secondary detector).
Both the old and new shell of juveniles was examined to identify if dissolution occurred and if newly deposited shell was aﬀected by reduced seawater pH. Samples
were separated into sections consisting of dorsal old shell, dorsal new shell, ventral
old shell, ventral new shell and the outer umbo region (Fig. 4.2) as this area is known
to be prone to dissolution and corrosion if exposed to periods of low pH in aquaculture systems (Naylor et al., 2011). Shells that appeared eroded, rugged or dissolved
were considered to be negatively aﬀected by lowered pH and qualitatively described
and compared.

Shell thickness & mineralogy
Overall shell thickness, and the thickness of the nacreous aragonite and prismatic calcite
layers were measured (µm) at similar areas of the shell using cross-section SEM images
calibrated in ImageJ (Rasband 1997-2011, Fig. 4.3). Two individual shells from each
replicate and size class (N = 6 per treatment, per size class) were analysed. Results
from this should be treated with caution due to small sample sizes and variable shell
thickness throughout the length of the shell and among similar sized individuals.
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Figure 4.2: New (A), old (B), dorsal (C) and ventral (D) shell sections used for X-ray
diﬀraction and scanning electron micrographs. 30–40 mm new shell (A) and whole postsettlement shells were used for XRD. The scale bar is shown in the ﬁgure and the red
line separates old and new shell.

X-ray diﬀraction analysis
Eleven post-settlement juvenile shells from each of the ambient and pH 7.6 treatments
of the spring/summer experiment were randomly selected with at least 3 shells coming
from each replicate tank. Each shell was washed with tap water once, and distilled
water twice. Epifauna from the outside of the shell were removed without damaging the
shell using a small plastic blade. Shells were then dried for 72 hours in a 60 °C oven.
Shells were not bleached, as bleach has the potential to damage calciﬁed membranes
and mineral structure (Carriker, 1979). Each post-settlement juvenile shell was placed
in a clean mortar, where they were crushed into a ﬁne powder and mixed well with
approximately 0.1 g of halite (NaCl) as an internal standard. The powder was then
mixed with a small amount of ethanol to form a paste and smeared onto a 20 x 20 mm
clear glass slide covering approximately 80% of the slide. The slide was allowed to dry,
which took approximately ﬁve minutes. Shell mineralogy was analysed with an X-ray
diﬀractometer (X’pert-Pro MPD PW 3040/60 XRD, PANalytical, 7600 AA Almelo, The
Netherlands).
Six new shell segments of 30–40 mm juvenile H. iris (Fig. 4.2A) from each of the
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Figure 4.3: Scanning electron micrograph of juvenile Haliotis iris shell cross-section (A)
Section measured for shell thickness. (B) The prismatic/calcite layer of the shell measured. (C) The nacre/aragonite layer measured. The scale bar is shown in the ﬁgure.

control and pH 7.6 treatments were used for mineralogy analysis. New shell sections
were cut at approximately 20 mm from the growing edge of the pāua shell. Sections
were cut using a DremelT M tool equipped with a 0.2 mm circular cutting wheel (see
above). Cut edges of the shell were etched in 20% acetic acid solution for 30 seconds to
remove cut edge as the heat caused by the cutting likely changed the mineralogy of that
shell edge. Shell sections were prepared for X-ray diﬀraction (XRD) shell mineralogy
analysis (same methods used for post-settlement shells, see above). The 30–40 mm
shells used for XRD are shown in Fig. 4.2A.
All samples were scanned with an X-ray diﬀractometer between 26 and 33 °2Θ (degrees 2 theta). The analysis results in a spectrum of the diﬀracted intensity as a function
of the scattering angel °2Θ. To determine peak locations, heights and intensities, the
graphical examination of the diﬀractograms was undertaken using the program X’Pert
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Figure 4.4: X-ray diﬀractogram of a juvenile pāua shell identifying key peaks; Aragonite
peaks A1 and A2; Calcite peaks C1 (low magnesium calcite) and C2 (high magnesium
calcite); and the halite internal standard H. The * denotes the second calcite peak.

HighScore Plus (version 2.2e, PANalytical, 7600 AA Almelo, The Netherlands). Following the methods of Smith et al. (1998), the weight percentage (wt%) of aragonite
and calcite of the juvenile abalone shells and shell sections were able to be determined.
The exact position of the calcite peak (29.4 to 30 °2Θ) was corrected in relation to the
position of the halite peak (31.72 °2Θ) and the peak intensity (counts per second) of the
two calcite peaks and the two aragonite peaks (26.2 °2Θ and 27.2 °2Θ) were combined
to determine the relative weights of the minerals in each sample using the calibration
equations of Gray and Smith (2004). Pāua are thought to have two calcite peaks, as
adults have been found to incorporate both low-magnesium (LMC) and high-magnesium
calcite (HMC) into their shell (Smith, 2013a, Unpublished data). A diﬀractogram showing peak locations, heights and intensities is shown in Figure. 4.4. Please note the second
calcite peak (HMC) was not present in some samples, and that the location of this peak
was approximately 29.5°2Θ which diﬀered to the unpublished data of Smith (2013a)
which found a much more distinct HMC peak at ≈ 29.8°2Θ. The wt % of MgCO3 in low
magnesium calcite and high magnesium calcite were able to be calculated using equations
from Smith and Lawton (2010).

Shell repair
For this experiment, 36 juvenile 30–40 mm Haliotis iris hatchery-reared pāua were exposed to reduced pH conditions. Initially, abalone were acclimated to ambient seawater
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Figure 4.5: (A) Picture showing 30–40 mm juvenile Haliotis iris following 2 mm shell
perforation. (B) The perforation area (red) used for the experiment. The scale bar is
shown in the ﬁgure.

temperature (13–15°C) at the Portobello Marine Laboratory in Dunedin, Otago, New
Zealand and fed an algal pellet diet.
A DremelT M tool, equipped with a circular 2 mm drill piece was used to perform
perforations of the juvenile abalone shell. Perforations were made approximately 5 mm
from the shell edge as shown in Fig. 4.5. Holes were made to go through both prismatic
and nacre shell layers, and care was taken not to damage the underlying epithelium.
Animals were cleaned with seawater to remove shell debris before being returned to
their holding tank for 48 hours.
Abalone were then randomly selected and evenly distributed among pH treatments
(control, pH 7.8 and pH 7.6) at 4 individuals per replicate tank (a total of 12 individuals per treatment). For this particular experiment, relative growth rate (RGRSL and
RGRW W ) was compared to the ﬁnal 70 days growth of 100-day spring/summer experimental 30–40 mm abalone that were not perforated. Damaged individuals were not
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exposed to reduced pH until 30 days after commence of the spring/summer experiment.
Therefore, day 30 shell length and wet weight measurements were used as day 0 for
undamaged individuals for this particular experiment. Perforated abalone shells were
photographed at day 0 and day 70 for identiﬁcation, before dissection for scanning electron microscopy.
Shell sections of the repair zone were cut from the shell using a DremelT M tool
equipped with a 0.2 mm cutting wheel (see above) into dorsal, ventral and cross-section
segments. Cross-sections were etched in 20% acetic acid to remove the cut section.
Primarily, qualitative observations were made in regards to completeness of repair, minerals present on the repair zone, microstructure quality (corrosion and dissolution) of
the repair zone.

Statistical analysis
For shell morphometric statistical analyses, data were log-transformed. Dry shell weight
and ﬁnal length data were pooled for each size class and treatment within each seasonal
experiment. The signiﬁcance of the linear relationship between shell dry weight and ﬁnal shell length at the diﬀerent pH levels was checked. Homogeneity of the slopes of
the regression lines was tested and then diﬀerences among treatment groups in shell
dry weight were tested for signiﬁcance by performing analysis of covariance (ANCOVA).
Final shell length was used as the covariate.
To analyse the eﬀects of shell damage and reduced pH on growth, a two-way ANOVA was undertaken and growth was in the form of relative growth rate (RGR) of both
shell length and wet weight. RGR was treated as the dependent variable with pH treatment and shell damage state as independent variables. The RGR data was log transformed. Tukey’s HSD post-hoc tests were used following analysis of variance.
The calcite weight (wt%) of each sample was arcsine transformed to normalise. To
compare mean calcite wt% between control and reduced pH (pH 7.6) conditions for
whole post-settlement juvenile shells and new shell of 30–40 mm juveniles following
the 100-day experiment, one-way ANOVA’s were used to determine treatment eﬀects,
and diﬀerences were considered signiﬁcant at p < 0.05 level. One-way ANOVA determined any signiﬁcance among pH treatments for shell thickness and aragonite% by direct measurement from SEM micrographs in both size classes of juvenile abalone. Shell
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micro-structure was qualitatively analysed and therefore no statistical analyses were
undertaken for this part of the study. To check for normality, q-q plots were viewed
and the Shapiro-Wilk test was used for all statistical tests. Equality of variances among
treatment groups was tested using the Levene’s test.

4.3

Results

Shell morphometrics
Autumn/winter
The slopes of the regression lines of the ﬁnal shell length (mm) versus shell dry weight
(g) of post-settlement juveniles (Figure 4.6) were homogeneous as shown by the nonsigniﬁcant interactions between pH and ﬁnal shell length (Table 4.1; t8.1v7.8 = -0.61,
p 8.1v7.8 = 0.55, t8.1v7.6 = 0.46, p 8.1v7.6 = 0.64, t7.8v7.6 = 1.08, p 7.8v7.6 = 0.28). Additionally, post-settlement juveniles reared at ambient pH for a certain size have signiﬁcantly
greater shell weight in comparison to those at pH 7.8 and 7.6 (8.1>7.8=7.6, Table 4.1).
Slopes were also homogeneous for 30–40 mm juveniles between shell dry weight and
ﬁnal shell length as the interaction of pH and the covariate was not signiﬁcant (Figure
4.7, Table 4.2; t8.1v7.8 = -0.11, p 8.1v7.8 = 0.91, t8.1v7.6 = -0.52, p 8.1v7.6 = 0.61, t7.8v7.6
= -0.38, p 7.8v7.6 = 0.70). Similarly, 30–40 mm juveniles from the control treatment had
greater shell weight for a given size in comparison to both reduced pH treatments, more
so than the 7.6 treatment, although this was not statistically signiﬁcant at the p < 0.05
level (Table 4.2; t8.1v7.8 = -1.64, p 8.1v7.8 = 0.11, t8.1v7.6 = -1.98, p 8.1v7.6 = 0.052), and
there was no diﬀerence between pH 7.8 and 7.6 (Table 4.2, p = 0.71).

Spring/summer
Slopes for the regression lines of post-settlement juveniles with shell dry weight versus
ﬁnal shell length (Figure 4.8) did not signiﬁcantly diﬀer and are therefore homogeneous
(Table 4.3; t8.1v7.8 = -0.64, p 8.1v7.8 = 0.53, t8.1v7.6 = 0.93, p 8.1v7.6 = 0.35, t7.8v7.6 =
1.88, p 7.8v7.6 = 0.06). For a given size, shell dry weight was signiﬁcantly greater with
increasing levels of pH as shown by the signiﬁcant eﬀect of pH (Table 4.3, SDW in
8.1>7.8=7.6). In regards to 30–40 mm juveniles slopes of regression lines were homogeneous among all treatments as shown by the non-signiﬁcant interactions between
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Figure 4.6: Linear regressions of the shell dry weight (g) versus the ﬁnal shell length
(mm) for post-settlement juvenile Haliotis iris cultured at ambient autumn/winter temperatures and at pH levels of ambient (8.1), 7.8 and 7.6. N = 26, 22 and 27 for
ambient pH, pH 7.8 and pH 7.6 post-settlement juveniles respectively. Linear regression equations for juvenile shell weight: pH 8.1: y = 0.016x − 0.134, R2 = 0.941, pH 7.8:
y = 0.011x − 0.078, R2 = 0.867, pH 7.6: y = 0.011x − 0.086, R2 = 0.77.

Table 4.1: Analysis of covariance of the eﬀect of pH on the shell dry weight (g) of postsettlement juvenile Haliotis iris reared at autumn/winter temperatures with ﬁnal shell
length (mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-9.47
2.69
-0.31
-0.16
-0.30
-0.15
0.01
0.30
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Std. Error
0.27
0.11
0.03
0.26
0.03
0.32
0.03
0.28

t-value
-34.48
25.00
-9.33
-0.61
-9.45
0.46
0.43
1.08

Pr (>F)
<0.01
<0.01
<0.01
0.55
<0.01
0.64
0.67
0.28

Figure 4.7: Linear regressions of the shell dry weight (g) versus the ﬁnal shell length
(mm) for 30–40 mm juvenile Haliotis iris cultured at ambient autumn/winter temperatures and at pHN BS of ambient (8.1), 7.8 and 7.6. N = 30, 27 and 22 for ambient pH, pH 7.8 and pH 7.6 30–40 mm juveniles respectively. Linear regression
equations for juvenile shell weight: pH 8.1: y = 0.133x − 2.991, R2 = 0.926, pH 7.8:
y = 0.122x − 2.657, R2 = 0.88, pH 7.6: y = 0.120x − 2.578, R2 = 0.903.

Table 4.2: Analysis of covariance of the eﬀect of pH on the shell dry weight (g) of 30–
40 mm juvenile Haliotis iris reared at autumn/winter temperatures with ﬁnal shell length
(mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-9.10
2.70
-0.03
-0.03
-0.04
-0.13
-0.01
-0.10
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Std. Error
0.35
0.10
0.02
0.24
0.02
0.24
0.02
0.26

t-value
-25.72
27.26
-1.64
-0.11
-1.98
-0.52
-0.37
-0.38

Pr (>F)
<0.01
<0.01
0.11
0.91
0.052
0.61
0.71
0.70

Figure 4.8: Linear regressions of the shell dry weight (g) versus the ﬁnal shell length
(mm) for post-settlement juvenile Haliotis iris cultured at ambient spring/summer temperatures and at pHN BS of ambient (8.1), 7.8 and 7.6. N = 43, 35 and 41 for ambient pH, pH 7.8 and pH 7.6 post-settlement juveniles respectively. Linear regression
equations for juvenile shell weight: pH 8.1: y = 0.028x − 0.341, R2 = 0.950, pH 7.8:
y = 0.017x − 0.168, R2 = 0.965, pH 7.6: y = 0.015x − 0.136, R2 = 0.93.

pH and the covariate (Figure 4.9, Table 4.4; t8.1v7.8 = -0.30, p 8.1v7.8 = 0.80, t8.1v7.6 =
1.12, p 8.1v7.6 = 0.27, t7.8v7.6 = 0.78, p 7.8v7.6 = 0.44). Further, there was no aﬀect
of reduced pH on shell weight of 30–40 mm juvenile pāua following 100 days of experimental exposure diﬀering from what was seen for post-settlement juveniles in the
summer experiment.

Scanning electron microscope observations
A loss of structural integrity of post-settlement juvenile abalone shells occurred at reduced pH levels (Figure 4.10). Of particular note, excessive dissolution appeared to
be occurring on the outer calcite layer of the post-settlement juvenile shell and this is
consistent with XRD and shell layer thickness results. Qualitative diﬀerences in shells
were mainly observed on the outer shell of both size classes with more severe dissolution/erosion occurring on post-settlement individuals (Fig. 4.10). Consistent diﬀerences
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Table 4.3: Analysis of covariance of the eﬀect of pH on the shell dry weight (g) of postsettlement juvenile Haliotis iris reared at spring/summer temperatures with ﬁnal shell
length (mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-9.76
2.74
-0.11
-0.07
-0.17
0.10
-0.06
-0.17

Std. Error
0.12
0.04
0.02
0.11
0.02
0.11
0.02
0.10

t-value
-80.96
68.15
-6.10
-0.64
-8.58
0.93
-3.58
1.88

Pr (>F)
<0.01
<0.01
<0.01
0.53
<0.01
0.35
<0.01
0.06

Figure 4.9: Linear regressions of the shell dry weight (g) versus the ﬁnal shell length
(mm) for 30–40 mm juvenile Haliotis iris cultured at ambient spring/summer temperatures and at pHN BS of ambient (8.1), 7.8 and 7.6. N = 45 for each pH treatment. Linear
regression equations for juvenile shell weight: pH 8.1: y = 0.206x − 5.821, R2 = 0.902, pH
7.8: y = 1.183x − 4.888, R2 = 0.863, pH 7.6: y = 0.191x − 5.182, R2 = 0.872.
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Table 4.4: Analysis of covariance of the eﬀect of pH on the shell dry weight (g) of 30–
40 mm juvenile Haliotis iris reared at spring/summer temperatures with ﬁnal shell length
(mm) as the covariate. The level of pH is the ﬁxed factor.

Control v pH 7.8
Control v pH 7.6
pH 7.8 v pH 7.6

Source
Intercept
Length
pH
Length*pH
pH
Length*pH
pH
Length*pH

Estimate
-9.19
2.73
-0.01
0.06
0.01
0.26
0.01
0.20

Std. Error
0.35
0.09
0.02
0.22
0.02
0.23
0.02
0.26

t-value
-25.95
29.44
-0.30
0.25
0.05
1.12
0.37
0.78

Pr (>F)
<0.01
<0.01
0.76
0.80
0.96
0.27
0.71
0.44

from the control treatment were seen in this outer calcite layer at both pH 7.8 and 7.6
for post-settlement juveniles (Fig. 4.10B). The inner aragonite layer of post-settlement
individuals appeared corroded at pH 7.6, but not at pH 7.8 or ambient (Fig. 4.10A). The
umbo region was a major area of dorsal dissolution in post-settlement juveniles, with
complete dissolution of the calcite layer in parts revealing aragonite plates of the inner
nacre (Fig. 4.10C).
There was some dissolution/malformation of nacre tablets on the inner surface of
30–40 mm juvenile shells at pH 7.6, although, this was not consistent across individuals
(Fig. 4.11). Overall, the SEM images of the 30–40 mm juvenile shell shows that this
size-class is much more robust to dissolution from pH in comparison to the smaller postsettlement juveniles. In addition, there was no obvious dissolution on 30–40 mm outer
shell.
Analysis of cross-sections did not show any signs of dissolution or malformation to
the inner prismatic and nacreous shell layers (Fig. 4.12).
From the SEM images, it appears the surface layers of the outer calcite and inner
aragonite are most vulnerable to lowered pH.

Shell thickness & mineralogy
Shell and layer thickness
At similar location on the shell, shell sections of post-settlement juvenile abalone had a
mean calcite percentage of 36% in comparison to 50% for 30–40 mm juveniles. There
was no signiﬁcant diﬀerence in shell thickness for individuals of similar sizes among
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Figure 4.10: Scanning electron micrographs showing post-settlement juvenile Haliotis iris shell. Sections of (A) inner shell, (B) outer
shell and the (C) outer umbo region. Shells are from juveniles exposed to ambient seawater pH and reduced pH of 7.8 and 7.6 for
100 days.

Figure 4.11: Scanning electron micrograph showing 30–40 mm juvenile Haliotis iris shell. Sections of (A) inner shell and (B) outer
shell. Shells are from juveniles exposed to ambient seawater pH and reduced pH of 7.8 and 7.6 for 100 days.
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Figure 4.12: Cross-section scanning electron micrographs showing post-settlement and
30–40 mm juvenile Haliotis iris shell. Shells are from juveniles exposed to ambient
seawater pH (A and B) and reduced pH of 7.8 (C and D) and 7.6 (E and F) for 100 days.
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pH treatments for post-settlement (Fig. 4.13A, one-way ANOVA, F 2,17 = 0.44, p =
0.65) and 30–40 mm juveniles (Fig. 4.13B, one-way ANOVA, F 2,17 = 2.07, p = 0.17).
Calcite percentage from direct measurement of calibrated SEM cross-section images
was signiﬁcantly lower for post-settlement juvenile pāua from reduced pH treatments
(one-way ANOVA, F 2,17 = 5.45, p = 0.01). Subsequent Tukey’s HSD post-hoc test
showed that pH 8.1 calcite percentage was signiﬁcantly higher than pH 7.6 and no other
signiﬁcant diﬀerences occurred (8.1>7.6, 8.1=7.8, 7.8=7.6). Calcite percentage from
direct measurement of 30–40 mm shell cross sections did not signiﬁcantly diﬀer (oneway ANOVA, F 2,17 = 0.98, p = 0.40).
Shell mineralogy
All shell specimens were bimineralic, consisting of both calcite and aragonite. Wt%
MgCO3 in calcite was variable among individuals and did not diﬀer between treatments in
any way (Fig. 4.15 and 4.16). Post-settlement juvenile H. iris had mean calcite weight
of 54% ± 4.86 SE and 39.37% ± 3.40 SE in ambient-reared and pH 7.6 respectively
(Fig. 4.15A). Individuals from the reduced pH treatment had signiﬁcantly lower calcite
content (wt%) per shell (one-way ANOVA, F 1,20 = 5.85, p < 0.05). Figure 4.14 shows
X-ray diﬀractograms of a post-settlement H. iris shell reared at ambient pH and another
shell reared at pH 7.6 illustrating the diﬀerences in the relative proportions of the calcite
and aragonite peaks.
New shell segments were high in calcite content in comparison to whole post-settlement
juvenile shells. There was no eﬀect of reduced seawater pH on the calcite content of
newly deposited shell of 30–40 mm H. iris, with mean wt% of 75% ± 3.23 SE and
71.47% ± 4.81 SE for control and pH 7.6 treatments respectively (Fig. 4.16, one-way
ANOVA, F 1,10 = 0.424, p = 0.53).

Shell repair
There was no signiﬁcant diﬀerence in shell length (mm) or wet weight (g) of damaged
individuals among treatments at the initiation of the repair experiment (mean length =
39.75 mm ± 0.04 SE, one-way ANOVA F 2,33 = 0.162, p = 0.85, mean wet weight
= 7.44 g ± 0.03 SE, one-way ANOVA, F 2,33 = 0.78, p = 0.47). There was also
no statistical diﬀerence among non-damaged individuals using data from day 30 of the
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Figure 4.13: Thickness of calcite and aragonite layers in (A) post-settlement and (B) 30–
40 mm juvenile Haliotis iris shell from SEM images. Juveniles were reared at ambient pH,
pH 7.8 and pH 7.6 during the spring/summer experiment. N = 6 shells per treatment
for each size class.
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Figure 4.14: X-ray diﬀractograms of post-settlement juvenile Haliotis iris shell reared in
(A) ambient pH and (B) pH 7.6. Calcite peaks C1 and C2; and the halite internal standard
H. The intensities of the two aragonite peaks (A1 and A2) and the LMC peak (C1) are
shown in the ﬁgure.

spring/summer experiment (mean shell length = 36.9 mm ± 0.30 SE, one-way ANOVA,
F 2,105 = 1.52, p = 0.22, mean wet weight = 6.25 ± 0.14 SE, F 2,105 = 0.56, p = 0.58).
There was however a small diﬀerence in length and weight between non-damaged and
damaged treatment groups that was found to be signiﬁcant. To account for this, relative
growth rate was used to compare length (mm) and body weight (g) changes among treatments and between damaged/non-damaged groups. Both reduced pH and shell damage
had a signiﬁcant eﬀect on the RGRSL of juvenile abalone (Fig. 4.17, two-way ANOVA,
pH; F 2,138 = 43.11, p < 0.01, shell damage; F 1,138 = 19.75, p < 0.01), although the
interaction between pH and shell damage was not signiﬁcant (p = 0.98). For weight
gain, pH had a signiﬁcant negative eﬀect on experimental animals (Fig. 4.17, two-way
ANOVA, F 2,138 = 49.11, p < 0.01) and shell damage did not (F 1,138 = 3.75, p > 0.05).
Again there was no interaction between pH and shell damage (p = 0.83). Tukey’s HSD
post-hoc analysis showed that shell damage did not have a signiﬁcant negative eﬀect on
growth in regards to shell length and weight increase at each treatment level, although,
subsequent one-way ANOVAs did show that damage had a signiﬁcant eﬀect within each
treatment on RGRSL (Table 4.5), but no aﬀect of shell damage was found for RGRW W
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Figure 4.15: Shell carbonate mineralogy of post-settlement juvenile Haliotis iris. Variations are shown among individuals and between treatments for (A) wt% calcite; (B) wt%
MgCO3 in (o) low magnesium calcite and (x) high magnesium calcite; and (C) calcite peak
to peak ratios. N = 11 per treatment group.
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Figure 4.16: Shell carbonate mineralogy of 30–40 mm juvenile Haliotis iris. Variations
are shown among individuals and between treatments for (A) wt% calcite; (B) wt%
MgCO3 in (o) low magnesium calcite and (x) high magnesium calcite; and (C) calcite peak
to peak ratios. N = 6 per treatment group.
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Figure 4.17: Mean relative growth rate in terms of (A) shell length and (B) body weight
of juvenile Haliotis iris in six treatments (two damage x three pH) with shell damaged or
not damaged during 70-day exposure to reduced pH. Both shell damage and reduced pH
signiﬁcantly aﬀected RGRSL but only pH aﬀected RGRW W . N = 12 per pH treatment for
damaged individuals and N = 36 per pH treatment for the not-damaged group. Letters
denote signiﬁcant diﬀerences.

(Table 4.6). Shell growth is more aﬀected by shell damage than overall wet weight
growth.
Juvenile 30–40 mm pāua were able to repair at least part of their damaged shell over
70 days of experimental exposure (Fig. 4.18). All perforated juveniles reared in control
conditions showed at least some if not complete mineralisation of the repair zone on
the growing edge of the shell. Mineralisation in the repair zone consisted of aragonite
prisms. Initial stages of the repair appeared to involve a brown organic/protein layer
that was found to still be present on juveniles reared at pH 7.8 and especially pH 7.6.
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Table 4.5: Analysis of variance for relative growth rate of shell length (mm) of juvenile
Haliotis iris. Shell damage and pH were ﬁxed factors.
Groups
pH 8.1N v 8.1D
pH 7.8N v pH 7.8D
pH 7.6N v pH 7.6D

Source
Damage
Residuals
Damage
Residuals
Damage
Residuals

DF
1
46
1
46
1
46

SS
0.003
0.01
0.001
0.008
0.001
0.01

MS
0.001
0.0002
0.001
0.0002
0.001
0.0002

F value
5.47

Pr (>F)
0.02

8.36

0.01

6.33

0.02

Table 4.6: Analysis of variance for relative growth rate of body weight (g) of juvenile
Haliotis iris. Shell damage and pH were ﬁxed factors.
Groups
pH 8.1N v 8.1D
pH 7.8N v pH 7.8D
pH 7.6N v pH 7.6D

Source
Damage
Residuals
Damage
Residuals
Damage
Residuals

DF
1
46
1
46
1
46

SS
0.003
0.08
0.001
0.06
0.004
0.01

MS
0.001
0.002
0.001
0.001
0.004
0.0002

F value
1.41

Pr (>F)
0.24

0.53

0.47

1.91

0.17

This organic layer covered a much larger area than the 2 mm perforation and produced a
relatively large downward bulge.
Juveniles reared in ambient pH seawater appeared to repair faster and the repair
zone looks much more ’clean’ in comparison to pH 7.8 and pH 7.6 juveniles. Fig. 4.18B
and C-D show cracking in reduced pH treatments from both the cross-section and dorsal
viewpoints. Some individuals failed to completely calcify the repair zone in reduced pH
treatments, while controls were able to. One other notable feature is that the organic
layer is still very noticeable on the ventral side of the repair zone for reduced pH treatments (Fig. 4.18C-D). However, the ventral repair zone layer of ambient pH individuals
was mostly covered by aragonite tablets and had its usual ’shine’ and colour whereas
most of the reduced pH treatment samples were covered by a brownish protein layer
that covered a greater area than the initial 2 mm repair zone.

4.4

Discussion

This study demonstrated that post-settlement juvenile H. iris shell integrity is negatively aﬀected by exposure to reduced pH. Shell weights were reduced, and corrosion
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Figure 4.18: Scanning electron micrographs showing 30–40 mm juvenile Haliotis iris shell at (A) 0 days and 70 days exposure to
(B) ambient and reduced pH of (C) pH 7.8 and (D) pH 7.6 following a 2 mm diameter shell perforation. Figure shows cross-section,
ventral and dorsal views of the repair zone for day 0, and day 70 of each treatment.

was evident on both the outer calcite layer and inner aragonite layer of the shell. These
results align with previous studies that indicate a number of biological and physiological
processes of some abalone species are vulnerable to reduced pH levels. These include
larval survival and growth (Byrne et al., 2011; Crimm et al., 2011), larval thermal tolerance (Zippay and Hofmann, 2010), juvenile growth (Harris et al., 1999a; Naylor et al.,
2011, 2013) and oxygen consumption at levels < pH 7.3 (Harris et al., 1999a). While
studies on the responses of abalone to reduced seawater pH are lacking, the available
literature on a range of life histories seem to support that ocean acidiﬁcation is likely to
have carry-over or additive/compounding eﬀects on successive life stages.
Crimm et al. (2011) and Byrne et al. (2011) reported calciﬁcation in larval abalone
can be completely inhibited following exposure to high p CO2 (≈ 1800ppm, pH 7.8) concentrations and reduced pH resulting in outright loss of the shell. The majority of other
ocean acidiﬁcation studies on larval molluscs have been conducted on bivalves and yielded less severe results. Increases in abnormal veliger shells and lower growth occur in
blue mussels (Mytilus galloprovincialis, Kurihara et al., 2008), and oysters (Crassostrea
gigas and Crassostrea ariakensis, Barton et al., 2012; Kurihara et al., 2007; Miller et al.,
2009) reared at seawater elevated in p CO2 , however, complete loss of shell has not
been observed. If abalone larvae are not able to develop their veliger shell during this
critical life history stage, successful settlement and development to juvenile is unlikely
and furthermore, lack of shell protection increases the risk of infection/disease and susceptibility to predators. Results from the larval work by Crimm et al. (2011) and Byrne
(2011), and the present research on juvenile H. iris suggest abalone calciﬁcation may be
more susceptible to ocean change than other commercially important marine molluscs,
at least at early stages of development. However, the underlying physiological mechanism causing detrimental changes to shell mineralogy and increasing shell degradation in
abalone is not yet clear.

Shell morphometrics
Exposure to reduced seawater pH resulted in a substantial (≈ 33% in autumn/winter
and ≈ 40% in spring/summer between ambient pH and pH 7.6 using regression equations) decrease in the rate of shell deposition in post settlement juvenile Haliotis iris.
Lower shell deposition during the autumn/winter can be explained by the lower growth
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rates described in Chapter 3. Despite saturated seawater in respect to ΩCalcite (>1.0)
and ΩAragonite (>1.0) in the pH 7.8 treatment, post-settlement juveniles still deposited
signiﬁcantly less shell under reduced pH and this is supported by previous research
that found calciﬁcation decreases in marine gastropod (Nienhuis et al., 2010) and bivalve (Waldbusser et al., 2010) juveniles during lower than average saturation states.
Seawater with lowered saturation states of CaCO3 and reduced pH levels creates an
environment in which shell is harder to deposit, leading to an increase in metabolic costs,
especially for acid-base regulation and, therefore, there is less energy for shell growth
and calciﬁcation (Michaelidis et al., 2005; Pörtner, 2008).
Diﬀerences in shell mass when accounting for length suggest that juvenile abalone
deposit thinner shells, or their shell is dissolving under elevated CO2 , which is consistent
with previous work on juvenile oysters (Crassostrea virginica, Beniash et al., 2010) and
adult Antarctic bivalves (Laternula elliptica, Cummings et al., 2011). L. elliptica and C.
virginica signiﬁcantly upregulated enzymes such as chitin synthase (CHS), which is important in the biomineralisation of bivalve shells (Marin et al., 2007; Weiss et al., 2006).
Upregulation of these enzymes suggest biomineralisation becomes increasingly diﬃcult
in acidiﬁed seawater. While this measurement was beyond the scope of the present
study, one would expect a similar upregulation of biomineralisation-related genes by H.
iris juveniles.
Waldbusser et al. (2010) suggested larger post-larval clams can overcome dissolution pressure due to an overall higher calciﬁcation rate. In the present study a similar
eﬀect was observed with juvenile H. iris as post-settlement juvenile shell deposition
was more sensitive to reduced seawater pH. For abalone and other marine calciﬁers,
pH may aﬀect other physiological processes such as growth and metabolism, as well
as biomineralisation (Pörtner, 2008; Pörtner et al., 2004), and therefore the eﬀects of
ocean acidiﬁcation on calciﬁcation may be directly related to dissolution or indirectly to
the overall physiology (Pörtner, 2008; Pörtner and Farrell, 2008; Pörtner et al., 2005,
2004; Waldbusser et al., 2010).
As mentioned earlier, in general, smaller benthic juveniles have a greater surface area
to volume ratio, inferior metabolic regulation and under-developed protective adaptations (Hunt and Scheibling, 1997). The periostracum of the abalone (and other molluscs)
is an outer-shell organic layer that protects the shell from corrosion by seawater and
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colonisation by epibionts and endobionts (Addadi et al., 2006; Gray and Smith, 2004;
Schäﬀer et al., 1997; Shepherd et al., 1995). Small juveniles may lack an eﬀective
periostracum or the ability to repair the periostracum to combat dissolution in low pH
seawater, and therefore exposure of the shell to acidic seawater results in a thinner,
lighter shell. Larval molluscs utilise the organic lamella to undertake biomineralisation,
and the organic lamella is thought to be the early periostracum and continues to be improved with time (Marin et al., 2007). It is possible that the organic lamella or the early
periostracum is less protective during early development, however, this requires further
research.

Shell micro-structure
Using electron microscopy techniques, this study demonstrated that juvenile H. iris shell
integrity was negatively aﬀected by 100 day exposure to reduced seawater pH. The
post-settlement shell appears to be very vulnerable to corrosive seawater with signs of
severe dissolution present on the outer calcite layer of the shell and in particular at the
umbo region (See ﬁgure 4.10). Dissolution of the inner aragonite platelets that form the
inner nacreous shell layer was also found on post-settlement juveniles, however, not to
the same extent as the calcite layer. Larger juvenile shells appeared much more robust
to reduced pH, with only a few individuals showing signs of corrosion.
Scanning electron micrographs revealed severe, low pH-induced degradation of the
outer prismitic shell layer of post-settlement juveniles. Mytilus edulis were found to
have sites of their external calcitic shell prone to dissolution in an ocean acidiﬁcation
study by Thomsen and Melzner (2010) where even control animals were susceptible.
Thomsen and Melzner (2010) suggested that this was due to damage to the periostracum of this species of mussel as they congregate in large tightly packed numbers
and graze one another’s shell. In intensive abalone aquaculture, shell damage has been
reported due to high densities and stacking behaviour of juveniles and this behaviour
may cause abrasions to the periostracum making the shell more susceptible to lowered
seawater pH (Huchette et al., 2003). It is unlikely that post-settlement juveniles damaged their own periostracum, as control individuals showed limited signs of dissolution/erosion on the external shell and pāua densities were low (< 15% tank cover). The
inner post-settlement shell which is made of aragonite and is more soluble in seawater
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than calcite also showed signs of pH damage (mineralogy will be further discussed in the
following section).
It has been suggested that mussels can passively dissolve their shell to support acidbase regulation during high intracellular pH periods (Michaelidis et al., 2005) which may
temporarily buﬀer internal pH changes as suggested by Albright et al. (2012) and Miles
et al. (2007) in sea urchins. It is unknown whether this is the case in abalone. Differences in acid-base regulation between the younger and older juveniles in this study
could potentially explain the diﬀerences in shell mineralogy, micro-structure and thickness. Post-settlement juveniles may experience large changes in acid-base balance when
exposed to low pH seawater and may not be physiologically capable of compensating
for changes in intracellular and extracellular pH, requiring passive dissolution of the inner shell to compensate. Further research is required to investigate the physiological
mechanisms abalone use during periods of low pH.
Inner shell degradation of aragonite plates has been reported in a blue mussel species
(M. galloprovincialis ) by Melzner et al. (2011), who attributed internal shell dissolution
to reduced pH. In the same study, increasing food concentration diminished the eﬀects
of low pH on the inner shell layer of M. galloprovincialis. The importance of energy
supply is further supported by Thomsen et al. (2013) where it was found that M. edulis
can thrive in naturally acidiﬁed habitats when nutrient concentrations are high facilitating
growth and calciﬁcation.
Marine molluscs do exert strong biological control over biomineralisation and shell
formation (Addadi et al., 2006; Lin and Meyers, 2005; Lopez et al., 2011). The results
from Melzner et al. (2011) suggest that shell maintenance of the inner shell is an energetically expensive process, and that under food-limited conditions coupled with CO2
stress, energy is allocated towards more vital processes such as somatic mass maintenance and survival instead of shell conservation. Results from the present study support
these changes to the mollusc energy budget under acidiﬁcation, as the eﬀects of reduced pH did impact growth, shell mass, mineralogy and micro-structure while having no
eﬀects on the somatic mass of either size class of juvenile.
Marine calcifying invertebrates regulate extracellular concentrations of physiologically important ions for control over cellular processes such as calciﬁcation (Nienhuis
et al., 2010). Active acid-base regulation allows for the generation of a micro-environment
93

with elevated calcium carbonate saturation which facilitates shell growth and calciﬁcation even in acidic environments (Pomar and Hallock, 2008). Further, a potential reason
abalone are still able to form and maintain at least the inner shell layer may be due to the
site of shell maintenance, which is isolated from the external seawater, as opposed to
the calcite layer, which is in direct contact with the corrosive seawater (Lin and Meyers,
2005). This explains why shell dissolution on the external surface of the abalone shell
was much more severe following low-pH exposure. Previous research has suggested
that the outer calcitic shell layer is sacriﬁcial and used as the ﬁrst layer of defence from
environmental damage (Gray and Smith, 2004), and it is therefore unlikely that abalone
can regulate calciﬁcation eﬃciently here (Nienhuis et al., 2010).

Shell mineralogy
Scanning electron microscopy and X-ray diﬀraction (XRD) analysis conﬁrms post-settlement
and 30–40 mm juvenile Haliotis iris, like adults and other species of abalone, have an
outer calcitic layer and an inner aragonite layer. Further, XRD revealed the calcitic layer
low and high magnesium calcite content varied among individuals and this variation was
present in both size classes and all pH treatments. Calcite and aragonite content varied signiﬁcantly between and within treatments, however, pH had a signiﬁcant eﬀect on
the calcite weight percentage of whole post-settlement juvenile shells and no eﬀect on
30–40 mm newly deposited shell. Interestingly, the calcite percentage was lower for
post-settlement juveniles reared at pH 7.6 in comparison to ambient pH.
The shell mineralogy of post-settlement and 30–40 mm juveniles cannot be directly
compared because diﬀerent shell sections were used in the investigation (i.e. whole shell
versus selected areas respectively). It can however be suggested that post-settlement
juvenile shell mineralogy is more aﬀected by reduced pH in comparison to older individuals. No treatment eﬀect was found on 30–40 mm juveniles, whereas post-settlement
juvenile H. iris reared in ambient seawater had a higher calcite percentage in comparison to juveniles from the pH 7.6 treatment, signiﬁcantly diﬀering by ≈15%. This result
is very surprising as (i) aragonite is more soluble than calcite in seawater and (ii) only
ΩAragonite was undersaturated (< 1.0) in the pH 7.6 treatment. Further, low-magnesium
calcite is believed to be the ’cheaper’ polymorph to form in comparison to aragonite and
high-magnesium calcite.
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Ries (2011) found that the gastropod Littorina littorea shell decreased in aragonite
percentage in seawater undersaturated in respect to aragonite (ΩAragonite = 0.7) and
suggested that the higher solubility of aragonite in comparison to calcite was the reason
for this. Post-settlement juvenile H. iris exposed to low pH seawater decreased in
calcite and not aragonite suggesting calcite is dissolving or is more diﬃcult to deposit
under reduced pH conditions. Prismatic and nacre layer thickness, SEM micrographs and
diﬀerences in shell weight among treatments support this proposal. Aragonite percentage was greater in shells from reduced pH treatments. However, overall shell weight
decreased, suggesting dissolution of the outer calcitic layer is occurring.
The diﬀerent polymorphs of calcium carbonate utilised by marine calciﬁers vary in
their solubility, and aragonite is more soluble than calcite in seawater, however, calcite
increases its solubility with increasing magnesium (Andersson et al., 2008). Ries (2011)
found that the bimineralic whelk increased its calcite:aragonite ratio under acidiﬁed conditions, thus increasing the less soluble polymorph of its shell. Therefore, it was suggested that the increase of the calcite:aragonite ratio was either due to dissolution of the
more soluble aragonite or an increase in the production of low-Mg calcite under reduced
pH. In this study by Ries (2011), changes in the shell mineralogy of 16 diﬀerent marine
calciﬁers was determined following prolonged exposure to elevated p CO2 with results
varying widely among some species showing increases in the more soluble polymorphs
(aragonite, high-Mg calcite), no change, and also decreases in soluble polymorphs.
Proportions of calcite and aragonite in 30–40 mm juvenile newly deposited shell
was not aﬀected by reduced pH, and is consistent with what was found in regards to
other marine molluscs including periwinkles (Littorina littorea ), scallops (Argopectan
irradians ), oysters (C. virginica ), and blue mussels (M. edulis ) (Ries, 2011). However,
these species primarily form their shells from one mineral (>95% calcite) (Ries, 2011). H.
iris has high variability in regards to shell mineralogy ranging from 29 to 98% aragonite in
adults (with higher percentages in older sections of the shell), and the diﬀerences among
individuals may be due to the environment and/or genetics (Gray and Smith, 2004). Adult
H. iris young shell ranges between 40–80% aragonite in southern New Zealand (Gray
and Smith, 2004). However, 30–40 mm juveniles from the present study had <47%
aragonite from similar sections of the shell. Pāua from the present experiment are from
northern New Zealand stocks, reared in hatchery conditions and are juvenile rather than
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adult which may all contribute to the diﬀerences in shell mineralogy compared to those
researched by Gray and Smith (2004).
In the present experiment, summer shell growth increased by 100–150% with an average change in length of 9.5 mm across all treatments for post-settlement juveniles. A
9.5 mm pāua has a dry shell weight of approximately 0.02 g, whereas a 19 mm (9.5 mm
increase) shell weighs ≈ 0.18 g, an 800% increase in shell weight throughout the course
of the experiment when all experimental animals are pooled. Therefore, a substantial
portion of post-settlement juvenile shell was deposited under experimental conditions.
In comparison, 30–40 mm juveniles had an average change in length from 36 mm to 45
mm which only correlates to a 92% increase in shell weight. Because post-settlement
juveniles are depositing the majority of their shell under acidic conditions, this may explain the diﬀerences in their whole shell mineralogy and the signiﬁcant diﬀerences in
calcite:aragonite ratio between ambient pH and pH 7.6 treatments. Further, physiological diﬀerences between size classes of juveniles may explain why pH has no aﬀect on
the shell mineralogy of 30–40 mm juvenile abalone. Waldbusser et al. (2010) suggested that larger juvenile Mercenaria spp. are able to overcome dissolution pressure in
comparison to smaller benthic juveniles as calciﬁcation rate was found to increase with
size.
In addition, juvenile H. iris had low contents of MgCO3 within calcite. While in adults,
MgCO3 in calcite can be up to three times that of the juveniles in the present study (Unpublished data Smith, 2013a) suggesting the mineralogy regarding MgCO3 diﬀers within
H. iris ontogenetically. Juveniles possibly incorporate intermediate levels of magnesium
into their calcite, and as they grow, more magnesium is incorporated into the shell, although this requires further investigation. From X-ray diﬀraction data, it was observed
that peak locations of the second calcite peak (high-magnesium calcite) were closer to
the low magnesium peak and wt % was much lower than that of the data for adults
from Smith (2013a). Therefore, the present study may not be appropriately terming the
second calcite peak (high-magnesium calcite), and ’intermediate-magnesium calcite’ may
be more applicable.
Sample size for shell mineralogy investigations was small and the results need to
be taken with caution. However, there does appear to be a trend showing that postsettlement juveniles exposed to pH 7.6 are dissolving high magnesium-calcite from their
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shells. Results from (Andersson et al., 2008) support this, where it was found seawater
becomes undersaturated in respect to high magnesium-calcite with increasing CO2 . Ries
et al. (2009) also proposed a similar suggestion in that organisms that use the more soluble high magnesium calcite and aragonite polymorphs will be more adversely aﬀected
by increased p CO2 and reduced pH in comparison to those utilising low-magnesium calcite.
Molluscs such as bivalves and gastropods cover their shells with a periostracum
isolating the shell mineral from the external seawater and may prevent soluble phases of
CaCO3 from dissolving in undersaturated (ΩCalcite and ΩAragonite <1.0) seawater (Ries,
2011). Therefore, the role of the periostracum may inﬂuence whether or not calcite
and aragonite proportions in abalone are altered by reduced pH through increases in
p CO2 . Results of the present study may highlight a potential diﬀerence in the thickness
or eﬀectiveness of the periostracum at diﬀerent stages of juvenile abalone development.
Reduced seawater pH causes shifts in energy budgets of molluscs and this may result in
the loss of the ability to form the organic matrix (e.g. periostracum and organic coatings
of aragonite platelets) that consists of protein and chitin, thus potentially decreasing
calciﬁcation (Thomsen et al., 2013). There was a substantial eﬀect of reduced pH on
shell weight (in both winter and summer experiments), shell mineralogy and thickness
of the outer calcite layer of post-settlement juveniles following prolonged exposure
to reduced pH of 7.6. This suggests these post-settlement juveniles are susceptible to
dissolution of their shells which will have wide ranging and important impacts for abalone
populations if ocean acidiﬁcation occurs in the future as predicted.

Shell repair
Both reduced pH and shell damage negatively aﬀected growth in 30–40 mm juvenile
abalone, and the eﬀects were independent rather than synergistic. The repair process
was characterised by an initial brown organic layer followed by mineralisation involving
aragonite prisms and is consistent with other abalone repair and mineralisation studies
(Fleury et al., 2008; Lin and Meyers, 2005). Not only was growth reduced, but SEM
images showed that juveniles exposed to a low pH environment for a prolonged period
of time appeared to repair their shells poorly, and in some cases failed to calcify the
repair area in comparison to juveniles with damaged shells in ambient pH.
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The lower growth from the compounding eﬀects of reduced pH and shell damage
reported here is likely due to a combination of increased energy need (Day et al., 2000;
Palmer, 1983, 1992) and diﬃculty to calcify under acidic conditions (Doney et al.,
2009). This is supported by a number of studies such as Thomsen et al. (2013) who
found that high food availability allowed mussels to overcome dissolution pressure and
calcify and grow at optimum rates even under low pH conditions.
Overcrowding of blacklip abalone (Haliotis rubra ) in aquaculture tanks increases shell
damage and likely results in the diversion of energy to repair the damaged shell contributing to reductions in reproduction and growth (Huchette et al., 2003). Further, Geller
(1990) found that starvation leads to a slower rate of repair, and repair is therefore
an energetically costly process. Interestingly, a study by Geller (1990) found that the
intertidal gastropod Nucella emarginata actually increased its production of new shell
material and increased reproductive eﬀort following shell damage. N. emarginata signiﬁcantly increased its reproductive eﬀort despite the shell damage which also correlated
with an increase in mortality due to greater vulnerability to predators when their shell is
weakened. The increase in mortality was considered the reason for the increase in reproductive eﬀort because adult mortality increases with shell damage, however, oﬀspring
mortality does not change regardless, and therefore it is more beneﬁcial for the snail to
exert more energy into reproduction than into its own shell for survival (Geller, 1990).
Scanning electron micrographs of damaged 30–40 mm individuals exposed to reduced pH lacked aragonite tablets on the ventral side of the repair zone, and large areas
(> the repair zone itself) were covered in a brown-coloured organic layer which in some
cases appeared to lack any CaCO3 . This brown organic layer has been described previously in the repair process of abalone (Saleuddin and Wilbur, 1969; Uozumi and Suzuki,
1979) and is the ﬁrst step in the repair process. In terrestrial species, this process
occurs within one hour to prevent desiccation (Saleuddin and Wilbur, 1969), however
marine species undertake a slow hole ﬁlling as this does not impair vital functions considering that the area of calciﬁcation is protected/isolated from the surrounding seawater
(Fleury et al., 2008). Haliotis turberculata take 15 days to ﬁll a similar sized perforation with the organic material and two months to completely mineralise the shell (Fleury
et al., 2008).
Because the repair process in reduced-pH individuals was still characterised by the
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brown organic layer following 70 days, it appears that seawater acidiﬁcation slows juvenile repair. Not only did the repair rate appear to be slower, but from qualitative
observations, the repair looked weaker due the presence of large cracks and some individuals failed to completely calcify and cover the repair zone. Therefore, this study
shows damaged juveniles reared at ambient pH were able to regrow shell faster in comparison to juveniles exposed to reduced pH and a number of factors likely contribute to
this ﬁnding.
As noted previously, shell repair is an energetically costly process, and previous research has found that reduced pH can increase energy demand for calcifying organisms
likely due to the increased costs of calciﬁcation in undersaturated seawater in respect to
CaCO3 polymorphs (Day et al., 2000; Melzner et al., 2011; Palmer, 1992). Further, reduced pH actively dissolves shells, and the protective periostracum was likely removed
from the repair zone increasing the diﬃculty of shell repair under acidic conditions. Molluscs display an extraordinary ability to rapidly repair their shells (Geller, 1990; Palmer,
1983) and can repair them to a state that is stronger than the original (Geller, 1990),
although, pH appears to inhibit shell repair in juvenile H. iris.
H. iris in the present experiment did not rapidly or completely repair their shells
irrespective of pH and this is likely due to a problem with the perforation method. Additionally, shell repair in the present study was much slower when compared to abalone
from Fleury et al. (2008). In hindsight, for the best results of a repair experiment, the
shell perforation should be placed near the shell edge of H. iris as this is where new
shell material is actively deposited. The present experiment made perforations further
up the shell, nearer to the umbo, and in an area that lies over/near the adductor muscle
and therefore, the mantle that secretes the shell was not necessarily underlying the
repair zone which would have increased time to repair and likely resulted in incompleteness of the shell repair over the 70 days. On the other hand, Fleury et al. (2008) used
adult H. turberculata, whereas the present study was on juvenile H. iris that may repair
slower than adults, and this is supported by studies on bivalves (Green et al., 2004;
Waldbusser et al., 2010).
In conclusion, shell repair is an energetically expensive process for Haliotis iris as
indicated by the lower growth rates, and reduced seawater pH makes shell repair increasingly diﬃcult for juveniles. Injuries are common in marine animal populations, and
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reduced seawater pH caused by ocean acidiﬁcation has the potential to compromise shell
repair.

Conclusion
Reduced structural integrity of post-settlement juvenile abalone shells are likely to
weaken the support and protection they provide increasing susceptibility to predation,
mechanical damage and potentially barriers to disease and shell encrustation. Therefore,
a weak shell will compromise this species resulting in both ecological and economical
consequences. For high intensity aquaculture systems abalone reared at low pH will
not only be susceptible to low growth, but also shell breakage which would in turn
cause additional stress to abalone further lowering growth and market proﬁt. If shells
are damaged in any way, the repair process is likely to aﬀect other important biological
functions by re-allocating energy away from growth and feeding, and reduced seawater
pH likely impairs shell repair.

Summary of results
1. Calciﬁcation and dissolution pressure eﬀects were more severe with smaller sizes
of juvenile H. iris. I noted negative eﬀects on shell weight, microstructure and
mineralogy in post-settlement juveniles, but not in larger 30–40 mm juveniles.
2. Shell damage causes additional reductions in 30–40 mm juvenile abalone growth
when coupled with reduced pH. The pH change slows repair and in some cases
prevents successful shell repair, most likely due to changes in energy allocation
and direct dissolution pressure.
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Chapter 5

Respiration
5.1

Introduction

Marine invertebrates are exposed to a number of environmental stressors. Particularly,
warming and ocean acidiﬁcation, and how ecosystems will respond has stimulated signiﬁcant scientiﬁc interest. By the end of the century it is expected that p CO2 concentrations will increase to such an extent that global ocean pH may decline to approximately pH 7.6 (Orr et al., 2005). A reduction in pH of this scale at elevated p CO2
and decreased carbonate ion availability may impact on the physiology and associated
processes of marine calcifying invertebrates.
Previous investigations of reduced pH on marine invertebrates have determined that
metabolism in the form of oxygen consumption has a negative (Michaelidis et al., 2005),
positive (Thomsen and Melzner, 2010) or no correlation (Fernández-Reiriz et al., 2012;
Harris et al., 1999a) in response to pH decreasing to levels predicted for the coming
centuries. Therefore, it is diﬃcult to predict how certain species will respond to ocean
acidiﬁcation and there is need to study how the physiology of a wide range of organisms
changes in response to this stress.
Ocean acidiﬁcation is associated with an increase in p CO2 which alters seawater
chemistry, decreasing pH and the concentration of carbonate ions available for calciﬁcation. The increase in p CO2 causes environmental hypercapnia and the associated acidiﬁcation may put additional stress onto marine calciﬁers. Hypercapnia is thought to elicit
metabolic depression as a result of changes in acid-base regulation (Pörtner, 2008; Pörtner et al., 2004). Pörtner et al. (1998) suggested that extracellular pH (pHe) cannot
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be compensated for when exposed to environmental hypercapnia and that this triggers
metabolic depression. Further, organisms may need to re-allocate or upregulate energy
to compensate for the eﬀect of reduced pH and the decrease in saturation states of
ΩCalcite and ΩAragonite .
Metabolic depression has been reported in a broad range of marine invertebrates exposed to a variety of p CO2 and reduced pH conditions and is a process that prevents
fatal thermodynamic changes and cell death during exposure to abiotic stress (Guppy
and Withers, 1999). It was determined that jumbo squid (Dosidicus gigas ) metabolic
rate and activity levels were decreased by 31% and 45% respectively when pH was reduced 0.3 units below ambient through increasing CO2 levels (Rosa and Seibel, 2008).
The blue mussel (Mytilus galloprovincialis ) went into metabolic depression following
both short and long-term exposure to elevated p CO2 (Michaelidis et al., 2005). However, recent research surrounding commercially important shellﬁsh species has revealed
that hypercapnia/reduced seawater pH causes no aﬀect or, or even increases oxygen
consumption (Beniash et al., 2010; Fernández-Reiriz et al., 2012; Parker et al., 2012;
Thomsen and Melzner, 2010). Some studies have shown that calcifying species reduced, conserved or even increased growth and calciﬁcation under experimentally modiﬁed ocean acidiﬁcation conditions (Michaelidis et al., 2005; Ries et al., 2009).
Beniash et al. (2010) discovered Crassostrea gigas were able to maintain growth
rates under long-term hypercapnia, likely by elevating metabolism, however, calciﬁcation
and shell mechanics suﬀered signiﬁcant, negative impacts. Cummings et al. (2011) found
similar results, with the Antarctic bivalve Laternula elliptica showing upregulation of
calciﬁcation-speciﬁc enzymes. Other species such as cephalopods (Gutowska et al.,
2008), decapods (Ries et al., 2009) and ﬁsh (Checkley et al., 2009) have been found
to modify their metabolism as well as maintain growth and calciﬁcation. These groups are
higher order animals that are likely to fully or at least partially compensate for reduced
seawater pH/elevated p CO2 by regulating extracellular pH.
Increased CO2 seawater concentrations and associating reduced saturation of aragonite and calcite can impair shell deposition and increase dissolution compromising shell
integrity (Beniash et al., 2010; Doney et al., 2009; Melzner et al., 2011; Ries, 2011).
In addition, the biomineralisation process has associated energy costs (Palmer, 1992)
which likely contribute to metabolic costs of marine calciﬁers when shell or skeletal ma102

terial is lost due dissolution in corrosive seawater (Day et al., 2000; Wood et al., 2008).
Therefore, CO2 -induced reductions in seawater pH may have indirect negative eﬀects on
abalone by increasing metabolic costs and/or re-allocating energy away from processes
including growth and reproduction to combat dissolution pressure. This area of research
is not well understood in molluscs, and no research has been undertaken into the metabolic response of abalone to CO2 -driven reduced pH. Additional research is needed to
understand physiology of commercially important species under reduced seawater pH.
Research on abalone oxygen consumption or respiration has been undertaken on the
response to food, water movement, oxygen saturation, handling stress, light intensity,
starvation, salinity, temperature and pH through NaOH or HCl addition (Ahmed et al.,
2008; Carefoot et al., 1993; Edwards, 2003; Gaty and Wilson, 1986; Gómez-Montes
et al., 2003; Harris et al., 2005, 1999a,b; Ragg and Taylor, 2006; Taylor and Ragg,
2005). Overall, results vary depending on the stressor. Negative changes to abiotic
factors such as salinity, low oxygen, and low pH result in declines in oxygen consumption. On the other hand, prolonged starvation, increased water velocity, handling stress,
and increased light intensity and temperature can enhance oxygen consumption, and thus
metabolism in abalone.
The present study was undertaken to estimate the eﬀects of predicted ocean acidiﬁcation on the metabolism of two diﬀerent size classes of black-foot abalone, Haliotis
iris. Oxygen consumption rates of post-settlement and 30–40 mm juvenile H. iris were
investigated following 100 days of experimental exposure to three diﬀerent pH conditions predicted to occur within the next 100 years.

5.2

Materials and methods

Following 100 days of experimental exposure, ﬁve randomly selected individuals were
selected from each of three replicate tanks and size classes to record respiration rates.
A total of 15 post-settlement and 15 larger 30–40 mm juveniles per treatment were
selected. Feeding of test animals ended 24 h prior to the respiration experiments. The
temperature at the end of the 100 days was set as the experimental temperatures of
the water bath for autumn/winter (10 °C) and for spring/summer (17 °C) respectively.
The respiration rate of each individual H. iris was measured at pH treatments of 8.1
(ambient), 7.8 and 7.6.
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Oxygen sensors were two-point calibrated using 0% and 100% saturated seawater.
The 0% was obtained by dissolving 1-2 g of sodium sulphate in seawater, and 100% was
obtained by bubbling air through seawater for ﬁve minutes prior to calibration. After
acclimation, each individual abalone was transferred into a testing chamber that held
experimental 1µm ﬁltered seawater. Individuals were left in chambers for a minimum
of 20 minutes to acclimate and reduce the eﬀects of handling stress before airtight
lids which included magnetic stirrers were ﬁtted and oxygen bubbles carefully removed.
Each lid possessed an opening through which small glass vials with Presens Pst3 O2
sensors attached were pushed through and submerged in the seawater of each chamber.
O-rings around the bottom, top, and glass vial openings ensured chambers were airtight
once all components were ﬁtted. Each chamber was placed into a water bath set to the
required experimental temperature. O2 consumption measurements were taken over a
four hour period for each individual.
Total O2 used by each animal was calculated as the diﬀerence between the initial and
ﬁnal oxygen concentrations within the chambers. Water volume of each chamber was
measured at the end of each experiment to allow for the volume occupied by the abalone.
The O2 concentration (mgL−1 ) corrected for the volume of water was converted to an
hourly rate to provide the amount of O2 consumed per hour by each animal (µgO2 animal−1
hr−1 ). At the end of testing, ash free dry weight (AFDW) was calculated to express
respiration rates as the amount of O2 consumed by organic tissue. To calculate AFDW,
the diﬀerence was found between the dry weight and the ash weight of soft-tissue. Dry
weight was determined by carefully removing the ﬂesh of each individual from its shell
using a small blunt plastic blade and having it dried for a minimum of 48 h at 60°C. Ash
weight was determined by igniting the dry ﬂesh in a muﬄe furnace for 12 hours at 450°C.
Overall oxygen consumption by each individual abalone was expressed as the amount of
oxygen consumed per gram of organic tissue per hour (µgO2 g−1 (AFDM) hr−1 ).

Statistical analysis
All statistical analyses were carried out using R statistical software (R Development
Core Team, 2012). Initially two-way ANOVA’s were undertaken to calculate any statistical diﬀerences of O2 consumption rates between juvenile size classes and among pH
treatments. Tukey’s HSD test was used to compare O2 consumption rates between
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treatments and within each size class. All data was tested for normality using the
Shapiro-Wilk test and homogeneity of variances using the Levene’s test, and if data did
not meet the requirements of these tests, the data was transformed accordingly.

5.3

Results

Autumn/winter
For post-settlement juvenile abalone reared in autumn/winter ambient water temperature, mean respiration rates had high variation at 10 °C and ranged between 100.97
µgO2 g−1 (AFDW) hr−1 and 1138.96 µgO2 g−1 (AFDW) hr−1 with an average of 656.82
± 35.10 SE across treatments. On the whole, pāua from control treatments showed
lower average respiration rates in comparison to juveniles exposed to low seawater pH
(Fig.5.1). However, respiration rates of juveniles were not signiﬁcantly diﬀerent among
abalone reared at the diﬀerent pH levels (two-way ANOVA, F 2,84 = 0.55, p = 0.58).
Juvenile 30–40 mm respiration rates were signiﬁcantly lower than post-settlement juveniles, and 30–40 mm oxygen consumption ranged between 88.80 µgO2 g−1 (AFDW)
hr−1 and 398.09 µgO2 g−1 (AFDW) hr−1 with an average of 207.61 µgO2 g−1 (AFDW)
hr−1 ± 9.81 SE (two-way ANOVA, F 1,84 = 147.28, p < 0.01). Further, no interaction was found between size class and pH level (two-way ANOVA, F 2 , 84 = 0.104, p =
0.90). Tukey’s Post-hoc analysis showed no diﬀerences in respiration rates among treatments within each size class. Therefore, no aﬀect of pH was found on autumn/winter
respiration rates.

Spring/summer
Post-settlement juveniles reared at spring/summer temperatures had a 2-3 fold higher
average respiration rate in comparison to autumn/winter juveniles, with an average of
1443.87 µgO2 g−1 (AFDW) hr−1 ± 37.21 SE. Similarly, 30–40 mm juveniles had higher
oxygen consumption at spring/summer temperatures having an average respiration rate
of 767.79 µgO2 g−1 (AFDW) hr−1 ± 34.03 SE.
The oxygen consumption of post-settlement juveniles did not statistically diﬀer among
pH treatments, however, respiration rate did increase with decreasing pH showing the
same trend as the autumn/winter experiment (one-way ANOVA, F 2,45 = 0.852, p =
0.433, Fig. 5.2). Post-settlement juveniles had a signiﬁcantly higher respiration rate in
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Figure 5.1: Oxygen consumption rates of post-settlement and 30–40 mm Haliotis iris
juveniles exposed to diﬀerent pH levels at 10°C (autumn/winter) and normalised for ash
free dry weight (g). Mass speciﬁc diﬀerences in O2 consumption rate between juvenile
size classes reﬂect allometric eﬀects on metabolism. N = 3 replicates per treatment.
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Figure 5.2: Oxygen consumption rates of post-settlement and 30–40 mm Haliotis iris
juveniles exposed to diﬀerent pH levels at 17°C (spring/summer) and normalised for ash
free dry weight (g). Mass speciﬁc diﬀerences in O2 consumption rate between juvenile
size classes reﬂect allometric eﬀects on metabolism. N = 3 replicates per treatment.

comparison to 30–40 mm juveniles (two-way ANOVA, F 1,90 = 176.327, p < 0.01), although, there was no interaction between size and treatment (two-way ANOVA, F 2,90 =
0.617, p = 0.542). No consistent trend was seen for 30–40 mm juveniles, with abalone
reared at pH 7.8 having the highest respiration rate, again, pH had no aﬀect on oxygen
consumption (two-way ANOVA, F 2,90 = 0.48, p = 0.62, Fig. 5.2).
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5.4

Discussion

To further understand the eﬀects of ocean acidiﬁcation on marine calciﬁers, oxygen consumption rates of juvenile Haliotis iris were measured following long-term exposure
to reduced pH. Lowered seawater pH did not have a statistically signiﬁcant eﬀect on
oxygen consumption rates in juvenile H. iris. There was a diﬀerence in respiration rates
between size class with post-settlement H. iris having higher respiration rates per gram
of dry body weight in comparison to 30–40 mm juveniles. As expected, the metabolic
rates of all juvenile abalone were greater when exposed to spring/summer temperatures
in comparison to autumn/winter temperatures.
Previous ocean acidiﬁcation research on marine invertebrate physiology has had varying results including metabolic depression and upregulation, and also no observed change.
The general consensus is that during periods of stress (e.g. low seawater pH exposure),
organisms go through shifts in energy allocation and changes to their energy demand
(Pörtner, 2008; Pörtner et al., 2004). Results from the present study suggest that reduced pH has no eﬀect on oxygen consumption rate in juvenile H. iris at two diﬀerent
temperature ranges and size classes which is consistent with research on another abalone species. Harris et al. (1999a) found no eﬀect of pH on oxygen consumption of H.
laevigata until pH levels were below pH 7.3, although in that study, hydrochloric acid
(HCl) was used to modify seawater pH rather than CO2 . Carbon dioxide may have more
of a hypercapnic eﬀect on marine invertebrates, such as that reported in Michaelidis et al.
(2005) who reported metabolic depression in Mytilus galloprovincialis exposed to pH
7.3 through increasing p CO2 concentrations.
In regards to abalone, there is no recent research surrounding decreased seawater pH by increasing p CO2 on changes in basal metabolism. The majority of research
has been on bivalve molluscs. Recent research on these commercially important molluscs have shown a general increase in metabolic rate following long-term reduced pH
exposure (pH 7.5 - 7.9), and this has also been associated with upregulation of various metabolic and calciﬁcation-speciﬁc genes (Beniash et al., 2010). The paciﬁc oyster
Crassostrea gigas substantially increased oxygen consumption when exposed to pH 7.5
for a 20 week period (Beniash et al., 2010). Another commercially important mollusc,
Saccostrea glomerata, also elevated metabolic rate, however, over a shorter period of
time and a pH of only 7.8 (Parker et al., 2012).
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Changes to physiology under ocean acidiﬁcation may be species-speciﬁc, however,
diﬀerences have been found within and between species even at the same stages of
development. For M. galloprovincialis, Michaelidis et al. (2005) reported metabolic depression to prolonged exposure to reduced pH, whereas Fernández-Reiriz et al. (2012)
found no aﬀect of pH on oxygen consumption along with higher scope for growth in
mussels exposed to reduced seawater pH. On another blue mussel species, M. edulis
upregulated metabolic rate (Thomsen and Melzner, 2010). Parker et al. (2012) found
that wild adult Saccostrea glomerata had lower respiration rates compared to selectively bred, hatchery-reared adults, and also that selectively bred oysters increased their
metabolic rate signiﬁcantly more than wild oysters when exposed to low pH. These selectively bred oysters also responded more positively to reduced pH. Therefore, it is
diﬃcult to compare the results from the present study to that of previous research as
changes in physiology are likely to diﬀer greatly among life-stages and species.
Similar to the present study, for O2 consumption, Lannig et al. (2010) found no difference at an ambient temperature of 10 °C when C. gigas adults were acclimated to
elevated p CO2 . Pearl oysters also showed no observable changes to movement and
byssal production when exposed to reduced seawater pH suggesting normal physiological functioning (Welladsen et al., 2011). On the other hand, various studies have
found that ocean acidiﬁcation causes additive or synergistic responses to other stressors
(Byrne et al., 2013, 2011; Findlay et al., 2010; Kim et al., 2013; Watson et al., 2012).
Lannig et al. (2010) found that when temperature was increased above ambient conditions, reduced pH-acclimated oysters signiﬁcantly increased oxygen consumption while
when temperature was not increased there was no change to metabolism. In that study
oysters were exposed to reduced pH for 1-2 months, however, temperature increases
lasted for only 24-48 hours which could potentially elicit a stress response. As there
was no marked increase in the respiration rate at either temperature range in the present
study, metabolism may still be aﬀected by low pH when other stressors are applied
such as above ambient temperature conditions as in the study by Lannig et al. (2010).
Further, acclimation period may reduce the eﬀects of elevated p CO2 on metabolism in
some marine invertebrates.
The initial shock of a stress experiment may increase or decrease respiration rates,
however, as exposure time increases, animals may show greater acclimation or greater
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sensitivity. Cummings et al. (2011) and Michaelidis et al. (2005) found that diﬀerences
in respiration rates of bivalves widened as experimental exposure to lowered pH increased. The present study only investigated respiration rates at the very end of the
experiments so diﬀerences over time could not be compared. In regards to abalone,
metabolic activity is thought to be higher once added to an experimental system due to
the stress caused by handling and a new environment (Ragg et al., 2000; Wright, 2011).
As discussed earlier in chapter 3, post-settlement juvenile pāua grew signiﬁcantly
less and deposited lighter shells in comparison to 30–40 mm juveniles under reduced
seawater pH. Previous work has reﬂected that growth and calciﬁcation diﬀerences
sometimes occur with changes to metabolic rates, upregulation of metabolism-related
enzymes and changes to the expression of genes involved in the calciﬁcation process
(Huning et al., 2012; Liu et al., 2012; Stumpp et al., 2011a; Zippay and Hofmann,
2010). The present study found no aﬀect of pH on oxygen consumption, and this may
reﬂect the fact that abalone may struggle to change energy allocation or increase energy
expenditure during exposure to reduced seawater pH and therefore grow and calcify
less.
It is possible ocean acidiﬁcation impacts on other physiological mechanisms other
than O2 consumption in H. iris. Zippay and Hofmann (2010) found that diﬀerent stages
of Haliotis rufescens larvae reduced thermal tolerance following exposure to reduced
pH (pH 7.87), however, biomineralisation-related gene expression was unaﬀected. Reduced thermal tolerance following acidiﬁcation exposure has also been reported in larval sea urchins (Strongylocentrotus franciscanus, O’Donnell et al., 2008), along with
downregulation of biomineralisation related gene expression in another urchin species
(Lytechinus pictus, O’Donnell et al., 2010), pearl oysters (Liu et al., 2012), paciﬁc
oysters (Beniash et al., 2010) and also the Antarctic bivalve Laternula eliptica (Cummings et al., 2011). M. edulis suppressed its immune response when exposed to seawater acidiﬁcation suggesting an increase in the susceptibility to disease (Bibby et al.,
2008). The diﬀerences in pāua growth and calciﬁcation processes reported in earlier
chapters may be at least partially due to some of the physiological changes found in
previous research that are promoted by elevations in p CO2 .
Juvenile abalone may reallocate energy away from shell growth and calciﬁcation focussing on somatic growth and other functions needed for survival, although energy
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reallocation is possible, increases in energy expenditure as measured by respiration
rate did not occur, which contrasts to the response of other molluscs. Parker et al.
(2012) suggested elevations to organism metabolic rate in response to reduced seawater pH/increased p CO2 maybe one of the mechanisms responsible for resilience to
ocean acidiﬁcation by oysters because higher metabolic rates beneﬁt ion and acid base
regulation, protein synthesis and scope for growth (Pörtner, 2008).
Byrne (2011) found that abalone larvae are unable to form shells under low seawater pH which leads to unsuccessful metamorphosis to the juvenile stage, therefore
suggesting abalone may be especially susceptible to climate change. The results of the
present study also support the sensitivity of abalone to reduced pH as juveniles are
unable to compensate metabolically for the induced stress resulting in lower growth,
calciﬁcation, and negative changes to the integrity of the juvenile shell.
According to the results presented here, the general hypothesis of metabolic depression or upregulation for marine invertebrates exposed to elevated carbon dioxide
does not appear to juvenile Haliotis iris. The experimental reductions in saturation states
which may require more energy to produce or maintain shell, and the pH level may not
have been enough to result in a variation in the oxygen consumption of juvenile abalone. Potentially, if the pH decrease was more intense, the treatment eﬀect may well
be more pronounced. On the other hand, intensifying the level of p CO2 and reducing
the pH further would put experimental conditions beyond those of what is predicted for
future ocean conditions, although, knowledge of critical limits related to carbon dioxide
and pH levels would be of importance for aquaculture purposes. From the results of
the present study it is concluded that juvenile abalone are unable to increase metabolic
rate to cope with the eﬀects of lowered seawater pH. Therefore, juvenile abalone may
be especially susceptible to both acidiﬁcation due to respiration in culture systems, and
those predicted in near-future ocean acidiﬁcation scenarios.

Summary of results
1. Oxygen consumption of juvenile H. iris increased with increasing temperature.
2. Post-settlement juveniles displayed higher oxygen consumption rates in comparison to larger 30–40 mm juvenile H. iris.
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3. There was no eﬀect of reduced seawater pH on oxygen consumption, suggesting
abalone juveniles are unable to metabolically compensate for pH change.
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Chapter 6

General discussion
The processes by which organisms deal with environmental stress diﬀer among, and
even within species. Taking into account biological (e.g. growth and biomineralisation)
and physiological (e.g. metabolism) responses help us to understand how and why an
organism reacts to a particular stress. Responses of marine organisms to reduced seawater pH vary in terms of their biology and physiology (see review by Kroeker et al.,
2013), and the way in which they respond gives us insight into whether or not they are
vulnerable to future ocean change.
Chronic exposure to high p CO2 and low pH (>1500 ppm or <pH 7.5) has resulted in
reduced growth and calciﬁcation, and metabolic depression which is thought to promote
increased mortality (Michaelidis et al., 2005). Other studies using moderate, long-term
reductions in seawater pH have observed reduced shell growth and calciﬁcation, however, metabolism is increased and somatic mass is conserved, and the reason for this
is thought to be higher maintenance requirements for cellular homeostasis and energy
re-allocation (Beniash et al., 2010; Cummings et al., 2011; Melzner et al., 2011; Thomsen and Melzner, 2010). The mechanisms behind these ﬁndings likely result from low
degrees of saturation in respect to calcium carbonate at high p CO2 that slow the rate
or alter the mechanism of shell deposition and increase the rate of shell dissolution.
Additionally, energy deﬁciency caused by greater costs of calciﬁcation and acid-base
regulation force energy to be diverted away from growth and towards basal maintenance, therefore, reducing the overall growth of the organism in question. The way in
which an organism responds to reduced pH stress likely depends on their environment
and life history.
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In a study by Parker et al. (2012), metabolism and oﬀspring success of selectivelybred oysters for disease resistance and wild oysters (not disease resistant) was compared following exposure to pH 7.8 (0.3 units below ambient). Selectively bred oysters
responded with higher oxygen consumption rates (36% upregulation of metabolic rate
compared to 14%) and greater oﬀspring success (selectively bred oysters produced
larger faster growing oysters at elevated p CO2 ) in comparison to oysters from wild
populations and Parker et al. (2012) suggested that a higher metabolic rate may provide
selectively bred oysters with faster and more eﬃcient compensation to disturbances
of homeostasis. Further, it was suggested that elevated metabolic rate by Saccostrea
glomerata is a potential mechanism that could contribute to the resilience of oysters and
other species to future ocean change.
The responses of juvenile Haliotis iris in the present study diﬀered somewhat to
earlier literature. Post-settlement juvenile growth and biomineralisation was greatly reduced at both moderate and more extreme reductions of seawater pH. Older juveniles
were more robust, with limited signs of negative eﬀects on biomineralisation, however,
growth was still substantially reduced following exposure to pH 7.8 and pH 7.6. Somatic mass and oxygen consumption of juveniles was not aﬀected by reduced pH which
may be the result of energy re-allocation towards soft-tissue maintenance away from
growth and calciﬁcation. Further, these results lead to the proposal that H. iris juveniles
do not upregulate metabolism to compensate disturbances to homeostasis and biomineralisation suggesting, H. iris may fail to adapt or show lower resilience to a changing
ocean.

6.1

Summary of results

The present experiment found that juvenile Haliotis iris growth and calciﬁcation processes were negatively aﬀected by reduced pH to pH 7.8 and 7.6 whereas metabolism
in the form of oxygen consumption was unaﬀected (Fig. 6.1). Sensitivity to reduced seawater pH decreased with increasing size, as the negative eﬀects on growth, and shell
characteristics were much greater for post-settlement juvenile H. iris in comparison to
30–40 mm juveniles.
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Figure 6.1: Schematic diagram summarising the ﬁndings of the eﬀect of ocean acidiﬁcation on growth, calciﬁcation processes and metabolism of juvenile black-foot abalone,
Haliotis iris.

Survival and growth
Post-settlement survival was generally lower in comparison to larger juveniles, but there
did not appear to be a direct eﬀect of reduced pH on the survival of juvenile H. iris.
However pH reduction did have sub-lethal eﬀects on juvenile abalone.
Reduced pH through the increase of p CO2 signiﬁcantly decreased relative growth
rates for both shell length and whole wet weight, however, somatic (dry soft-tissue)
mass was unaﬀected suggesting that a growth delay in juvenile abalone exposed to
low pH conditions occurred. Diﬀerences in growth rates were also higher and more
consistent at the warmer temperature range and this is likely due to the cold winter
temperatures reducing oxygen consumption and growth. Larger juveniles grew very little
during autumn/winter, and diﬀerences were signiﬁcant, although only by a 1% change in
length growth, and there were no clear trends or diﬀerences in weight gain.
The eﬀects of reduced seawater pH on abalone growth appeared to increase with increasing exposure time for both size classes of juveniles, suggesting that juvenile abalone
may not be able to adapt to ocean acidiﬁcation pressures. This trend was not that apparent for juveniles reared at autumn/winter temperatures, however, at spring/summer
conditions the negative eﬀects of reduced pH on growth were more apparent with increasing duration of the experiment.
Growth of post-settlement juveniles was more sensitive to pH change in comparison
to larger juveniles. Sensitivity to pH change decreases with increasing size suggesting
that younger individuals may be more susceptible to ocean change in the future and could
be linked to ontogenetic diﬀerences in protective strategies and physiology such as acidbase regulation and biomineralisation.
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Shell deposition, microstructure, mineralogy and repair
Reduced pH signiﬁcantly decreased shell deposition in post-settlement juveniles at both
temperature ranges studied, but did not aﬀect 30–40 mm juveniles at the autumn/winter
temperature. Sensitivity of shell deposition to pH appeared to decrease with increasing
size (age) of H. iris juveniles. Shell deposition of larger juveniles reared at spring/summer
seawater temperature was unaﬀected by pH change.
Post-settlement juvenile shell microstructure was severely aﬀected by reduced pH
in comparison to larger juveniles. The outer calcitic layer was corroded in large portions
of the post-settlement shell, especially the umbo region. The inner aragonite layer of
the shell also showed signs of corrosion/dissolution under reduced pH, however, this
was not as prevalent as what was occurring on the outer layer, which is likely due to
the inner nacreous layer being in direct contact with the mantle while the outer layer is
directly exposed to the corrosive seawater. Again that post-settlement juveniles were
more sensitive to pH supports what was found for growth and shell deposition.
Post-settlement juvenile shells reared at pH 7.6 in spring/summer were lower in calcite weight percentage (by 15%) and lower in overall shell deposition in comparison to juveniles. Direct interpretation of this result leads to the conclusion that post-settlement
juveniles are depositing shell with a higher aragonite content which contrasts previous
research. Although this may be possible, the results from the microstructure section
suggest the calcite layer is dissolving at a much faster rate than the inner aragonite layer
as the calcite is in direct contact with the low pH seawater. Autumn/winter shells were
not analysed under the SEM or for mineralogy and because saturation states in respect
to calcium carbonate reduce with decreasing temperature and less energy is available
(due to the eﬀects of temperature on metabolism), the eﬀects of pH on the shell of
juveniles may have been greater in comparison to the results from the spring/summer
experiment.
Direct comparison of mineralogy between small and large size classes of juveniles is
not possible due to the diﬀerent shell sections used (whole shell for post-settlement
and new shell for 30–40 mm juveniles). However, there was no diﬀerence in the shell
mineralogy of 30–40 mm new shell which is consistent with SEM images that found few
signs of dissolution.
Shell damage reduced growth in terms of shell length but not shell weight, and when
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coupled with reduced seawater pH the growth reduction was greater. Electron microscopy showed that after 70 days shell repair was slower and even incomplete when
shell-damaged juveniles are exposed to reduced levels of pH. Repair zones appeared
cracked and the underside of the repair was covered with a brown protein layer. This
diﬀered in comparison to juveniles not exposed to pH stress, where the repair zone was
not cracked and the underside of the repair zone was primarily nacre (aragonite platelets).

Respiration
Post-settlement juvenile abalone had higher O2 consumption rates in comparison to larger juveniles and as expected, respiration rate was higher for the spring/summer experiment in comparison to the autumn/winter experiment. Experimentally reduced pH had no
aﬀect on the O2 consumption of juveniles. This result suggests that metabolism is unaffected by pH change in juvenile abalone, however, it is possible that juveniles are unable
to upregulate their metabolism to cope with the environmental change which is reﬂected
by responses including, reduced growth, shell deposition, shell repair, and changes to
shell microstructure and mineralogy. The result is somewhat surprising however, because abalone were fed ample food providing resources for increased energy demand.
Other physiological mechanisms may also be impaired such as the expression of biomineralisation related genes that would in turn reduce calciﬁcation and repair (Todgham and
Hofmann, 2009).

6.2

Implications

Environmental and ecological considerations
This study was primarily applied-driven towards the future security of abalone aquaculture in the face of climate change and to highlight the importance of pH control in mollusc
aquaculture. However, results of this research also have important ecological implications.
The negative impacts reported here in response to future predicted ocean acidiﬁcation scenarios, speciﬁcally on post-settlement juvenile H. iris, have the potential to alter
abalone populations. Reduced pH slows growth, and smaller individuals are likely to
be more vulnerable to predation and physical disturbance such as high wave action. Fur117

thermore, slower growth means increased time taken to recruit into the adult population.
The mollusc shell is required for protection, and therefore lower shell integrity and an
impaired repair process under acidic conditions would again make this species more vulnerable to predation and physical disturbances in a rugged coastal environment reducing
survival (Hunt and Mullineaux, 2002). These changes to survival at early stages have
the potential to translate to large variations in adult populations.
Research shows other marine benthic calciﬁers, particularly grazers and ﬁlter-feeders
(urchins, abalone and bivalves) that occupy coastal reefs are at risk to ocean acidiﬁcation, which may cause major changes to benthic assemblages in the future. Many marine grazers such as abalone and urchins inhabit coastal regions high in macroalgal cover.
Ocean acidiﬁcation has the potential to reduce grazer populations and therefore increase
the abundance of macroalgae, and this is supported by an ecosystem mesocosm experiment by Asnaghi et al. (2013). Ecological interactions will likely be highly complex under
an acidic ocean, and predictions are very diﬃcult.

Applied considerations
This research not only addresses the potential eﬀects of ocean acidiﬁcation on marine
calcifying organisms and on industries that produce and rely on such animals (ﬁsheries
and aquaculture), but it also highlights the importance of monitoring and controlling pH in
aquaculture systems (high-density or water reuse systems) where water quality changes
are likely to occur regularly due the cultured animals biology (e.g. O2 decreases, and
CO2 and ammonium production).
Reduced pH levels to pH 7.6 do not appear to directly decrease survival of abalone
at post-metamorphic life stages. This study did ﬁnd, however, that pH 7.8 and lower
will substantially reduce growth. Therefore, it is essential to maintain pH at least above
approximately pH 7.9. Smaller size classes of abalone are the most critical as they
can only tolerate small changes to pH as shown by their increased sensitivity of growth
and biomineralisation in comparison to larger juveniles. Therefore, it is essential for
animal health and the viability of abalone farming to keep pH levels at least between 8.0
and 8.25 for best results. Because sensitivity to pH decreases with increasing size of
abalone, tight water quality control could be geared towards those smaller juvenile and
larval stages and limits could be more ﬂexible for larger individuals.
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Under a future-predicted acidiﬁed ocean, abalone farmers using ﬂow-through systems may notice declines in growth and health of stocks no matter how much seawater
they are pumping through their system. Therefore, dosing with alkaline chemicals may
be useful to increase pH and maintain growth rates. Vivanco-Aranda et al. (2011) found
that growth rates of red abalone were higher in re-circulating systems in comparison
to ﬂow-through, and the only diﬀerences were slightly higher alkalinity and pH as the
recycled seawater was dosed with sodium bicarbonate. In addition, high levels of respiratory CO2 produced by abalone reduces pH and decreases growth rates, and a study
on South African abalone reported growth increases when dosing seawater with sodium
hydroxide (NaOH− ) in a high-density system (Naylor et al., 2013). Another study also
found that larval oyster growth was more dependent on carbonate ion levels in comparison to pH and aragonite saturation state (Gazeau et al., 2011).
To the abalone aquaculture industry, it is recommended pH be controlled in association with temperature, oxygen and ammonia levels to promote optimal growth and
market proﬁt. The pH of aquaculture systems should be maintained near pH 8.1 for H.
iris, and this could be done through a combination of degassing and dosing with alkaline
chemicals to reduce p CO2 and increase the saturation states of calcium carbonate. Further research into increasing pH above current ambient levels would be of interest as
this may promote faster growth.

6.3

Future directions

The present study has given rise to some areas surrounding future ocean acidiﬁcation
and aquaculture research on commercially important calcifying species.
Ontogenetic changes in the sensitivity of diﬀerent life stages of aquaculture species
to water quality parameters would be of industry interest. Speciﬁcally, research into
sub-lethal levels of pH, O2 , ammonium and other parameters. It is likely that sensitivity to these parameters decreases with increasing size, however, it would be useful
to identify critical values for certain species, life-stages and size-classes to optimise
production and economic gain.
The present study only investigated the eﬀects of reduced pH on post-settlement
and 30–40 mm juveniles for 100 days. Although the study was experimentally longterm, it did not take into account the eﬀects of ocean acidiﬁcation on fertilisation and
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larval development, or how exposure at early-life stages carry over to later stages of
development. Therefore, it is possible results could be overestimated or underestimated depending on how exposure at larval stages changes the responses of juveniles
to ocean acidiﬁcation. The responses of abalone juveniles could exacerbate when they
are exposed to reduced pH at the larval stage (Hettinger et al., 2012), or adult exposure to elevated CO2 could improve resilience to low pH conditions of oﬀspring (Parker
et al., 2012). Clearly, trans-life stage studies could yield interesting results and would
provide very valuable information from an ecological perspective to how species at the
whole population level will respond to environmental stress.
Ocean acidiﬁcation will not occur as a stressor on its own and it is therefore important to undertake multiple stressor studies where possible. Abiotic factors include
global warming, changes to O2 concentrations, salinity (important for estuarine species),
nutrient enrichment, pollutants and many more. From an aquaculture perspective, the interaction of ammonium and pH would be of interest and really highlight the importance of
water quality management. Organisms will be exposed to a range of diﬀerent stressors
in the future, and it is important to see how these organisms will respond so that eﬀective management strategies can be put in place to protect ecosystems and industries in
the future.
Ecosystem approach to ocean acidiﬁcation is another area requiring further research.
Determining grazer/algal/ﬁlter-feeder/water quality interactions in mesocosm experiments could identify how communities will respond to ocean change since not only are
calcifying molluscs and echinoderms aﬀected by ocean acidiﬁcation, but the increase in
CO2 and temperature will impact a wide range of organisms including phytoplankton,
algae and ﬁsh.
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Appendix

Data from x-ray diﬀractograms of the shell carbonate mineralogy of Haliotis iris. Table
A.1 and A.2 provide peak locations and heights used to calculate calcite, aragonite and
magnesium calcite weight percentages in individual shells and shell sections from ambient
and pH 7.6 pH treatments.

Table A.1: Post-settlement juvenile Haliotis iris whole shell peak locations and heights
from X-ray diﬀraction.
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Table A.2: 30–40 mm juvenile Haliotis iris whole shell peak locations and heights from
X-ray diﬀraction.
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