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Abstract
Future Ocean acidification (OA) has the potential to negatively affect marine ecosystems and
the organisms they support, with the early life-history stages particularly sensitive to reduced
seawater pH and carbonate saturation states. Most marine organisms reproduce through an
indirect lifecycle, which includes a free-swimming larval stage. In benthic or sessile taxa, the
lifecycle is marked by the larval settlement and metamorphosis processes. Here, at the end of
the free-living (generally planktonic) stage, larvae selectively search for a preferred settlement
substrate for attachment, with metamorphosis occurring before or after it. Larval settlement and
metamorphosis are arguably the most important processes in the life cycle of marine
invertebrates, since they determine and optimize the final location of the organisms. Altered
larval settlement rates will therefore influence the ecology, abundances and distributions of
future coastal communities.
The aim of this thesis was to investigate whether OA could affect the larval settlement success
of marine invertebrates, and whether these impacts would be mediated through direct, indirect
or carry-over mechanisms. Three key New Zealand coastal marine invertebrates were used as
model organisms: the sea urchin Evechinus chloroticus, the black-footed abalone (Haliotis iris)
or pāua and the serpulid polychaete Galeolaria hystrix.
Direct effects of OA occur through altered larval behaviour or physiology at the time of
settlement in such a way that settlement success is affected. Direct effects of OA were
investigated in E. chloroticus and H. iris, by exposing competent larvae to reduced seawater
pH during settlement (Chapter 2). Settlement success in E. chloroticus was unaffected under a
range of pH treatments (pHT 7.0 to ambient). Similarly, no direct effects were observed in the
abalone H. iris when left to settle in reduced seawater pHT (7.65).
Exposure to OA could affect the settlement substrates or cues in such a way that it could
indirectly alter the settlement success. Indirect effects of OA were tested in E. chloroticus, H.
iris and G. hystrix (Chapters 2, 3 and 4, respectively). Settlement success in E. chloroticus was
unaffected in presence of crustose coralline algae (CCA) pre-conditioned under reduced
seawater pHT 7.7 for 28 days. Similarly, settlement success in H. iris was unaffected when
presented with CCA-covered settlement tiles incubated at reduced seawater pHT 7.65 for 171
days. However, settlement success in competent G. hystrix was altered in presence of marine
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biofilms incubated in a range of six pH treatments (pHT 7.0 to ambient) for 7, 10 and 14 months,
although the mechanisms behind it could not be discerned. This study revealed clear shifts in
the marine biofilm community composition, at both eukaryote and prokaryote levels.
Carry-over effects due to exposure to OA during larval life were investigated and found in H.
iris (Chapter 3). Larvae reared under reduced pHT (7,80) showed lower settlement success than
their counterparts reared under ambient levels of pH.
Given the importance of marine invertebrates in coastal ecosystems, it is important to
understand how ocean acidification, alone or in combination with other stressors, could affect
early-life stages of coastal species. This will help us predict the effects on settlement and
recruitment rates of coastal marine invertebrates, which in turn regulate their abundances and
distributions in coastal environments. This could cause important changes on the population
biology and life-histories of keystone species, which could have negative top-down or bottomup effects on the fragile balance of coastal ecosystems. Similarly, altered settlement rates of
commercially important species could impact the recruitment success and therefore the
economic revenue and production outcomes the aquaculture industry and wild fisheries rely on.
Overall, this thesis contributes to a better understanding of the potential effects of OA on the
larval settlement of marine invertebrates. Furthermore, the main observations of this thesis
support the notion that the effects of OA will most likely be taxa-specific and be associated
with the settlement selectivity in a particular species or group.
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Thesis goals and outline
The main aim of this thesis was to investigate the effects of ocean acidification (OA) on the
larval settlement of key coastal marine invertebrates. This was addressed under four specific
aims, to:
1) Summarise the existing literature regarding OA and larval settlement and to identify
knowledge gaps knowledge in the research;
2) experimentally determine how reduced seawater pH and future ocean acidification may
affect the larval settlement of marine invertebrates;
3) test whether settlement responses to reduced pH could be mediated through direct,
indirect or carry-over mechanisms;
4) identify the need for further direction of research in the field.
For the investigations carried out in this thesis, I used three key coastal marine invertebrates
with cultural, economic and ecological importance in New Zealand: the sea urchin Evechinus
chloroticus, the black-footed abalone or pāua (Haliotis iris), and the serpulid polychaete
Galeolaria hystrix.
The chapters of this thesis are organised as outlined below.
Chapter 1 reviews the literature currently available regarding studies pertaining to OA and
larval settlement of marine invertebrates. This chapter identified several gaps of knowledge in
the field and research directions to advance knowledge in the area. This served as a guide for
investigations carried out in this PhD research. The review paper that evolved from this chapter
was published in Marine Ecology Progress Series in November 2018.
Chapter 2 studies direct and indirect effects of reduced seawater pH on the larval settlement
of the New Zealand sea urchin Evechinus chloroticus. The manuscript that forms chapter 2 is
currently under review in the peer-reviewed journal Marine Environmental Research.
Chapter 3 investigates direct, indirect and carry-over effects of reduced seawater pH in
competent larvae of the black-footed Abalone (Haliotis iris) or pāua.
Chapter 4 explores whether marine biofilms incubated under different levels of reduced
seawater pH over a period up to 60 weeks induce differential settlement responses on the
xvii

serpulid polychaete Galeolaria hystrix. In addition, the microbial community composition of
the incubated biofilms is characterized through amplicon sequencing of the small subunit
ribosomal rRNA gene (16S and 18S). Finally, this chapter investigates whether changes in
settlement outcome could be related with a shift in microbial community composition.
Chapter 5 summarises the findings of the preceding four chapters and discuss these findings
in relation to previous research and the wider ecological implications.
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Chapter 1:
Effects of ocean acidification on the settlement and
metamorphosis of marine invertebrate and fish larvae: a review

Abstract
Most marine organisms present an indirect lifecycle, where a planktonic larval stage reaches
competency before settling to the substrate and metamorphosing. Despite the critical
importance of these early life history stages, little is known about how global change-related
stressors, in particular ocean acidification (OA), affect marine larval settlement and
metamorphosis. Thus far 48 studies have investigated the effects of OA on larval settlement,
focussing mostly on tropical corals (16), echinoderms (11) and fish (8). Most studies show
negative effects of OA during settlement and post-settlement processes. For instance, reduced
settlement is typically seen along natural pH gradients and in experimentally lowered pH
treatments. This generally resulted in reduced settlement selectivity and metamorphosis and
poorer post-settlement fitness. Carryover effects of OA exposure can also occur, with larval
environmental history influencing early post-settlement performance. We conclude that OA
may: (1) alter larval supply for settlement by altering horizontal swimming behaviour or vertical
migration; (2) directly influence settlement success through changes in the nature and
distribution of suitable settlement substrates (e.g. biofilm, CCA), and; (3) mediate carryover
effects at settlement by altering larval development or larval energy budgets. In contrast to fish
larvae, there is little evidence for most invertebrate larvae that their perception of settlement
cues is directly influenced by reduced pH. A summation of how OA affects the settlement and
metamorphosis of marine invertebrates is timely, since altered settlement rates will influence
the future distributions, abundances and ecology of marine benthic communities.
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Introduction
Since the start of the industrial revolution, an additional 555 Pg of carbon has been released
into the atmosphere, of which an estimated 155 pg C (≈30%) has entered the ocean (Stocker et
al., 2013). The rise in atmospheric CO2 and other greenhouse gases has resulted in a global
increase in average sea surface temperatures and a reduction in seawater pH (Caldeira and
Wickett, 2005). This process, termed ocean acidification (OA), is predicted to further decrease
average surface ocean pH by 0.2 to 0.4 pH units by the year 2100 (IPCC 2013).
Acidification is predicted to have negative consequences for most marine organisms, (see
reviews by Kroeker et al. 2010, Kroeker et al. 2013a, Wittmann & Pörtner 2013), and a number
of published reviews have discussed the deleterious impacts on key invertebrate groups such as
molluscs (Byrne 2010, Gazeau et al. 2013), echinoderms (Byrne 2010, Dupont et al. 2010,
Byrne 2011, Byrne et al. 2013, Dupont & Thorndyke 2013) and corals (Hoegh-Guldberg et al.
2007, Klypas & Yates 2009). These reviews have primarily drawn upon laboratory studies
examining the response of marine species at the physiological and organismal level, with
observations often used to predict responses to global change at the population and community
levels. In addition, field studies at CO2-vent sites have shown responses consistent with those
seen in the laboratory (i.e. Hall-Spencer et al. 2008, Fabricius et al. 2015, Lamare et al. 2016,
Foo et al. 2018). However, to fully understand and predict the response of marine species to
global change it is also necessary to identify the most vulnerable life stages and/or life-history
processes and bottlenecks (Hofmann et al., 2010). This is especially important for marine
organisms that have a complex lifecycle involving a longer-lived benthic adult stage, and a
shorter-lived planktonic larval stage, as these early life history stages are often thought to be
the most sensitive to OA and warming (Hofmann et al. 2010, Byrne 2011, Przeslawski et al.
2015, Byrne et al. 2017).
The transformation from a planktonic larva to a benthic juvenile is a complex process involving
progressive steps from the pre-settlement phase (processes that bring larvae to the site of
settlement), to the settlement (the exploration, selection, attachment and metamorphosis) and
post-settlement stage (early juvenile growth and survival) (Gosselin & Qian 1997, Hunt &
Scheibling 1997). Most marine species (at least 70% of all marine invertebrates) broadcastspawn their gametes into the water column for external fertilisation, with subsequent planktonic
development of a free-living larval stage (indirect development) followed by settlement
(Thorson 1950). Despite the fact that altered settlement rates can shape future distributions,
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abundances and ecology of marine benthic communities, little is known about how acidification
impacts this transitional process, and the degree to which effects on larval development
influence their settlement behaviour and success. Hence, in this review we identify the most
likely impacts of OA on larval settlement and metamorphosis (Figure 1.1), and give a
perspective on the key responses of the settlement stage to this environmental change.

PRE-SETTLEMENT

SETTLEMENT &
METAMORPHOSIS

EARLY
POST-SETTLEMENT

Altered larval transport
Delayed larval development
Altered larval physiology and/or behavior – loss of percepEon
Larval mortality
Changes in seIlement substrates/cues (CCA, bioﬁlms, etc)
Changes in boundary layers
Reduced growth
Reduced survival
Carryover eﬀects
Credit: J.C Espinel

Figure 1.1 Potential effects of ocean acidification (OA) on pre-settlement, settlement and post-settlement processes in marine
species with complex lifecycles (i.e. those with a free-living larval phase). OA can cause direct effects (grey arrows), indirect
effects (white arrow in the middle), or carryover effects (white arrow at the bottom). Direct effects influence the larval
physiology or behaviour in such a way that the settlement success will be altered either during pre-settlement processes (i.e.
changes in swimming ability or substrate recognition) or during the settlement processes themselves (i.e. changes in larval
physiology or behaviour, i.e. larvae not being able to attach). Altered neurosensory structures as well as altered
neurotransmitters or signalling pathways are some of the mechanisms that could be directly altered by OA. Ontogenetic
mechanisms that induce larval behavioural changes necessary to migrate to specific settlement areas (phototaxis, geotaxis, etc.)
might also be affected. Indirect effects caused by changes in settlement substrates or their associated chemical cues (i.e. changes
in community composition in marine biofilms or crustose coralline algae crusts) will impede or delay the settlement process
itself. Carryover effects influence the settlement success by altering the energy reserves of the larvae due to the larvae being
exposed to elevated pCO2 during their larval development. Altered larval energy levels at the settlement stage might alter or
delay settlement, while low energy levels at the time of metamorphosis could compromise the survival and fitness of newlysettled individuals.

As prior reviews have examined the effects of OA on the early development and settlement
(Ross et al., 2011), early life stages (Kurihara 2008, Byrne et al. 2011) and sensory function of
marine organisms (Ashur et al., 2017), here we specifically focus on outcomes for settlement
success. We define settlement as the moment when larvae attach to the substrate (both reversal
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and irreversible), and metamorphosis as the irreversible change from the larval form to the
juvenile form that includes a “set of events and morphogenetic changes which allow the
attached larvae to acquire features appropriate to its new life” (Rodriguez et al. 1993). With
respect to early post-settlement processes, we refer to juvenile stages immediately after
metamorphosis (i.e. within days of settlement).
A search of all databases in Web of Science (up to March 2018) using the keywords “ocean
acidification”, “settlement”, ‘larvae” “invertebrates” and “fish”, connected with “OR” and
“AND”, identified 48 publications from which we extracted data on taxa, life-stage(s),
measured parameters, levels of pCO2 tested (or reported pH levels – the pH scale up to two
decimals is indicated throughout the manuscript unless unreported in the original study),
responses observed and biogeographic region. To date, most published research has focused on
settlement (39 studies), with fewer studies assessing early post-settlement processes (22
studies) or carryover effects (4 studies) (Figure 1.2). Most studies have examined responses in
Cnidaria (only tropical corals), with the settlement response of many key benthic taxa being
significantly understudied (e.g. molluscs, crustaceans) or largely overlooked (e.g. sponges).
Within the broad-scale phases of pre-settlement, settlement and early post-settlement, we
examine a number of key mechanisms that could be altered by OA (Figure 1.1, Figure 1.3) and
discuss implications for future population dynamics. We also identify future research priorities
needed to enhance our understanding of how OA will affect settlement processes in the marine
environment. The tables presented in Appendix 1 summarise the studies that explore aspects of
the effects of elevated pCO2 on settlement (or recruitment) of marine organisms for different
taxonomic groups. Table A1.1 presents an overview of field studies at CO2 vents. Tables A1.2
and A1.3 gather information on single stressor (A1.2) or multiple stressors (A1.3) laboratory
studies.

6

Arthropoda

Bivalvia

Bryozoa

Cnidaria

Echinodermata

Fish

Gastropoda

Polychaeta

40

Number of studies

35
30
25
20
15
10
5
0
Pre-se&lement

Se&lement

Post-se&lement

Carryover

Settlement processes
Figure 1.2 Studies published examining the effects of ocean acidification on the pre-settlement, settlement, post-settlement
and carryover processes in marine invertebrates and fish. Some studies focus on more than one species, and/or on more than
one process associated with settlement. This analysis does not include studies that were carried out in naturally occurring CO2
vents, since these studies focused on recruitment (often on artificial substrates) that do not differentiate different settlement
processes. A total of 48 published studies are represented in the figure.
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A. PRE-SETTLEMENT PROCESSES

INDIRECT EFFECTS

DIRECT EFFECTS

-

Embryonic and larval development
Larval development ê
Increased planktonic larval dura3on (PLD)

Larval transport - Larval swimming ability
Fish - Dolphinﬁsh (Coryphaena hippurus) ê
Echinoderms
- Britle star (Amphiura ﬁliformis) ê
- Sand dollar (Dendraster excentricus) çè
- Sea urchin (S. purpuratus) çè or é
Bryozoans
- Bryozoan Bugula neri=na é

B. SETTLEMENT PROCESSES
Substrate percep=on and selec=vity

Fish
- Amphiprion percula ê
- Damselﬁsh (Pomacentrus spp) ê
- Barramundi (Lates calcarifer ) ê
- Painted goby (P. pictus) ê
- Chromis viridis ê
Crustacea
- Stenopus hispidus ê

Se?lement rates & metamorphosis success
Corals
- A.Palmata, A. digi=fera & A. gemmifera ê
- A. spicifera & Porites astreoides çè
- A. millepora & A. tenuis êor çè
- Porites panamensis çè
Echinoderms
- S. droebachensis and A. lixula çè
- P. lividus & H. erythrogramma ê
- Acanthaster planci ê
Bivalves
- Macoma balthicaê
Arthropods – barnacles
- A. amphitrite & B. amphitrite çè
Bryozoans
- Bugula neri=na ê
Se?lement substrates
Changes in bioﬁlm community structure
- In laboratory condi3ons
- In natural pH gradients
Changes in bioﬁlms on CCA
- Alphaproteobacteria &Bacteroidetes ê
- Proteobacteria é
- Coral larval seNlement ê
Changes in CCA composi=on
- Coral (A. millepora) larval seNlement ê
Substrate (CCA) condi=oning
- CCA abundance çè
- Coral (A. selago) larval seNlement ê
Substrate (CCA) condi=oning
- Coral (A. millepora) larval seNlement ê
- Sea star Acanthaster planci larval seNlement ê

C. (EARLY) POST-SETTLEMENT PROCESSES
Growth & survival in newly-se?led

Corals
- Porites astreoides - Skeletal extension ê
- Porites panamensis- Polyp growthê survival çè
- Acropora spicifera - Early skeletal development & weight ê
- A.palmata & A. gemmifera- Linear growth ê
- A.digi=fera- Polyp growth ê survival çè
Echinoderms
- H. erythrogramma
Survival & test growthçè, spine length ê, morphology 
- Paracentrotus lividus - Growth é
- Arbacia lixula - Growth ê
- Crossaster papposus
Growth & development é, Survival & skeletogenesisçè
- Acanthaster planci - - Growth é
Bivalves
- M. edulis - Shell composi3on 
- M. mercenaria - Growth, metamorphosis, survival & shell
forma3on ê
- A. irradians - Growth, metamorphosis, survival & shell forma3onê
- M. balthica - Growth & survival çè or ê
Arthropods
- A. amphitrite – Growth çè
- S. balanoides – Growth ê
Bryozoans
- Bugula neri=na – Growth ê
Carryover eﬀects
Echinoderms
- Strongylocentrotus droebachiensis
- Growth & survival in juveniles ê
- Larval seNlement rates ê
- Arbacia lixula - Growth ê survival çè
Bivalves
- Ostrea lurida
- Larvae & juvenile growth ê
- Juvenile growth in the ﬁeld ê

Figure 1.3 Summary of the information currently available in the literature on the key direct and indirect responses associated with settlement in marine invertebrate and fish
larvae to ocean acidification conditions. Responses were determined to be direct or indirect for pre-settlement (3A), settlement (3B) and post-settlement (3C) processes. Arrows
indicate the effect caused by exposure to reduced pH or increased pCO2: red downward arrows indicates negative effects, green upward arrows indicates positive effects, doublesided black arrows indicate no effects observed, and a blue dot indicates that changes were observed, but it was not reported whether these were positive or negative.
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Present day observed effects of elevated pCO2/reduced pH on natural
settlement (as measured by recruitment patterns)
Naturally occurring CO2 vents are valuable systems for understanding long term exposure to
elevated pCO2 on marine ecosystems (Hall-Spencer et al. 2008, Brinkman & Smith 2015, Foo
et al. 2018), including potential effects on settlement and recruitment of marine invertebrates
(Table A1.1 in Appendix 1). Recruitment studies at the CO2 vents provide insight into the
potential effects of OA on settlement along natural pH gradients, and integrate a range of key
processes that occur prior to their measurement such as larval supply and post-settlement
survival. Studies along these naturally occurring pH gradients show a decrease in settlement
with reduced pH in many taxa, although the response appears species-specific. For example,
Cigliano et al. (2010) examined settlement in 79 taxa on artificial substrates that were placed
for one month along a pH gradient occurring at the vents off Ischia (Italy), and found that
calcifying groups (foraminifera, polychaetes, and molluscs) recruited in significantly lower
numbers in reduced pHNBS (7.08 -7.79) compared with high pHNBS (8.09 - 8.15). Vermetid
mollusc recruitment at CO2 vents located in Vulcano Island (Italy) was also reduced at low pH
sites (Milazzo et al., 2014).
In one of the more extensive experiments on coral settlement associated with natural pCO2
vents, Fabricius et al. (2017) out-planted artificial substrates for 9 months at two sites with a
median and ambient (control) pHT of 7.8 and 8.0, respectively. After 9 months, substrates
showed differences in in situ recruitment, with a greater density of larger coral recruits on
control substrates compared with low-pH substrates. The majority of corals had settled on
specific CCA species, with differences in CCA cover (i.e. smaller percentage cover on slates
grown at the low pH site) being the strongest predictor of recruitment density. The research
also included experimental choice experiments, which showed significantly more coral larvae
choosing to settle on substrates from the control site. In most cases there was no direct effect
of seawater pH on larval substrate choice in vitro. Importantly, the study concluded that altered
settlement (as opposed to pre- or post-settlement factors) may become the dominant driver of
altered coral reefs under OA.
While the recruitment of some species on vents can be adversely affected by OA, other taxa
appear unaffected or show greater recruitment under low pH. Ricevuto et al. (2012) working
along pH gradients off Ischia measured settlement on artificial substrates, and reported that
9
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apart from molluscs, most studied taxa (polychaetes), and especially crustaceans (amphipods,
tanaids and isopods), recruited successfully at both low pH sites (pHT ~ 7.26). At the same site,
Ricevuto et al. (2014) studied the colonization of three polychaete species, and noted that all
were significantly more abundant at the areas presenting higher pCO2 levels.

Pre-settlement processes and settlement
Settlement in marine species is directly dependent on pre-settlement processes (i.e. competent
larval supply) and includes those factors that affect embryonic and larval development,
survival, and the immigration of larvae to the site of settlement. Much research has focused on
the response of larval stages to the effects of global change (see reviews by Dupont et al. 2010,
Byrne 2011, Kroeker et al. 2013a, Przeslawski et al. 2015, Byrne et al. 2017), with acidification
and warming both being deleterious to development.

1.4.1 Embryonic and larval development
Many studies show that OA can impact planktonic larval duration (PLD). In the face of
naturally high mortality of larvae experienced in the plankton, these changes are likely to result
in a significant change in the numbers of larvae reaching settlement, and such indirect effects
are often discussed (i.e. echinoderms: Lamare & Barker 2001, Uthicke et al. 2013). Less often
considered, and yet to be experimentally tested, is whether OA driven larval physiological stress
affects substrate selectivity of larvae. For example, the ‘desperate larvae hypothesis’, originally
proposed by Knight-Jones (1951) and Wilson (1953), states that larvae which have a longer
PLD will choose to settle more readily (i.e. reduce substrate selectivity) in order to avoid further
delays in moving out of the water column, although early settlement can also be deleterious
(Mos & Dworjanyn 2016). A recent study on larvae of the eastern oyster Crassostrea virginica
demonstrated a correlation between larval age and a loss in settlement substrate selectivity
(Meyer et al., 2018), showing a relationship between the desperate larval hypothesis and a
longer PLD. While this phenomenon has been reported for a number of larval groups (i.e.
polychaetes) where a longer PLD is due to reduced food availability (Qian and Pechenik, 1997),
potential alteration in substrate selectivity is yet to be investigated in studies that show OAinduced longer PLDs. Such processes could be important if larval substrate selectivity at
settlement is strongly influenced by PLD, in which case OA may indirectly affect settlement
patterns.
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1.4.2 Larval transport
Whether it is passive transport due to water movement, or active transport associated with larval
swimming behaviour, larval flux is a key process determining larval supply for settlement. As
already reported, climate change driven altered ocean currents and ocean warming are presently
influencing larval distribution (Richardson, 2008) and thereby, settlement patterns on larger
spatial scales. In addition, smaller scale changes in larval transport and movement may be
important, especially associated with active larval swimming behaviour. This is seen in
swimming fish larvae that show important changes in their behaviour under elevated pCO2, and
which can affect their horizontal movement and settlement. Examples include the work by
Munday et al. (2009), who found that tropical clownfish larvae (Amphiprion percula) under
elevated pCO2 have impaired olfactory ability to detect homing signals important for swimming
to suitable settlement sites. In addition, laboratory exposure of dolphinfish larvae (Coryphaena
hippurus) to elevated pCO2 (~1,600 µatm CO2) caused a reduction in swimming duration and
orientation that may have implications for dispersal success and recruitment (Pimentel et al.,
2014). OA may not have the same direct effects on invertebrate larvae; however there may be
more subtle effects that alter horizontal transport. For example, larval stages often alter vertical
distributions through swimming in order to influence their larger scale horizontal transport,
such as cross-shelf transport (Morgan et al., 2014). Of relevance here are the observations that
reduced seawater pH can alter larval shape (Byrne et al. 2013, Kamya et al. 2014) and thereby
alter larval swimming ability and behaviour, such as shown for echinoderms (Chan et al., 2016).
This has implications for the capacity of larvae to maintain their position in the water column
or to reach their preferred settlement sites. For example, Chan et al. (2016) found that horizontal
swimming speeds in brittle star larvae (Amphiura filiformis) were slower in reduced seawater
pH at levels commensurate with near future projected OA, with morphological changes thought
to be the cause (i.e. reduced arm lengths involved in propulsion).
Interestingly however, not all taxa show a loss of swimming capacity. Chan et al. (2011) found
no differences in swimming speeds of sand dollar larvae (Dendraster excentricus) in response
to elevated pCO2 (1000 µatm ~ pHNBS 7.75) despite changes in morphology, while Chan et al.
(2016) found either no effect or positive effects of reduced pH (7.7) on the swimming speeds
of sea urchin larvae Strongylocentrotus purpuratus. Bryozoan larvae (Bugula neritina) also
showed enhanced swimming (32% faster) and swam for longer periods at pHT 7.6 compared
with larvae reared in control pHT 7.9, with the larvae growing to a larger size at low pH (Pecquet
et al., 2017). A direct effect of increased H+ concentrations in lower pH was proposed to alter
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action potentials and ciliary beating that stimulated swimming, while longer swimming
durations may reflect a loss of settlement cues. To quantify the potential effects of behavioural
changes on settlement and recruitment among marine invertebrate taxa, it is important to
understand the interaction of changes in swimming ability and larval duration with water
movement. This will require physical transport modelling of dispersal that incorporates OA
induced changes in larval behaviour and physiology (Chan et al 2018).

Settlement processes
1.5.1 Settlement rates in elevated pCO2
A number of laboratory studies report the effects of OA on settlement rates and patterns (Table
A1.2 in Appendix 1). For tropical corals, Doropoulos et al. (2012) noted that there were
significant reductions in settlement of Acropora millepora larvae under elevated pCO2 (800 &
1300 µatm, pHT 7.79 and 7.60, respectively), Webster et al. (2013b) reported reduced
metamorphosis success in A. millepora and Acropora tenuis under OA conditions (pHT 7.51,
1638 µatm CO2), and Albright et al. (2010) noted a linear decline in Acropora palmata
settlement rate across a 491 µatm to 876 µatm pCO2 range (~ pHT 7.96 to 7.75), with a reduction
of 69% between the lowest and highest pCO2 tested. Metamorphosis in Acropora digitifera
declined from 98% to 83% in larvae exposed for 2 hours to ambient pHT 8.05 (~ 331 µatm CO2)
and reduced pHT 7.33 (~ 2100 µatm CO2), respectively (Nakamura et al., 2011). In the same
experiments, when the larvae were exposed to reduced pH for 7 days, a similar trend in
metamorphosis rate was observed, and metamorphosis levels were much lower (i.e. < 25%).
Yuan et al. (2018) found reduced settlement in Acropora gemmifera larvae when exposed to
reduced pHNBS (7.8 and 7.5) at the time of settlement. In echinoderms, Dupont et al. (2013)
noted delayed settlement in S. droebachensis, while in the sea urchin Paracentrotus lividus
García et al. (2015) observed delayed settlement by 8 days in pHNBS 7.7 compared to pHNBS 8.1,
and no settlement at pHNBS 7.4. For Arbacia lixula and Heliocidaris erythrogramma however,
there was no delay in settlement at pHT 7.69 and pHNBS 7.8 and 7.6, respectively (Byrne et al.
2011, Wangensteen et al. 2013). For the crown-of-thorns sea star (CoTS) Acanthaster cf.
solaris, the settlement rate on pH conditioned substrates declined with decreasing seawater pH
and was significantly lower at pHNBS 8.04 and 7.95 (~ 609 and 783 µatm CO2) compared with
ambient and pre-industrial seawater pHNBS (8.14 and 8.25, respectively) (Uthicke et al. 2013).
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Less is known about the effects of settlement and metamorphosis for other invertebrate taxa.
Settlement in the bivalve Macoma balthica was examined in OA mesocosm experiments across
a range of pCO2 levels (319 to 1347 µatm CO2, pH 7.94 to 7.43), with peak settlement being
delayed (857 to 1347 µatm CO2, pHT 7.59 to 7.43) and lower (1072 µatm CO2, pHT 7.51) at
elevated pCO2 (Jansson et al. 2016). Guo et al. (2015) found reduced survival and
metamorphosis in abalone larvae (Haliotis diversicolor and H. discus hannai) that had been
reared under control CO2 conditions (447 µatm ~ pHNBS 8.15), when exposed to high pCO2
concentrations (1500, 2000 and 3000 µatm ~ pHNBS 7.7, 7.6 and 7.4 respectively). Dooley &
Pires (2015) tested the effects of pH on the settlement and metamorphosis of the gastropod
Crepidula fornicata, and interestingly found significantly higher settlement and metamorphosis
at pHT 7.51 and 7.71 than at pHT 7.96.
Some studies on aquaculture species have demonstrated a correlation between ocean
acidification (reduced pH) and spat settlement in natural environments. For example, Barton et
al (2012) showed that there is a decrease in pacific oyster (Magallana gigas, former Crassostrea
gigas) larval recruitment if spawning coincided with naturally occurring low-pH upwelling
events along the coast of Oregon. Similarly, Kripa et al. (2014) found a strong correlation
between low pH values in a tropical estuary along the southwest coast of India and poor spat
density (low settlement) of Indian backwater oysters (Crassostrea madrasensis). For the
Sydney rock oyster (Saccostrea commercialis) these problems may be obviated by the
attraction of these larvae to concrete settlement substrata where the surface pHNBS 9.24 may
provide a buffering effect (Anderson 1996).
The influence of pH on settlement is likely to be species-specific, with some studies reporting
no differences in settlement rate among pH levels. In corals, for example, Foster et al. (2015)
observed that Acropora spicifera settlement was not significantly different in treatments that
included elevated pCO2 (872 to 976 µatm, pHT 7.77 to 7.75), and in A. tenuis, settlement of
larvae reared in 1000 µatm CO2 (nominal pH treatment: pH 7.6) was unaffected (Kurihara,
2008). Chua et al. (2013) also found no effects of elevated pCO2 (700 µatm) on metamorphosis
in A. millepora and A. tenuis. Similarly, Albright et al. (2008) found that the settlement of
Porites astreoides was not significantly different across a range of pCO2 levels (380 to 720
µatm CO2, pHT 7.95 to 7.80), while Olsen et al. (2015) found no difference in settlement
ambient (nominal pH 8.1) and reduced seawater pH (nominal pH 7.6). Campbell et al. (2017)
found no effect of reduced pH (pHNBS7.85) on the settlement of the same species of coral.
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Anlauf et al. (2011) observed no effect of reduced seawater pH (pHNBS 7.85) on the settlement
of Porites panamensis larvae. Echinoderm settlement also exhibits a range of responses to OA.
Both Dupont et al. (2013) and Wangensteen et al. (2013) reported no change in settlement of
the sea urchins Strongylocentrotus droebachensis and A. lixula respectively, at pHT 7.69. The
presence of smaller A. lixula did not translate to a longer PLD, as settlers appeared as the same
time as in controls (Wangensteen et al., 2013). The settling A. lixula larvae were however,
smaller than the juveniles generated in control conditions. For H. erythrogramma, those larvae
that completed development in OA conditions (pHNBS 7.6 and 7.8) settled at the same time as
controls and responded normally to the coralline algal settlement cue and metamorphosed into
juveniles, although there was a decrease in the percentage of normal juveniles (Byrne et al.
2011). Settlement and metamorphosis of the polychaete tubeworm Hydroides elegans larvae
was not different when reared under control (8.17) and reduced (7.56) pHNBS conditions (Lane
et al. 2013).
Barnacle larvae appear to be relatively unaffected by reduced pH during settlement and
metamorphosis. For example, McDonald et al. (2009) followed the percentage of settlement in
Amphibalanus amphitrite at ambient (pHNBS 8.2) and reduced pHNBS (7.4) over a 46 h period,
during which time there was no significant difference in the cumulative increase in settlers
between pH treatments. Similarly, the percentage of settlement in Balanus amphitrite in the
presence of a conspecific settlement cue did not decline under a reduced pHNBS of 7.61
compared with pHNBS 8.20 (Campanati, 2016), although settlement was lower in reduced pH in
the absence of the specific cue.

1.5.2 Substrate perception and selectivity
Of the species studied, the majority show a decrease in settlement under elevated pCO2/reduced
pH (Figure 1.3B, Table A1.2 and A1.3 in Appendix 1). As settlement in marine invertebrate
larvae typically involves a series of specific steps (exploration, attachment, metamorphosis),
altered settlement under changing ocean conditions could be influenced by a range of processes,
both direct and indirect (Figure 1.1). Larvae detect the proximity, search and explore suitable
substrates using a range of senses including water-borne chemicals (Hadfield & Paul 2001,
Gerlach et al. 2007, Swanson et al. 2012). A reduction in settlement could therefore be due to
a direct loss of sensory capacity from altered seawater pH. Tropical fish larvae (Amphirion
percula) show a reduction in homing behaviour under reduced pH as a result of the loss of
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olfactory capacity, attributed to impaired neurotransmission (Munday et al., 2009). Devine et
al. (2012) found that elevated pCO2 caused impairment of olfactory discrimination of settlement
cues in damselfish larvae (Pomacentrus amboinensis), however, the larvae showed an ability
to compensate by means of alternative senses (i.e. visual cues). For larvae of barramundi (Lates
calcarifer) reared under end-of-century levels of elevated CO2 (~1675 μatm), elevated pCO2
negatively influenced the auditory preference at time of settlement (Rossi et al. 2015). In the
same species, Pistevos et al. (2017) observed the attraction of larvae towards physicochemical
cues such as salinity or temperature was altered when pre-settlement larvae were exposed to
extreme levels of OA (~1400 μatm CO2), possibly affecting future recruitment of this species.
Painted goby (Pomatoschistus pictus) larvae that were reared in similarly high pCO2 conditions
(1503 μatm, pHNBS 7.66) presented altered auditory responses important for the settlement of
this species to the preferred costal reef habitat (Castro et al. 2017). In the presence of elevated
pCO2 water (700 and 1100 ppm CO2), larval fish (Chromis viridis) and Crustacea (Stenopus
hispidus) both presented altered ability to chemically recognize conspecific cues (Lecchini et
al. 2017). These observations are noteworthy, as the chemical information associated with
offspring is important for habitat selection at settlement in these species.
For invertebrate larvae, in studies that specifically examine the direct effects of seawater pH on
larval settlement, there are contrasting effects on sensory perception under reduced pH.
Doropoulos & Diaz-Pulido (2013) found a significant decline in settlement in the coral
Acropora selago on crustose coralline algae (CCA) when larvae were settled under elevated
pCO2 levels (447, 705, and 1214 µatm CO2; pHT 7.98, 7.81, 7.60). Similarly, settlement rates
significantly declined in Pocillopora damicornis larvae settled in reduced seawater pH (7.9 and
7.6), compared with rates of settlement in controls (pH 8.1) (Viyakarn et al. 2015). For a nonfeeding (lecithotropic) bryozoan larva (B. neritina), settlement was affected by pH, but in a
time-dependent manner (Pecquet et al. 2017). In this respect, settlement in B. neritina was
delayed but not inhibited by reduced pH. Specifically, settlement of larva decreased linearly
(from ≈ 90 to ≈0%) across a pHT range (8.17 to 6.46) after 1 and 2 hours, but over time,
differences in settlement rate among pH level lessened so that by 6 hours, settlement was <75%
across all pH levels. Pecquet et al. (2017) speculated that the longer larval duration and the
shorter-term decrease in settlement rate of bryozoan larvae was potentially the result of elevated
pCO2 blocking specific signalling pathways (i.e. Wnt signalling) associated with bryozoan
settlement, inhibiting the ability of the larvae to perceive settlement cues.
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There were no differences in settlement rates of barnacles (B. amphitrite) among pH treatments
(pHNBS 8.20 and pHNBS 7.61), both when conspecific settlement cues were present or absent
(Campanati, 2016), indicating that reduced pH did not alter the sensory capacity of the
competent cyprids. For CoTS larvae (A. cf. solaris), Uthicke et al. (2013) showed no significant
difference in settlement on CCA in larvae settled under four seawater pHNBS levels, ranging
from 8.25 to 7.95. The authors concluded that the seawater pH did not directly influence the
ability of the larvae to respond to settlement cues. Webster et al. (2013b) drew the same
conclusion for A. millepora larvae using the same technique, where larvae settled on the same
CCA extracts under four sea water pHT treatments (7.57 to 8.09) showed no difference in
settlement.

1.5.3 Changes in settlement substrates
Indirect effects of reduced pH on larval settlement would include the modification of settlement
substrates that alter settlement clues (Figure 1.1, Figure 1.3B). This is important, as OA can
change the nature of substrates that larvae are able to perceive, which can lead to altered
settlement patterns (e.g. Webster et al. 2013b). Amongst the best known settlement substrates
are crustose coralline algae (CCA) and marine biofilms, the later comprised of heterotrophic
bacteria, cyanobacteria, protozoa, fungi, and benthic diatoms in a matrix of extracellular
polymers (Harder et al. 2002, Lam et al. 2003, Sneed et al. 2015). While it is well established
that CCA and their associated microbes play a significant role in the induction of larval
settlement (Negri et al. 2001, Harrington et al. 2004, Webster et al. 2004), microbial biofilms
alone can also induce larval settlement (Webster et al. 2004, Whalan & Webster 2014).
Acidification could affect marine biofilms in two ways; by changing the species composition
and/or by inducing differences in the chemical cues emitted by biofilms (Russell et al., 2013).
Distinct changes in the community structure of biofilms as a result of seawater pH have been
found both experimentally (Witt et al. 2011, Webster et al. 2013b) and across environmental
pH gradients (Lidbury et al. 2012, Johnson et al. 2013). Hence, it is likely that larvae settling
in future predicted OA conditions will encounter biofilms that differ in composition and
function to those found today. Webster et al. (2013b) considered the effects of changes in
biofilms associated with CCA grown under reduced seawater pH conditions (pHT 8.09, 7.91,
7.72 and 7.57) as the mechanism for altering settlement patterns. In that study, decreases in the
abundance of dominant microbial groups (Alphaproteobacteria and Bacteroidetes) and the
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appearance of Proteobacteria were observed in reduced seawater pH, coinciding with lower
coral larvae settlement, although it was not possible to deduce if altered settlement on CCA is
due to changes in the chemical inducer of the algae, or changes in the associated microbial
community. Certainly, microbial films play an important role in the induction of settlement in
marine species (Johnson & Sutton 1994, Hadfield & Paul 2001, Huggett et al. 2006), and
changes in their composition, such as related to age, can affect settlement rate in marine
invertebrates (i.e. Pearce & Scheibling 1990, Toupoint et al. 2012). The impact of OA induced
changes in biofilm communities on recruitment success warrants further examination.
The coral A. millepora settles differentially on substrates depending on the pH in which the
substrates were grown (Doropoulos et al., 2012). In this respect, Doropoulos et al. (2012) found
that substrates conditioned for 60 days at 800 and 1300 µatm CO2 (~ pHT 7.79 and 7.60
respectively) induced significantly lower settlement than substrates under control conditions
(400 µatm CO2, ~ pH 8.04), and also changed the pattern of settlement selectivity on substrate
types. Changes in CCA species composition were observed on the treated substrates and the
settlement preference of coral (A. millepora) larvae varied for each substrate. Interestingly, this
involved a decline in the settlement of larvae on the previously most preferred CCA
(Titanoderma spp.) when pCO2 levels were elevated. Similarly, Doropoulos & Diaz-Pulido
(2013) showed direct evidence that rates of coral (A. selago) settlement were consistently
reduced under OA conditions in the presence of three common CCA species, despite the fact
that CCA abundance was unaffected. Webster et al. (2013b) observed a similar effect of
substrate conditioning on A. millepora settlement, with the percentage of settlement
significantly lower on pHT 7.57 and 7.72 (~ 1638 and 1187 µatm CO2) conditioned substrates
compared with control substrates conditioned at pHT 8.09 (~ 464 µatm CO2). Larvae of the
CoTS (A. cf. solaris) also settled at significantly lower rates on substrata that had been
conditioned for 85 days in reduced pHNBS (8.05 and 7.94) compared with those conditioned in
seawater pH at present day (pHNBS 8.15) and pre-industrial (pHNBS 8.23) levels (Uthicke et al.
2013).

Multiple studies have shown that benthic diatoms are very important cues for larval settlement
in certain species of marine invertebrates (e.g. some species of abalone, Ding et al. 2017).
Previous studies have shown the importance of benthic diatoms in the settlement process of the
polychaete Hydroides elegans (Harder et al. 2002, Lam et al. 2003) which seems to be induced
by heat-stable surface components emitted from the diatoms (Lam et al., 2003). Little is known,
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however, on how OA affects benthic diatom communities. For instance, a recent study has
shown changes in the species composition of benthic diatoms and a significant increase in
diatom abundance with increasing pCO2 at a natural volcanic vent site off the coast of Italy
(Johnson et al., 2015). The potential for such changes in diatom communities to occur under
future OA conditions, and the outcome of such changes on settlement (and early post-settlement
growth) on invertebrates is of interest for future research.
Altered larval settlement as a result of OA induced changes to CCA and microbial/microalgal
biofilms could have profound ecological effects. Modification of the nature of the settlement
substratum as a result of elevated pCO2 may cause a loss or reduction in the abundance of
encrusting species as well as changes in the biofilm, both of which have been linked with
changes in settlement patterns. For instance, Doropoulos et al. (2012) linked changes in coral
settlement to differential responses of CCA under reduced pH, and discussed the implication
of these findings for the future recruitment of corals. Similarly, Uthicke et al. (2013) suggested
that future changes in CCA under OA conditions that reduce settlement in crown-of-thorns sea
stars (CoTS, A. cf. solaris) could be the most important bottleneck for future recruitment of the
species. These observations have wide implications for settlement in future oceans, given that
CCA and biofilms influence the settlement of numerous marine taxa (Pearce & Scheibling
1990a, Hadfield & Paul 2001). Findings that CCA communities change in abundance and
species composition in response to OA, both experimentally (Kuffner et al., 2008) and along
natural pH gradients (Hall-Spencer et al. 2008, Fabricius et al. 2011), has significant
implications for the settlement of marine species in future oceans.

Changes in host-symbiont interactions
The role of microbial symbionts in marine invertebrate larvae (particularly in sponges and
corals) has received considerably research attention in the past decade (Bourne et al. 2016,
Webster & Thomas 2016). In some coral species, phototrophic symbionts (dinoflagellates)
supply energy to the larvae during the planktonic life (Rivest et al., 2018), and in sponges,
microbial symbionts crucial to host health are vertically transmitted from adults to larvae
(Webster et al. 2010). Environmentally induced disruption of these microbial symbionts can
destabilise the holobiont with adverse consequences for host health across life history stages
(Webster et al. 2011, Fieth et al. 2016, Pita et al. 2018). Given that larval settlement is a crucial
step in the life cycle of the larvae, environmental factors affecting the health or performance of
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the symbiont could jeopardize the outcomes of larval settlement for those larvae strongly
dependent on symbiont health. Rivest et al. (2018) tested the effects of OA and warming on
host and symbiont of Pocillopora damicornis larvae, and found that the mechanisms used to
tolerate high pCO2 in coral larvae and the symbiont differ, with greater gene expression changes
measured in the symbiont. Similarly, Webster et al. (2013a) found that reduced pH/increased
pCO₂ caused microbial shifts in coral and foraminifera over 6 weeks, despite no visible signs
of host stress being detected over this period. The high sensitivity of host-associated microbes
to OA highlights the need for research that assesses the implications of microbial shifts for
larval health and recruitment processes.

Early post-settlement processes
Quantifying the effects of OA on early post-settlement processes is key to understanding future
species population persistence/success because: (1) measurements of ‘settlement’ in
experiments often incorporate some post-settlement period; (2) effects of reduced seawater pH
on larvae can carry-over to post-settlement fitness, and; (3) early post-settlement processes are
key to determining recruitment patterns (Rowley 1989, Hunt & Scheibling 1997).
A number of studies indicate that early post-settlement growth and survival is adversely
affected by reduced pH, with corals consistently showing reduced growth in OA experiments
(Figure 1.3C). For instance, skeletal extension in newly settled P. astreoides is positively
correlated with aragonite saturation state, with 50% and 78% reductions in growth occurring at
560 ppm and 720 ppm CO2, respectively (Albright et al. 2010). Foster et al. (2015) also found
that while survival of newly settled A. spicifera was unaffected, a significant reduction in early
skeletal development and weight (48 to 60% compared in controls) occurred when pCO2 levels
were elevated to ~900 µatm). Similarly, Albright et al. (2010) found a 39% and 50% decline in
the linear growth of A. palmata at pCO2 levels 560 and 800 µatm, respectively, compared with
controls. Reduced polyp growth at pHT 7.31 and pHT 7.64 is reported for A. digitifera (Suwa et
al., 2010), however, Nakamura et al. (2011) found no significant effect on survival on settled
A. digitifera recruits. Similarly, growth of newly settled P. panamensis was only slightly
reduced (3%) at pHNBS 7.77 – 7.92 with no effect on survivorship (Anlauf et al., 2011).
Growth of newly settled bryozoan ancestrula were slowed by 5% after 24 hours in reduced pHT
7.60, compared with controls (Pecquet et al., 2017). Fitzer et al. (2014) found that juveniles
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Mytilus edulis that were spawned and grown under high pCO2 conditions (1000 µatm) did not
produce aragonite, and their shells were entirely calcitic. In the soft sediment clam Mercenaria
mercenaria and scallop Argopecten irradians, Talmage & Gobler (2010) studied the growth,
survival, and condition of larvae and juveniles under ocean’s past, present, and future (21st and
22nd centuries) CO2 concentrations. Higher CO2 concentrations were related to lower growth
and metamorphosis as well as lower survival and lipid accumulation rates in juveniles. In
addition, newly-settled bivalves grown under near preindustrial CO2 levels displayed thicker,
more robust shells than individuals grown at present CO2 concentrations, whereas bivalves
exposed to CO2 levels expected later this century had shells that were malformed and eroded
(Talmage and Gobler, 2010).
While seawater pH can reduce early post-settlement growth and survival under laboratory
conditions, there are also examples where there are limited impacts of reduced pH. In one of
the most comprehensive studies on early post-settlement responses to reduced pH, Wolfe et al.
(2013) examined a range of developmental responses in newly settled sea urchins, H.
erythrogramma under a range of pHT levels (8.13 to 7.44). Survival and test growth was robust
to near-future reduced pH levels, although spine length was reduced and morphology altered
under the lowest pH levels. Interestingly, a contrasting study showed that post-settlement sea
urchins (P lividus) were significantly larger at pHNBS 7.7 compared with pHNBS 8.1 (García et
al., 2015b), which was attributed to elevated metabolic rates in individuals reared in reduced
pH under non-energy limited conditions. However, A lixula juveniles generated at pHT 7.69
were smaller (Wangensteen et al., 2013). In lecithotrophic echinoderm larvae and juveniles of
the sea star Crossaster papposus, Dupont et al. (2010) found that when cultured at low pH (7.7),
growth and development were faster with no visible effects on survival or skeletogenesis.
Juvenile CoTS (A. cf. solaris) grown under acidification conditions during their early
herbivorous phase grew faster under OA conditions, which was attributed to the greater
vulnerability of their CCA food grown under the same conditions, an example of indirect effects
of OA on algal-grazer interactions (Kamya et al. 2017, Kamya et al. 2018). In addition, while
the juveniles reared in OA were larger, they weighed less because they were less calcified
(Kamya et al. 2018). The early benthic juveniles of the dwarf cushion sea star Parvulastra
exigua are also highly tolerant of low pH with deleterious effects only seen after 4 weeks at
pHT 7.24 (Nguyen and Byrne, 2014). For newly settled bivalves M. balthica growth in
mesocosm experiments was not significantly different up to 17 days post-settlement (Jansson
et al. 2016), nor was there a clear effect of increased pCO2 on juveniles survival. In an earlier
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study on the same species, Green et al. (2004) found reduced survival of juveniles in marine
sediments in very low estuarine pH conditions (pH 7.2).
Changes in early post-settlement barnacle growth under reduced pH appear to be speciesspecific. McDonald et al. (2009) recorded growth of A. amphitrite unaffected by pHNBS 7.4 for
up to 8 weeks, Campanati (2016) found no difference in the size of 15-day old post-settlement
juveniles B. amphitrite between control (pHNBS 8.2; ~400 μatm CO2) and low pHNBS (7.61,
~2000 μatm CO2) treatments, while Findlay et al. (2010) found reduced Semibalanus
balanoides growth of newly settled cyprid larvae in pHNBS 7.70 (~1100 μatm CO2) over a 20day period.
While early post-settlement corals appear sensitive to reduced pH, many other newly settled
invertebrates appear relatively tolerant. For corals, the direct difficulties of calcifying in
reduced pH appears to explain the reduced growth rates, and it is likely that the same
mechanism explains the slower growth of newly settled bryozoans, the poorer development of
early-juvenile urchin calcareous spines and the dissolution of shells in bivalves. However, for
other newly settled calcifying taxa, such as barnacles and some molluscs, calcification is not
impaired. It is still unknown if altered post-settlement growth rates are also due to other
physiological responses to reduced pH, such as reduced metabolic rates or altered acid base
regulation. Indeed, the studies available on the effects of reduced pH on non-calcifying newly
settled invertebrates are scarce, and the wider effects (not associated with calcification) of
elevated pCO2 on newly settled individuals are yet to be determined. Furthermore, laboratory
experiments do not account for the wider ecological effects, such as altered food supply
(biofilms, CCA) on newly settled individuals. For example, newly settled juveniles, such as sea
urchins, will first feed on biofilms, which in turn, can be altered in abundance and composition
under elevated pCO2 (Witt et al. 2011; Lidbury et al. 2012, Webster et al. 2013b, Raulf et al.
2015).

Carryover effects
Larval developmental history may also influence post-settlement development in marine
species (Pechenik, 2006). Such carryover or non-lethal responses include the effects of larval
nutrition and environment on metamorphosis, settler sizes and post-settlement growth (i.e.
Phillips 2002). Given the documented effects of reduced seawater pH on larval development
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(Byrne et al. 2011, Byrne et al. 2017), feeding (Stumpp et al., 2013), metabolism and energy
budgets (Stumpp et al., 2013), there is strong potential for OA induced carryover effects to
occur in post-settlement stages. Hettinger et al. (2012) found strong carryover effects on
Olympia oyster larvae (Ostrea lurida) reared in reduced pHNBS (7.73 and 7.86), where reduced
pH resulted in smaller larvae and smaller post-settlement juveniles that grew significantly
slower even in ambient pH water (growth in 1-week old juveniles was reduced by 41% if their
larval stage was reared under reduced pH). This same study showed that carryover effects
occurred irrespective of the pH during post-settlement. Carryover effects were also observed
when O. lurida larvae were reared in laboratory conditions through metamorphosis in both
control (400 µatm ~ 8.10 pHNBS) and elevated pCO2 concentrations (1000 µatm ~ 7.80 pHNBS),
resulting in a 80% reduction in metamorphosis (Hettinger et al., 2013). Additionally, carryover
effects were also observed when the juveniles were out-planted into the field (Hettinger et al.,
2013), and these effects can be long-lasting. In particular, while survival rates did not differ,
juvenile growth in the field was 15 to 50% lower than in controls for juveniles exposed to
elevated pCO2 (1000 µatm) as larvae. Carryover effects were still evident 4 months postsettlement, with growth 20-40% lower in juveniles from exposed larvae. In the Pacific oyster
(Magallana gigas formerly Crassostrea gigas), reduced metamorphosis due to carryover
effects in larvae reared under combinations of temperature (24 and 30 °C), pHNBS (8.04 and
7.47), and salinity (15 psu and 25 psu) was evident (Ko et al, 2014). Decreased pHNBS (7.47)
significantly delayed pre- and post-settlement growth, alone or in combination with the other
stressors. For the sea urchin S. droebachiensis, Dupont et al. (2013) found negative carryover
effects of exposure to elevated pCO2 on the post-settlement survival and growth. While
settlement success after 28 days was not related to pCO2 exposure as a larvae (i.e. 1200 µatm
vs. 941 µatm, pHT 8.1 and 7.7, respectively), mortality in juveniles was 95% after 3 months if
they had been exposed to elevated pCO2 as larvae, compared with 46 to 60% in juveniles
originating from control larvae. Mortality of juveniles in a second sea urchin, A. lixula,
generated from OA conditions did not differ from controls, but they were only reared for 3 days
post-settlement. Besides, the juveniles generated in OA conditions were smaller than the control
ones (Wangensteen et al., 2013). In corals, Yuan et al. (2018) observed reduced percentage
settlement of Acropora gemmifera larvae that had been cultured at three concentrations of CO2
(corresponding to pHNBS = 8.1, 7.8 and 7.5). After settlement, the recruits showed decreased
calcification and growth, changes consistent with the down regulation of calcification related
genes.
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Carryover effects between larvae and juveniles are often attributed to altered energetic states in
larvae due to the need to physiologically mitigate the effects of reduced pH (i.e. increased
acid/base regulation, longer development times). If that is case, it is likely that settling larvae
have depleted metabolic reserves available for early juvenile development or earlier for the
process of metamorphosis into potentially smaller juveniles (Parker et al., 2015). In order to
better understand the OA induced carryover effects on larval settlement, analysis of the effects
of OA on the larval energetic reserves during the larval life and at time of settlement are
required.

Further considerations
1.9.1 Multi-stressors and settlement
OA occurs concomitant with other climate change related stressors, including ocean warming,
hypoxia, changes in nutrient concentrations or stratification and altered salinity from freshwater
runoff. It is therefore important to consider the interactions among multiple global change
related stressors. While many studies have considered the effects of multiple stressors on
marine larvae (reviewed by Przeslawski et al. 2015), there are few that specifically examine the
effects of multiple stressors on the process of settlement and early post-settlement development
(Table A1.3 in Appendix1). Campanati (2016) examined the interaction between low oxygen
and reduced pH on settlement and metamorphosis of B. amphitrite, and subsequently the growth
and condition of newly settled juveniles. Settlement was lower under reduced oxygen and in a
reduced pH/O2 treatment, but not when pH was applied as a single stressor. There were no
effects of the stressors, administered singly or in combination, on growth of newly-settled
juveniles, but the condition index of the juveniles subjected to low O2 was significantly poorer
when pH was added as a co-stressor. Foster et al. (2015) quantified settlement survival, growth
and calcification of newly settled A. spicifera under elevated temperatures (24° and 27°C) and
pCO2 (250 and 900 µatm). There was no significant effect of treatment on settlement, either
administered separately or in combination, while the negative effects of elevated pCO2 on early
development were not significantly different under warming. By contrast, Chua et al. (2013)
found that elevated temperature was the more important stressor in the metamorphosis of A.
millepora and A. tenuis. For P. panamensis planulae settlement, no significant differences were
found when exposed to OA, temperature or a combination of both (Anlauf et al. 2011).
However, significant reduction in growth of primary polyps appeared when subjected to a
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combination of high temperature and low pH. No interaction between temperature and pH on
development of newly settled sea urchins were seen by Wolfe et al. (2013), with the exception
of reduced spine length, where there was a stronger effect of temperature at ambient pH levels.
Wangensteen et al. (2013) tested both temperature and pH on larval development, settlement
and juvenile survival of a Mediterranean population of the sea urchin A. lixula, reporting
elevated temperature resulted in increased larval survival and size. Acidification resulted in
higher survival rates, but in smaller larvae with marginal effects on larval morphology. No
carry-over effects between larvae and juveniles were detected in early settler survival, though
settlers from larvae reared at pHT 7.69 were significantly smaller than their counterparts
developed at pHT 8.09. A complex experiment tested the interactive effects of biotic (exposure
to macroalgae) and abiotic (temperature and pH) variables on the settlement of the coral P.
astreoides (Olsen et al., 2015). While the rate of settlement was significantly lower when
competing with the algae Dictyota spp., there was no significant effects of either pH or
temperature on coral settlement, nor any interaction among the biotic and abiotic factors on the
process. Huggett et al. (2018) examined larval settlement of the sea urchin H. erythogramma
on the coralline alga Amphiroa anceps that had been preconditioned in a combination of
elevated temperature (23°C vs. 19°C) and reduced pH (0.3 pH unit reduction) treatments during
21 days. The surface microbial community on A. anceps was altered by both temperature and
pH treatment, however sea urchin settlement only decreased on algae from the temperature
treatments, alone or in combination with reduced pH, while no effect was seen on larval
settlement when presented with algae conditioned under reduced pH. These observations point
to the potentially complex interactions of environmental change with macroalgae and
associated biofilm responses, whereby settlement is influenced by specific components of the
microbial community that differentially respond to warming and acidification, and not simply
by broad-scale microbial shifts. Ko et al (2014) reported carryover effects – reduced
metamorphosis - in the Pacific oyster (M. gigas) in larvae reared under combinations of
temperature (24 and 30 °C), pHNBS (8.04 and 7.47), and salinity (15 psu and 25 psu). The
combination of decreased pHNBS (7.47), elevated temperature (30 °C), and reduced salinity (15
psu) significantly delayed pre- and post-settlement growth.
While there are too few studies to generalise on the direct effects of multiple stressors on
settlement and early post-settlement development, it is clear that important interactions will
likely occur (Przeslawski et al., 2015). In addition, indirect effects on settlement from
interaction of multiple stressors are yet to be considered, not only for carryover effects from the
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larval phase, but also related to settlement substrates. In this respect, substrates used to test for
changes in settlement are typically subjected to altered pH, but not in combination with
temperature (i.e. Uthicke et al. 2013). This is despite the fact that temperature in combination
with pH has been shown to alter the settlement substrate characteristics of coralline algae
(Martin & Gattuso 2009, Johnson & Carpenter 2012, Diaz-Pulido et al. 2012) and their
associated benthic microbial communities (Webster et al. 2011, Russell et al. 2013).

1.9.2 Microhabitats - Diffuse boundary layers
Larval settlement typically involves movement into the surface boundary layer of the substrate
(Koehl and Hadfield, 2010). The importance of this is that seawater pH can change across small
distances from the overlying water column into the diffuse boundary layer. For example,
measurements of seawater pH in boundary layers can vary from the overlying water column by
up to 0.35 units lower (Hurd et al., 2011) and up to 0.5 units higher (Hurd et al. 2011, Cornwall
et al. 2013, Cornwall et al. 2014). Changes in pH in boundary layers are generally associated
with biological activity (respiration, calcification and photosynthesis), and their magnitude can
vary as a function of physical processes (e.g. water flow, temperature), day vs. night variability
(e.g. photosynthesis vs. respiration) and biological variability (Hurd et al. 2011, Cornwall et al.
2014). In addition, pH variation in boundary layers is more likely to occur on short time scales.
Diel variation in photosynthesis of coralline algae, for example, resulted in a boundary layer
pH 0.5 units higher than the overlying water column under illumination, and 0.35 units lower
in the dark (Hurd et al., 2011). These observations suggest that settlement and early postsettlement development may be occurring in pH conditions that are not the same as the water
column where the larvae develop, both in terms of pH level and the degree of variability.
Diffuse boundary layers also exist around slow moving or sessile marine invertebrates. For
example, Hurd et al. (2011) showed that pH on the surface of sea urchins was 0.35 units lower
than the overlying seawater. The relevance for this is that many highly gregarious species (i.e.
barnacles and tubeworms) settle directly onto adult conspecifics (Hadfield and Paul, 2001)
where pH levels are potentially lower than the water column and which may influence processes
such as cue perception and early post-settlement development. Similarly, a number of species
that settle specifically onto their prey (i.e. Phestilla nudibranchs on Porites corals, Miller &
Hadfield 1986) may encounter pH values associated with diffuse boundary layers around the
prey animal surface. The boundary layer associated with the build environmental structures is
also an important consideration as seen where oyster larvae are attracted to the calcium
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hydroxide cue emanating from these structures as well as the likely buffering influence of the
high pH of this habitat (pH 9.24) (Anderson 1996).
To date, however, there are no examples of research where the effects of boundary layer
seawater pH on settlement are tested directly, although experiments that incorporate pH
treatments beyond that predicted for future water column levels may provide some insight. A
key step in understanding the process would be to quantify pH at the substrate level during
experiments. Experiments where the boundary layer is manipulated (i.e. through altered water
flow or biological activity on the substrate) may also provide greater insight into the future
effects of OA on larval settlement.

Conclusions
A review of the literature shows that, to date, 48 studies have focused on how the key processes
of larval settlement and metamorphosis are impacted by OA. Most research (39 studies) has
focussed on the processes of settlement (Figure 1.1 and Figure 1.4), with fewer studies
investigating the pre- (4) and post-settlement (22) processes.
The bulk of research assessing effects of OA on larval settlement has examined the settlement
process of (tropical) corals (Cnidaria), echinoderms (pre-, post- and settlement processes) and
fish (pre-settlement processes), generally revealing a negative effect on settlement and postsettlement processes. In other taxa (arthropods, bivalves, sponges and bryozoans), most of the
effects caused by exposure to reduced seawater pH were also negative.
Recruitment of marine species with indirect lifecycles involves a series of discrete and
relatively independent processes, with settlement linking these through its association with the
larval phase and post-settlement juveniles (Figure 1.1). Indeed, settlement and metamorphosis
are arguably the most important processes in a marine species lifecycle as they determine the
final location where the organism will spend their life, especially in sessile and benthic taxa.
Selective settlement maximises the potential for optimal future developmental conditions.
However, despite the importance of settlement, most research into OA effects on recruitment
has focused on pre-settlement processes, and effects on post-settlement juveniles.
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Figure 1.4 A summary of results from all studies currently available on the response of different marine taxa to reduced seawater pH during the processes of pre-settlement, settlement and early postsettlement. Each unit in the histogram represents one response of one species related to the controls for that particular experiment. The gradation in intensity of response is as follows: +2 is an increase in
the response by more than 50%; +1 represents an increase up to 50%; 0 is no effect; -1 is a decrease up to 50%, and; -2 is a decrease in the response by more than 50%. The colour code shows the different
nominal pH treatments in each published experiment.
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1.10.1 Hypotheses for future testing
From this comprehensive review of the literature, we have identified eight hypotheses to
prioritise for experimental testing:
1) Larval survival, growth and development rates, which can be reduced by elevated pCO2,
will have direct effects on settlement by determining the number of larvae reaching
competency.
2) Larval supply for settlement will be altered through elevated pCO2, affecting horizontal
swimming behaviour or vertical migration that will, in turn, influence horizontal
advection.
3) Longer planktonic larval duration under elevated pCO2 will alter settlement through
decreased larval substrate selectivity (i.e. the desperate larval hypothesis).
4) Perception of settlement cues in marine invertebrate larvae will not be influenced by
elevated pCO2 directly, as opposed to fish larvae.
5) Larval settlement will be altered via elevated pCO2 effects on the composition and
distribution of suitable settlement substrates.
6) Elevated pCO2 will interact with other environmental stressors to have additive or
synergistic impacts on the settlement of marine larvae.
7) OA will alter diffusive boundary layers in such a way that it will negatively affect larval
settlement and recruitment.
8) Carryover effects of larval development under elevated pCO2 will occur at settlement
due to delayed larval development, smaller larval size or altered energy budgets that
reduce fitness at metamorphosis and during post-settlement development.

1.10.2 Knowledge gaps and new research direction in larval settlement research
Lack of knowledge about the impacts of OA on larval settlement in most marine species
currently limits our ability to predict the broader ecological outcomes of altered settlement for
future recruitment. Here we have highlighted a need for further research on a broader range of
taxa that focuses on both the direct and indirect effects of OA. This research should explore the
pH environment at the scale relevant to the settling of small larval stages (boundary layers,
variability), and incorporate the multiple stressors that occur in conjunction with OA at time of
settlement, both at present and in the future. Table 1.1 presents a summary of knowledge gaps
in larval settlement research based on the hypotheses presented above. For each of the
knowledge gaps research suggestions have been formulated in order to address those gaps.
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Addressing these knowledge gaps will provide a more comprehensive understanding of the
complex processes and interactions that affect and steer larval settlement success in marine
invertebrates. It will provide a greater understanding in the relative importance of settlement
responses to OA compared with other important life-history processes, and finally allow a more
generalised understanding by examining a greater range of taxa and larval forms. Besides, this
knowledge would support policy makers in decisions pertaining to the conservation and
management of marine ecosystems under future OA scenarios.
Table 1.1 Knowledge gaps and experimental strategies to address those gaps.
Knowledge gaps

1. How will elevated pCO2
(hypercapnia) or reduced pH
affect the number and quality of
larvae reaching competency
(through altered larval survival,
growth and development rates)?

2. How will elevated pCO2 or
reduced pH influence larval
swimming behaviour in such a
way that it will alter larval
supply for settlement?

3. Does elevated pCO2 or
reduced pH decrease substrate
selectivity in such a way that it
would alter settlement success
(i.e. the desperate larval
hypothesis)?

4. Does elevated pCO2 or
reduced pH influence larval
settlement through direct
pathways, namely by directly
altering the larval behaviour or
physiology and subsequently
changing the larval sensory
capacity or attachment
mechanisms?

Experimental strategies on larval settlement research
Studies focussing on:
•
Diverse taxa
•
Elucidating the mechanisms underpinning reduced larval survival and
development rates that in turn influence the number of larvae reaching settlement;
e.g. altered ion transportation (e.g. membrane potentials), enzyme activity, gene
expression, metabolic rates or altered acid base regulation
•
The evolution of larval energy reserves when exposed to different pH treatments,
and determining how the amount of energy left at time of settlement influences
settlement success
•
Modelling the interaction between reduced larval survival and development on
numbers of larvae reaching settlement
Studies focussing on:
•
Swimming ability and mechanisms of marine larvae in large number of taxa
•
The interaction of changes in swimming ability, changes in vertical distributions,
and larval swimming duration with water movement – studies in flumes and how
it relates to successful recruitment
•
The evolution of larval energy reserves when exposed to different pH treatments
and effects on active larval swimming
•
Physical transport modelling studies combining larval dispersal with OA induced
changes in larval behaviour
Studies focussing on:
•
Understanding the interaction between OA and the desperate larval hypothesis
and how a loss in substrate selectivity might affect settlement success and early
post-settlement survival
•
Effects of longer PLDs on settlement behaviour – do larvae alter their substrate
selectivity?
•
Consequences of changes in settlement selectivity sufficient on settlement
patterns and recruitment to suboptimal conditions?

Studies focussing on:
•
Direct effects of OA on larval settlement in large number of taxa
•
Physiological mechanisms by which OA directly impairs settlement: is it through
sensory alteration, or attachment structures in the larvae?
•
Understanding the mechanisms responsible for the sensory recognition of
substrates by larvae, e.g. neurosensory signalling pathways (e.g. wnt signalling)
at cellular/molecular level
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Knowledge gaps
5. How will elevated pCO2 or
reduced pH alter the
composition and distribution of
suitable settlement substrates in
such a way that it will indirectly
affect larval settlement?
6. How will elevated pCO2 or
reduced pH interact with other
environmental stressors to have
impacts on the settlement of
marine larvae?

Experimental strategies on larval settlement research
Studies focussing on key changes that occur on settlement substrates under OA
conditions that may affect settlement success and settlement patterns
•
Distribution/composition of settlement substrates (e.g. metagenomics)
•
Changes specific settlement-inducing chemical signals associated with settlement
substrates (waterborne or adsorbed) (e.g. composition of cue and molecular
changes responsible for changes)

Studies focussing on:
•
Interaction with other global stressors, e.g. temperature
•
Interaction with local stressors e.g. nutrients, sedimentation, salinity, pollution
•
Single-stressor vs. multi-stressor experiments

Studies focussing on:
7. Will elevated pCO2 or reduced •
Understanding the relationship between boundary layers and settlement/ early
pH alter the boundary layers in
post-settlement: how important are boundary layers for settlement success and for
such a way that it will negatively
survival of newly settled individuals?
affect larval settlement and
•
Elucidating the effects of OA on boundary layers on biofilms, CCA and living
recruitment?
organisms under different conditions e.g. light vs. dark/ flow vs. no flow

8. Carryover effects of larval
development under elevated
pCO2 will occur at settlement
due to delayed larval
development or altered energy
budgets that reduce fitness at
metamorphosis and during postsettlement development.

Studies focussing on:
•
Elucidating the molecular mechanisms behind the carryover effects (e.g. changes
in genetic make up of the population due to genetic bottle necks or selection of
specific traits, epigenetics, etc)
•
Energy reserves responsible for carryover effects at time of settlement (e.g.
reduced larval size and lipid levels at time of settlement)

•
9. General
•

Most studies on invertebrate settlement have taken place under laboratory
conditions. Mesocosm experiments that reflect natural environments and which
include different trophic levels and their interactions would improve our
understanding of settlement success under natural conditions
Future settlement studies need to take into consideration local variability and
ecologically relevant pH levels, as well as the organisms tolerance range
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This chapter is currently under review in “Marine Environmental Research” as:
Espinel-Velasco N., Agüera A. and Lamare M. Sea urchin larvae show resilience to ocean
acidification at the time of settlement and metamorphosis.
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Chapter 2:
Sea urchin larvae show resilience to ocean acidification at the time
of settlement and metamorphosis

Abstract
Extensive research has shown that the early life stages of marine organisms can be sensitive to
ocean acidification (OA). Less is known, however, on whether larval settlement and
metamorphosis may be affected, or by which mechanisms. These are key processes in the life
cycle of most marine benthic organisms, since they mark the transition between the free
swimming larval stage to the benthic life. Here, we investigated whether OA could affect the
larval settlement success of the sea urchin Evechinus chloroticus, an important species of
coastal marine ecosystems in New Zealand. We performed four settlement experiments to test
whether reduced seawater pH (ranging from 8.1 to 7.0) alters larval settlement and
metamorphosis success. Our results show that settlement success was not significantly reduced
when the larvae were exposed to a range of reduced seawater pH treatments (8.1 to 7.0) at time
of settlement (direct effects). Similarly, when presented with substrates (CCA) pre-conditioned
in different seawater pH (either pH 8.1 or 7.7) for 28 days, larval settlement success remained
unaltered (indirect effects). Besides, larvae retained the ability to discern between substrates
under reduced seawater pH when presented with a choice of CCA or bare rock. We conclude
that competent larvae in this species are resilient to OA at time of settlement. Further research
on a range of taxa that vary in settlement selectivity and behaviour is needed in order to fully
understand the effects of OA on the life cycle of marine invertebrates and the consequences it
might have for future coastal marine ecosystems.

Introduction
Future ocean acidification (OA) conditions have been found to impact marine ecosystems and
those organisms that they support (Gattuso et al., 2015; Stocker et al., 2013). It has already been
shown that OA negatively affects multiple marine taxa (Kroeker et al., 2013b; Przeslawski et
al., 2015), with the developmental and early life stages particularly sensitive to reduced pH or
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elevated pCO2 (Byrne, 2012; Byrne et al., 2017; Ross et al., 2011). In this respect, most marine
benthic organisms reproduce through an indirect life cycle that is characterised by a free-living
larval stage that ends with the pivotal processes of larval settlement and metamorphosis. Freeswimming larvae that result from the external fertilization spend days to weeks in the water
column. When ready to settle, the competent larvae selectively search for the preferred
settlement substrate, settling and metamorphosing onto it (with some exceptions, where
metamorphosis occurs pre-settlement; Rodriguez et al., 1993). A range of physical and
biological characteristics of substrates is important for inducing settlement (Hadfield and Paul,
2001) and the process is characterised by varying degrees of species-specific selectivity.
Coralline algae (CCA) and marine biofilms, in particular, are key settlement inducers for many
marine species. CCAs and their associated microbial communities play an important role in the
settlement process of many marine invertebrate larvae (McCoy and Kamenos, 2015), and
microbial biofilms are known to induce settlement on their own (e.g. Whalan and Webster,
2014).
Settlement and metamorphosis are key life-history events, since they not only mark the
transition between the planktonic larval stage into the benthic juvenile form, but most
importantly, for benthic species, determine the place where the organisms will spend their lives.
As such, altered settlement and metamorphosis rates as a result of OA, could directly affect
distributions, abundances and ecology of future marine communities. Little is known, however,
on whether OA could affect the larval settlement of marine invertebrates, and the mechanisms
that might drive it (Espinel-Velasco et al., 2018). OA could affect larval settlement through
direct pathways, by altering larval morphology or physiology in such a way that larvae will not
be capable of successfully settling onto the substrate (e.g. not being able to physically settle or
differentiate between substrates). In addition, indirect pathways of altering larval settlement
could be through changes in settlement substrates (such as CCA or marine biofilms) or the
specific settlement cues they emit (Doropoulos et al., 2012; Webster et al., 2013). The outcomes
of these impacts may be reduced settlement rates, loss of settlement selectivity or a total
inhibition of the larval settlement.
Sea urchins (Echinodermata, Echinoidea) and their developmental stages have been extensively
used as model organisms in OA research (Dupont and Thorndyke, 2013b). The adults are
relatively easy to spawn, and sea urchin development is well-described. Echinoids have a high
socio-economic value (Branch et al., 2013) and sea urchins often play a key ecological role in
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many marine ecosystems, such as kelp forests and coral reefs, through their relatively high
abundances and feeding activities (Lawrence and Sammarco, 1982). Spatial and temporal
variability in sea urchin population abundances has been related to differences in settlement,
metamorphosis and recruitment rates (Lamare and Barker, 2001; Rowley, 1989). Therefore,
any process that significantly affects the process of settlement in these keystone taxa, such as
ocean acidification, might lead to ecological shifts in coastal ecosystems where they play a key
role.
The sea urchin Evechinus chloroticus Valenciennes (Echinometridae) is a key coastal species
in New Zealand, commonly found at the low intertidal or subtidal areas of the rocky shore
ecosystem (Andrew, 1988; Barker, 2013). The species has an annual reproductive cycle, with
spawning taking place between November to February (Barker, 2013). The resulting
planktotrophic larvae reach competency in 3 to 6 weeks (Lamare and Barker, 1999). Larvae
settle and metamorphose preferentially on to CCA and aged biofilms, although other substrates
will induce metamorphosis over time (Lamare and Barker, 2001).
In this study we examine the potential for OA to alter settlement and metamorphosis of larval
stages, specifically in E. chloroticus. Here we test two hypotheses: (1) OA will affect the
settlement process of competent larvae through direct effects that will alter their settlement
behaviour (changes in larval fitness or perception), and (2) OA will alter the settlement through
indirect mechanisms whereby the settlement substrates and associated settlement cues are no
longer inducive to settlement.

Material and methods
2.3.1. Collection
Adult E. chloroticus were collected by SCUBA in Doubtful Sound (Fjordland, New Zealand,
166° 58’ 45’’ E, 45°18’ 00’’ S) from 10-14 meters depth, and kept in sealed buckets containing
seawater for transport. The collected specimens were taken to the Portobello Marine Laboratory
(Dunedin, New Zealand), maintained in tanks with flow-through seawater and fed with freshly
collected brown macroalgae for several weeks prior to experiments.
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2.3.2. Spawning and fertilization
Mature adult E. chloroticus (80-100 mm test diameter) were induced to spawn by intracoelomic
injection of 1-2ml 0.5M KCl per animal (Sewell, 2005). The resulting eggs and sperm were
collected separately into glass beakers with filtered seawater. The eggs were checked under a
compound microscope for viability (shape and colour). Sperm motility was established, and
two to four drops of sperm stock solution (final sperm concentration of 104 – 105 sperm per mL)
were added to the egg solutions until reaching a final fertilization success of more than 95%
(indicated by the appearance of the fertilization membrane). When more than 95% of
fertilization was reached, the eggs were rinsed several times with UV-sterilized filtered
seawater (UV-FSW, filtered up to 0.35 μm) at ambient pH and left to hatch in covered 1 L glass
beakers at room temperature. Most eggs hatched after 48 hours.

2.3.3. Larval culture
Once the fertilized eggs had hatched, the embryos were placed into 3 L glass jars with UVFSW at a density of 2-5 individuals per mL at controlled room temperature (15°C) until
reaching competency at about 28 days post-fertilization (dpf). Larval cultures were
continuously stirred with swinging paddles at a speed of approximately 30 swings per minute
(Figure 1) and fed Rhodomonas salina daily at a concentration of approximately 7000 to 8000
cells per mL. Water changes were performed every two days by siphoning out ~90% (100 μm
mesh size) of the water in the jars and adding new UV-FSW.

2.3.4. Water chemistry
Target experimental seawater pH was obtained for each treatment in a 90 L tank by adding pure
CO2 gas by an automatic CO2 injection system based on TUNZE pH/CO2 controllers 7074/2
(TUNZE AQUARIEN- TECHNIK GMBH, Penzberg, Germany). During each experiment, 1L
seawater samples from each treatment were fixed with HgCl2 for later determination of
dissolved inorganic carbon and total alkalinity, according to standard practices (Dickson et al.,
2007). These samples were later analyzed by a Single Operator Multi-parameter Metabolic
Analyzer (SOMMA) and closed-cell potentiometric titration, respectively (Dickson et al.,
2007). Other carbonate system parameters, including the partial pressure of CO2 (pCO2) and
the saturation state for calcite (Ωcalcite), were calculated using SWCO2 (Hunter, 2007; Mosley et
al. 2010). Seawater properties were determined using CO2 equilibrium constants from
Mehrbach et al. (1973) refitted by Dickson and Millero (1987).
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2.3.5. Competency and settlement experiments.
Twenty-eight days post-fertilization (dpf) the larvae began to show signs of competency, such
as development of rudiments and protrusion of the tube-feet from the larval body (Smith et al.,
2008). Five competent larvae were sampled from each jar and left in petri dishes in the presence
of small rocks covered with Crustose Coralline Algae (CCA) in order to test for competency to
settle and metamorphose, which occurred within 3 hours.
The settlement assays were carried out in custom-made inverted static settlement chambers
located inside 3 L airtight water aquaria as shown in Figure 2.1. Each settlement chamber
contained one small rock covered in CCA (or bare rock for Experiment 1). All competent larvae
were concentrated in a 1 L glass beaker, the larval concentration was determined, and the
necessary volume was pipetted into the settlement chambers in order to add approximately 20
larvae per settlement chamber.

Figure 2.1 (a,b) Inverted static settlement chambers used for the settlement assays of E. chloroticus competent larvae. The
chambers were custom-made by cutting 50 ml Falcon tubes at the desired height. The larvae and the settlement substrate are
added to the inverted settlement chambers, which are closed by means of a 100 μm mesh. The mesh prevents the larvae from
leaving the chamber but allows water circulation to keep a constant water pH throughout the experiment. The chambers are
submerged in 3 L airtight aquaria for the whole duration of the experiment. (c) Larval rearing set up consisting of glass jars
and swinging paddles. (d) CCA and bare rocks used as settlement substrate in Experiment 1, collected from the shore near the
Portobello Marine Laboratory. (e) Newly settled juvenile of E. chloroticus.
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Four different experiments were performed using the inverted settlement chambers.
Experiment 1 tested larval substrate selectivity under reduced seawater pH by presenting
competent larvae with two settlement substrates (CCA and bare rocks) under three pH
treatments (nominal pH 7.7, 7.9 and 8.1). Experiments 2 and 3 exposed competent larvae to
seawater at six pH levels (ranging from pH 7.0 to pH 8.1) pH at time of settlement in presence
of CCA in order to test for direct effects of reduced seawater pH. Experiment 4 tested for
indirect effects of reduced seawater pH as well as direct, by exposing competent larvae to
settlement substrates (CCA) that had previously been conditioned in reduced seawater pH for
28 days, in the presence of three different water pH treatments (nominal pH 7.7, 7.9 and 8.1).

2.3.1.1 Substrate selectivity and direct effects of OA (Experiment 1)
Competent larvae were left to settle on two settlement substrates (CCA and bare rocks) at three
pH treatments (nominal pH 7.7, 7.9 and 8.1). Each treatment was replicated three times. Two
settlement chambers were added in each of the 3 L aquaria (with three replicate aquaria for each
pH level). The settlement chambers were checked every 8 hours for settlement for a total period
of 32 hours. The water in the aquaria was changed at every check time point and the seawater
pH was checked using a temperature-corrected pH probe (OAKTON, Vernon Hills, IL, USA;
pH probe: EUTECH, Ayer Rajah Crescent, Singapore) and calibrated with NIST buffers
(LabChem, Zelie- nople, PA, USA).

2.3.1.2 Direct effects of OA in the larval settlement over 48h (Experiment 2)
Three pH treatments were tested (Nominal pH 8.1, 7.9 and 7.7), with each treatment replicated
three times. Six settlement chambers were added in each of the replicates (3 L aquaria), with
each chamber containing a small pebble covered in CCA. Each replicate was checked for
settlement every 6 hours and up to 48h after the start of the experiment. The water of the aquaria
was kept unchanged during the duration of the experiment (48 h). Seawater pH was determined
at every time point by the spectrophotometric method using m-cresol purple indicator dye
(Sigma Aldrich batch 2303-01-7) as recommended by Dickson et al. (2007).

2.3.1.3 Direct effects of OA in the larval settlement under a range of pH (Experiment 3)
This experiment tested direct effects of reduced seawater pH at time of settlement at a larger
range of pH. Six seawater pH treatments were tested (nominal pH 8.1, 7.9, 7.7, 7.4, 7.2 and
7.0), with each treatment replicated three times. Each 3 L aquarium (replicate) contained four
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individual settlement chambers. Settlement success in the chambers was checked after the
initial 3 hours, and every 6 hours for a total period of 24 hours. Seawater pH was measured in
each aquarium with a temperature-corrected pH probe (OAKTON, Vernon Hills, IL, USA; pH
probe: EUTECH, Ayer Rajah Crescent, Singapore) and calibrated with NIST buffers
(LabChem, Zelie- nople, PA, USA) before adding new water at every time point.

2.3.1.4 Direct and indirect effects on the larval settlement (Experiment 4)
This experiment tested a crossed-factorial design combining direct and indirect effects of
reduced seawater pH on the larval settlement. Three water pH treatments were tested (nominal
pH 8.1, 7.7 and 7.4) at the time of settlement in combination with two types of preconditioned
CCA: either incubated under low pH (7.7) or ambient pH (8.1) for 28 days, prior to the
settlement experiment. Each treatment was replicated three times, with four settlement
chambers added to each of the 3 L aquaria (replicate). Settlement success was quantified in
each chamber after 8 h, 17 h and 25 h of adding the larvae to the chambers. Water in each of
the aquaria was changed at every time point. Seawater pH was determined at each time point
by the spectrophotometric method using m-cresol purple indicator dye (Sigma Aldrich batch
2303-01-7) as recommended by Dickson et al. (2007).

2.3.6. Statistical analysis
All statistical analyses were performed with R v3.6.1 (R Core Team, 2018). General linear
mixed regression models (linear model with binomial distribution: function glmer, family:
binomial, package lme4; Bates et al., 2014) were fitted to test for an effect of treatment (pH of
the water, all experiments), settlement substrate (Experiment 3) and conditioning of the
substrate (Experiment 4). In order to account for repeated measures in the same settlement
chamber over time in our model, the chambers were added to the analysis as a random factor
(i.e. grouping variable). The response analysed consisted of the proportion of larvae that had
settled versus larvae that had not settled and thus continued to swim in the water column.
Therefore, we used a binomial distribution in our model.
The model selection was performed by initially including all variables available for each
experiment and consequently selecting the best model based on the Akaike information
criterion (AIC) value. Plots of standardised residuals against all the available independent
variables were used to check that the model properly describes the variability related to the
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considered variables. The resulting models and data obtained are presented in the results
section, with model details and validation plots reported as supplementary material (Appendix
2).

Results
2.4.1 Experimental treatments and sea water carbonate chemistry
The measured pH over the course of experiments 1 to 4 are reported in Appendix 2 (Tables
A2.1 to A2.4). Figure A2.1 in Appendix 2 shows the evolution of the pH in the aquaria for the
different experiments. The seawater carbonate chemistry is reported for experiments 1, 2 and
3, with no water chemistry available for experiment 4 due to a technical issue (Table 2.1). For
the experimental treatments, calculated partial pressure of CO2 (pCO2) ranged from 6567.3μatm
in the lowest pH treatment 7.0 to 2872.3 in pH treatment 7.3 (Experiment 3). Among
experiments, the ambient pH treatment resulted in pCO2 that ranged between 404.6 to
484.7μatm, the pH 7.9 treatments resulted in pCO2 levels between 659.2 to 707.1 μatm, and the
pH 7.7 treatments resulted in pCO2 levels between 1282.0 to 1491.3 7 μatm. Total Alkalinity
(TA) was relatively consistent among treatments and experiments, ranging from 2256.3 to
2281.0 μmol/kg. For the control water sample taken from the harbour just outside the Portobello
Marine Laboratory facilities, TA was 2268.8 μmol/kg and pCO2 was 371.8 μatm (calculated
pH was 8.075). The saturation state for calcite (ΩC) was 3.79.
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Table 2.1 Seawater parameters in experiments 1 to 3 following the format recommended by Barry et al. (2010). Carbonate
chemistry for experiment 4 could not be reported due to technical issues. The measured pH for experiments 1 and 2 is reported
in NBS scale. Measured pH for experiments 3 and 4 is reported in the total scale.

Nominal
treatment

Range of
measured pH

TA
(μmol/kg)

DIC
(μmol/kg)

Calculated
pH

pCO2
(μatm)

CO32(μmol/kg)

ΩCALCITE

Experiment 1 – Substrate selectivity and direct effects of OA (salinity = 34.5 psu, T = 10.1°C)
pH 8.1

8.05 – 8.11

2263.7

2100.8

8.007

434.5

121.4

2.90

pH 7.9

7.89 – 7.95

2266.1

2251.6

7.565

1316.0

48.0

1.15

pH 7.7

7.63 – 7.66

2269.4

2251.7

7.576

1282.0

49.2

1.18

Experiment 2 – Direct effects of OA on the larval settlement (salinity = 34.3 psu, T = 14°C)
Harbour

-

2268.8

2049.0

8.075

371.8

158.1

3.79

pH 8.1

7.96 – 8.16

2269.9

2095.3

7.976

484.7

130.5

3.12

pH 7.9

7.92 – 8.03

2262.9

2146.4

7.828

707.1

96.8

2.32

pH 7.7

7.62 – 7.74

2268.9

2249.8

7.529

1491.3

51.3

1.23

Experiment 3 – Direct effects of OA on the larval settlement under a wide range of pH treatments (sal. = 34.6 psu, T = 10.9°C)
pH 8.1

7.96 – 8.01

2268.1

2087.2

8.035

404.6

132.5

3.16

pH 7.9

7.82 – 7.90

2271.9

2164.4

7.847

659.2

90.7

2.17

pH 7.7

7.59 – 7.66

2256.3

2246.5

7.538

1403.2

46.4

1.11

pH 7.3

7.28 – 7.37

2270.0

2356.2

7.241

2872.3

24.4

0.58

pH 7.2

7.22 – 7.27

2268.6

2389.0

7.154

3527.1

19.9

0.48

pH 7.0

6.90 – 7.02

2281.0

2544.4

6.891

6567.3

11.0

0.26

Experiment 4 – Direct and indirect effects of OA on the larval settlement (salinity = 34.4 psu, T = 19°C)
pH 8.1

7.94 – 8.03

-

-

-

-

-

-

pH 7.7

7.63 – 7.76

-

-

-

-

-

-

pH 7.4

7.37 – 7.40

-

-

-

-

-

-

2.4.2 Settlement assays
2.4.2.1 Substrate selectivity and direct effects of OA (Experiment 1)
There was a significant difference in the settlement success on CCA versus bare rock substrates.
However, we found no indication of the pH of the water affecting the settlement pattern (Figure
2.2). At the initial 8 hours, 13.9% to 19.5% of larvae had settled on the CCA, and by 32 hours
settlement on CCA had increased for all treatments, reaching a settlement of 35.2% to 48.8%
(Figure 2.2 and Table A2.1 in Appendix 2). Very low to no settlement occurred in the chambers
containing bare rock (0% to 2.1% after 32 hours). The regression model with best fit (best
regression model) included substrate and time as variables (Table A2.5a in Appendix 2), with
a significant positive effect of the presence of CCA on the settlement success of the larvae
(slope = -4.951, p-value < 0.001) compared to the settlement on bare rocks. Seawater pH had
no significant effect on the larval settlement success. In this respect, pH treatment and its
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interactions with time and substrate did not improve the model capacity to describe the
settlement success and were discarded during model selection (Table A2.5a in Appendix 2).
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Figure 2.2 Generalized linear mixed model of the percentage settlement of competent E. chloroticus larvae during Experiment
1 (total duration: 32 hours). The dashed line indicates the model fit to the measured settlement on CCA (indicated by circular
points). The solid line indicates the model fit to the measured settlement on bare rocks (indicated by triangles). The measured
cumulative settlement on crustose coralline algae and bare rock at 8, 16, 24 and 32 hours after the start of the experiment is
represented by dots and triangles, respectively. n= 12 for each point. The three different water pH treatments tested (pH 8.1,
7.9 and 7.7) are represented in different colours. The error bars represent Standard Error of the Mean (SEM). Note that data
points have been offset on each sample time for clarity.

2.4.2.2 Direct effects of OA in the larval settlement (experiment 2)
The results of this experiment indicate that the pH of the water had no significant effect on the
larval settlement success. After the initial 6 hours, 49.8% to 60.9% of larvae had settled on the
presented substrate (CCA). Settlement increased at similar rates (0.5 to 0.7 % settlement per
hour) for all three pH treatments, reaching 81.5% to 83.6 % settlement after 48 hours (Figure
2.3 and Table A2.2 in Appendix 2). No significant effect of seawater pH treatment was found
on larval settlement (p-value > 0.1). Here, the model with best fit (best regression model)
included only time as variable (Table A2.5b in Appendix 2). The pH treatment and its
interaction with time did not improve the model capacity to describe the settlement success and
were therefore discarded.
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Figure 2.3 Generalized linear mixed model of the percentage settlement of competent E. chloroticus larvae during Experiment
2 (total duration: 48 hours). The solid line indicates the model fit to the measured settlement (indicated by dots), with the grey
shading indicating 95% confidence intervals. The measured cumulative settlement on crustose coralline algae at 6, 12, 18, 32
and 48 hours after the start of the experiment is represented by dots. n= 24 for each point. The different water pH treatments
tested (pH 8.1, 7.9 and 7.7) are represented in different colours. The error bars represent Standard Error of the Mean (SEM).
Note that data points have been offset on each sample time for clarity.

2.4.2.3 Direct effects of OA in the larval settlement under a wide range of pH (Experiment 3)
Although settlement rate was generally lower or delayed in reduced pH at 6 hours, there was
no significant differences in final settlement across a pH range of 7.0 to 8.1 (Figure 2.4). After
the initial 6 hours, 16.0% to 35.8% of larvae had settled on the substrate and settlement had
increased at similar rates (1.9 to 2.8 % settlement per hour) for all treatments, reaching a
settlement of 48.7 to 62.0 % after 24 hours (Figure 2.4 and Table A2.3 in Appendix 2). The
model with best fit (best regression model) included both time and seawater pH as variables, as
well as their interactions (Table A2.5c in Appendix 2). The pH of the water showed no
significant effect on the larval settlement success (slope = 0.580, p-value = 0.016).
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Figure 2.4 Generalized linear mixed model of the percentage settlement (%) of competent E. chloroticus larvae during
Experiment 3 in six seawater pH treatments at 3 (a), 6 (b), 12 (c) and 24 (d) hours after the start of the experiment. The blue
solid line represents the model fit to the measured settlement (indicated by dots). The error bars represent Standard Error of the
Mean (SEM). n = 12 for each point.

2.4.2.4 Direct and indirect effects of OA on the larval settlement (Experiment 4)
The pH conditioning of the settlement substrate had no significant effect on the larval
settlement, neither did the pH treatment (Figure 2.5). At 8 hours, 65.8% to 72.5 % of the larvae
had settled on CCA preconditioned at pH 8.1, and 63.2 % to 74.1 % has settled on CCA
preconditioned at pH 7.7. Settlement increased with time for all the treatments in both types of
preconditioned CCA substrates, reaching a maximum settlement of 90.1 % on CCA
preconditioned at pH 8.1 and 86.9 % on CCA preconditioned at pH 7.7 (Figure 2.5, Table A2.4
in Appendix 2). The results of the analysis showed that neither the pH of the water (p-value >
0.01) nor the conditioning of the settlement substrates (CCA) (p-value > 0.1) significantly
affected the settlement success of the larvae. The model with best fit included all the variables
(pH of the water, pH at which the CCA had been incubated and time) and their interactions
except the interaction between the pH of the water and the pH at which the CCA had been
incubated, which did not improve the model capacity to describe the settlement success and
was therefore discarded (Table A2.5d in Appendix 2).
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Figure 2.5 Percentage settlement of competent E. chloroticus larvae during Experiment 4 in three seawater pH treatments (pH
7.4, pH 7.7 and pH 8.1) in the presence of CCA preconditioned in either pH 8.1 (blue bars) or pH 7.7 (red bars) for 28 days.
The error bars represent Standard Error of the Mean (SEM). n= 12 for each point.

Discussion
The range of experiments performed here showed no indication of an influence of reduced
seawater pH on the settlement and metamorphosis in E. chloroticus larvae. Our experiments
did not detect any effects of OA on the larval settlement that would be consistent with reduced
seawater pH altering the physiology or morphology of the larvae in a way that influences their
settlement behaviour. In addition, we found no indication that OA changed the nature of the
CCAs used as settlement substrate (Experiment 4) in such a way that it altered the larval
settlement success through direct or indirect pathways.
Our results indicate that E. chloroticus larvae reared under laboratory conditions are resilient
to reduced seawater pH levels at settlement (direct effects), even at levels beyond the future
predictions of OA (i.e. pH < 7.6). These observations contrast with results previously obtained
with other taxa of marine invertebrates such as corals or bivalves (see review Espinel-Velasco
et al., 2018), where settlement and metamorphosis success were negatively affected when the
larvae were presented with reduced seawater pH at time of settlement. In echinoderms,
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however, previous research has shown settlement responses to reduced pH similar to our results.
For example, sea star larvae (Acanthaster cf. solaris) showed no altered settlement on CCA
when presented with a range of pH treatments (pHNBS 8.25 to 7.95) at time of settlement
(Uthicke et al., 2013). Similarly, no direct effects were found on the settlement success of the
sea urchins Strongylocentrotus droebachiensis (Dupont et al., 2013) and Arbacia lixula
(Wangensteen et al., 2013), when presented with seawater at pHT 7.69 at time of settlement.
Our results (in particular Experiment 1) confirm the role of CCA as key inducers of settlement
in competent sea urchin larvae as previously reported (Huggett et al., 2006), also in E.
chloroticus (Lamare and Barker, 2001). Our experiments showed no altered larval settlement
success when the larvae were presented with CCA preconditioned in reduced seawater pH
(Experiment 4), albeit for four weeks, consistent with no indirect effects of OA on the larval
settlement of competent larvae in this species. This contrasts with results previously obtained
in other taxa of marine invertebrate larvae. For example, Webster et al. (2013) observed reduced
settlement and metamorphosis success in tropical coral larvae (Acropora millepora) when
presented with a particular species of CCA (Hydrolithon onkodes) that had been pre-exposed
to pH 7.7 and below over a 6-week period. For the same species of coral (A. millepora),
Doropoulos et al. (2012) observed significantly lower settlement on CCA that had been
conditioned at low pH (pHT 7.79 and 7.60) for 60 days. Similarly, in echinoderms, Uthicke et
al. (2013) observed reduced settlement rates of sea star larvae (Acanthaster cf. solaris) on
substrates (CCA) that had been conditioned at pHNBS of 8.05 and 7.94 for 85 days when
compared to substrates conditioned under present-day (pHNBS 8.15) and pre-industrial (pHNBS
8.23) levels. The disparity with our results could be due to the fact that we exposed the CCA to
reduced seawater pH for a shorter time than the authors of the above-mentioned studies.
Furthermore, tropical coral larvae are likely to be more selective and/or sensitive when it comes
to recognizing settlement cues than temperate sea urchin larvae (i.e. see Doropoulos et al.,
2012). Moreover, it could be that the pH levels at which we conditioned our CCA substrate are
within the range already being experienced by the local species of CCA in their natural coastal
habitat (Nelson, 2016). Therefore, these levels of pH may not have caused a biologically
significant change in the biofilm composition associated or biochemical cues emitted by the
CCA that are relevant to E. chloroticus larvae.
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Conclusion
Our results provide further observations of the potential for OA to alter larval settlement in
marine invertebrates. For E. chloroticus, we found little evidence of strong direct or indirect
effects in this respect. Our observations of no direct effects on the larval settlement are
consistent with results obtained in previous investigations on other species of sea urchins
(Dupont et al., 2013; Wangensteen et al., 2013). On the other hand, our findings on (the absence
of) indirect effects are in contrast with previous research on other marine taxa such as corals
(Doropoulos et al., 2012; Webster et al., 2013b) or sea stars (Uthicke et al., 2013).
Research in this field is limited (Espinel-Velasco et al., 2018). The degree of effects caused by
projected levels of OA, alone or in combination with other environmental stressors, will most
likely be species-specific and associated with the settlement selectivity in a particular species
or group. Marine taxa presenting a higher degree of settlement selectivity (such as corals) may
be those most negatively affected by OA-induced changes, through altered substrate
characteristics or loss of suitable settlement substrate. An example of this latter process was
observed in the coral Acropora tenuis growing along natural CO2 vents, where reduced coral
recruitment was attributed to the loss of key CCA species under low pH conditions (Fabricius
et al., 2017). These types of indirect effects may be key for many taxa, therefore future research
should focus on whether OA could alter marine settlement substrates (such as CCA or marine
biofilms) in such a way that settlement success of marine invertebrates could be compromised.
Understanding OA-related effects on the settlement patterns of coastal keystone species will
allow us to better understand changes in recruitment rates and species populations dynamics in
coastal systems. Not examined here, but related to this process, is early post-settlement survival.
Mainly driven by early growth and behaviour, and more broadly by predation or competition
for food and space immediately after settlement (Hunt and Scheibling, 1997), it is key for a
successful recruitment. To date, little is known on the influence of OA on early post-settlement
stages (Espinel-Velasco et al., 2018), however, future research on this process along with
altered pre-settlement and settlement changes may contribute to a fuller understanding of key
changes in future recruitment patterns and processes of key benthic taxa.
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From the cradle to the substrate:
Ocean acidification induces carry-over effects on the larval
settlement of the New Zealand abalone, Haliotis iris

This chapter is currently under review in “ICES Journal of Marine Science” as:
Espinel-Velasco N., Lamare M., Kluibenschedl A., Moss G. and Cummings V. Ocean
acidification induces carry-over effects on the larval settlement of the New Zealand abalone,
Haliotis iris
.
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Chapter3:
Ocean acidification induces carry-over effects on the larval
settlement of the New Zealand abalone, Haliotis iris

Abstract
Larval settlement is a key process in the lifecycle of benthic marine organisms; however little
is known on how it could change in reduced seawater pH and carbonate saturation states under
future ocean acidification (OA). This is important, as settlement ensures species occur in
optimal environments and, for commercially important species such as abalone, reduced
settlement could decrease future population success. We investigated the potential impact of
OA on settlement and metamorphosis of the New Zealand abalone, Haliotis iris. We quantified
the potential effects of OA on larval settlement success by examining (1) direct effects, of
seawater at ambient (pHT 8.05) and reduced pHT (7.65) at the time of settlement, (2) indirect
effects, of settlement substrate (crustose coralline algae, CCA) pre-conditioned at ambient and
reduced pHT for 171 days, and (3) carry-over effects, by examining settlement in larvae reared
to competency at ambient and reduced pHT (7.80). We found no effects of seawater pH or CCA
development conditions on larval settlement success. However, OA-induced carry-over effects
were evident, with lower settlement of larvae reared at reduced pH than ambient larvae.
Understanding the mechanisms behind these responses is key to fully comprehend the extent to
which OA will affect marine organisms.

Introduction
The absorption of excess anthropogenic atmospheric carbon dioxide (CO2) by the oceans has
led to a reduction of seawater pH by 0.1 units since the beginning of the industrial revolution
(Stocker et al., 2013). Termed ocean acidification (OA), this process is expected to further
reduce the seawater pH by 0.3 pH units by the end of the 21st century (IPCC, 2019). OA has
been widely recognized as a threat to marine ecosystems, negatively affecting many taxa
(Kroeker et al., 2013b). This is particularly concerning in coastal ecosystems, where the
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negative effects of OA will be intensified by a range of environmental stressors already
happening, such as reduced salinity, increased sedimentation, eutrophication or pollution
(Halpern et al., 2008).
Extensive research has shown that early life stages can be particularly sensitive to deleterious
effects caused by OA (Byrne et al., 2017; Parker et al., 2013; Przeslawski et al., 2015). Most
marine organisms reproduce through an indirect life cycle which includes a free-swimming
larval stage (Thorson, 1950). In benthic organisms, it is characterised by the key process of
larval settlement and metamorphosis, when competent larvae find and attach to a suitable
substrate on which to spend their post-settlement juvenile and adult life (Rodriguez et al.,
1993)(Figure 3.1). Despite the importance of these processes, very few studies have
investigated how OA influences the larval settlement of marine invertebrates (reviewed in
Espinel-Velasco et al., 2018), and those that have report contrasting results. In this respect,
while OA negatively affects the settlement success of some taxa (e.g. corals, Albright et al.,
2010; Doropoulos et al., 2012; Yuan et al., 2018) other taxa are not affected (e.g. barnacles,
Campanati, 2016; McDonald et al., 2009). In addition, the majority of the studies available have
focussed on cnidarians (in particular corals, see Espinel-Velasco et al., 2018), while other taxa
have been largely understudied (e.g. molluscs and crustaceans, but see (Dooley and Pires, 2015;
Guo et al., 2015) or not studied at all (e.g. sponges, Espinel-Velasco et al., 2018). Changes in
settlement and metamorphosis under future OA will affect a range of processes, both at the
species level (e.g. recruitment) and the ecosystem level (community composition and
biodiversity).
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Figure 3.1 General indirect lifecycle in abalone. The adults broadcast spawn the gametes into the water column. The
fertilization of the gametes results in free- swimming trochophore larvae that develops into a veliger. At the end of their larval
life, veligers selectively search for their preferred settlement substrate and attach to it. At this stage, the larvae shed their vellum
therefore losing their swimming ability, and start benthic grazing. The newly-settled juveniles will grow into the adults, and
the cycle will start over again.

In addition to such ecological considerations, many benthic species of invertebrates are either
farmed or harvested commercially, with aquaculture activities producing almost half of the
supply of fish for human consumption (FAO, 2018). Therefore, any environmental change that
affects early-life history processes (e.g. altered settlement rates) of commercially important
species could impact seed stock and recruitment in aquaculture industry and wild-caught
fisheries, respectively, with potential social and economic flow-on effects. Importantly, most
marine aquaculture facilities, seafood farming and wild harvest occur in coastal waters, making
these activities particularly susceptible to OA. Coastal acidification has previously been shown
to negatively impact the coastal shellfish industry. One of the best examples is the U.S. Pacific
Northwest oyster (Crassostrea gigas) fishery, where hatcheries experienced unprecedent levels
of larval mortality, due to upwelling of seawater with elevated partial pressure of CO2 (pCO2)
(Barton et al., 2015, 2012).
Mollusca has been recognized as a phylum potentially vulnerable to OA across a range of lifehistory stages (Gazeau et al., 2013; Kroeker et al., 2013b). Among the shelled molluscs,
abalones (Class Gastropoda, Genus Haliotis) are important commercial species worldwide.
Abalones are considered a delicacy in many regions and are an important fishery in many
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economies (Cook, 2014). The New Zealand black footed abalone (Haliotis iris) or pāua is a key
coastal species with cultural, economic and ecological importance, with a large market both for
abalone flesh and decorative shells. Abalones reproduce through an indirect life cycle that
includes short-lived (5-9 days) non-feeding (lecithotrophic) larvae (Tong et al., 1992). When
ready to settle, the larvae explore the bottom and selectively search for their preferred substrate.
At settlement, they lose their ability to swim (they shed their velum) and start benthic grazing
(Tong et al., 1992). Haliotis iris has been shown to be vulnerable to reduced seawater pH,
including at the larval (V. Cummings, pers. obs.), juvenile (Cummings et al., 2019;
Cunningham et al., 2015, V. Cummings, pers. obs.) and adult stages (V. Cummings, pers. obs.),
but to date, no research has been undertaken on how OA may influence their settlement.
Most marine invertebrate larvae rely on settlement cues in order to find and settle onto the most
advantageous settlement substrate. The importance of crustose coralline algae (CCA) and
associated biofilms as key settlement inducers and as food source for newly settled larvae has
been shown for numerous species of marine invertebrates (e.g. McCoy and Kamenos, 2015).
CCA are the preferred settlement substrate for abalone larvae (Roberts et al., 2010) as well as
other invertebrates such as echinoderms (Lamare and Barker, 2001; Uthicke et al., 2013) and
corals (Foster and Gilmour, 2016). CCA are diverse and ubiquitous coastal calcifiers and
provide other important ecosystem functions. As well as their positive association with
invertebrate settlement, CCA also consolidate reef structures, provide habitat and protection,
and thus can support high biodiversity (Nelson, 2009). OA has been shown to negatively affect
CCA physiologically through altered growth, photosynthesis and calcification processes
(Cornwall et al., 2018; McCoy and Kamenos, 2015; Nelson, 2009). Additionally, CCA
recruitment (Bradassi et al., 2013; Ordoñez et al., 2017) and community composition (Fabricius
et al., 2015; Ordoñez et al., 2014) are negatively affected.
Here we experimentally examine the potential influence of reduced seawater pH on H. iris
settlement, to better understand potential impacts of OA on the recruitment success in the
species. We experimentally tested whether reduced seawater pH affects the settlement success
of competent H. iris larvae, and whether the effects (if any) are mediated through direct, indirect
or carry-over mechanisms. Direct effects occur when reduced seawater pH directly alters the
physiology or behaviour of competent larvae at the time of settlement. Indirect effects might
take place when settlement substrates (in this case CCA) or the cues they emit are altered by
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reduced seawater pH. Carry-over effects occur when altered settlement success is related to the
exposure to reduced seawater pH during the larval life.

Material and methods
3.3.1 Experimental design
The settlement success of competent H. iris larvae was measured in a settlement assay through
a cross-factorial design (Figure 3.2), using seawater at ambient and reduced pH levels projected
for 2050 and 2100 (Law et al., 2017). We tested for (1) direct effects using seawater at ambient
and reduced pH (projections for 2100) at the time of settlement, (2) indirect effects by testing
settlement CCA-covered tiles that had been previously incubated for 171 days in seawater at
ambient and reduced pH (projections for 2100), and (3) carry-over effects by rearing larvae
through to competency (i.e. ready to settle) in seawater at ambient and reduced pH (projections
for 2050).

Figure 3.2 Experimental design for Haliotis iris settlement experiment. Adults kept at ambient conditions of pH and
temperature were spawned after ~16 months. The fertilization took place at the target pH (ambient pH and reduced pHT = 7.80).
The resulting larvae were reared in the corresponding treatments until competency. When ready to settle, larvae were placed
in settlement chambers in the presence of two tiles previously incubated at either ambient or reduced pH (pHT = 7.65) and with
water at the target pH (ambient pH or reduced pHT = 7.65). The colour code denotes the pH treatment, red = reduced pH and
green = ambient pH.

3.3.2 Abalone Broodstock
Adult H. iris with a mean shell length of 115.1 + 0.3 cm were collected from Breaker Bay
(Wellington, New Zealand) in April 2016 and transported to the Marine Environmental
Manipulation Facility (MEMF) at the National Institute of Water and Atmospheric Research
(NIWA) in Wellington, New Zealand. The animals were distributed evenly amongst three tanks
and fed weekly with local beach cast macroalgae. Each tank contained seven females and four
males and was supplied with a continuous flow of filtered seawater (1 µm; > 90 L h-1), that was
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sourced from the adjacent Wellington Harbour. The water temperature and pH of the abalone
tanks was not adjusted. The broodstock were held under these conditions for 16 months prior
to spawning (see below), during which time the temperature ranged from 10-19 oC. Tanks were
covered with lids to keep the animals in dim light.

3.3.3 Spawning and fertilization
Adult abalone (at least four females and three males from each tank) were induced to spawn
sixteen months after collection (in November 2017). Spawning was stimulated by a mixture of
hydrogen peroxide and sodium hydroxide according to established practices (Moss et al., 1995;
Tong et al., 1992). Eggs produced from females in a particular tank were pooled and split into
three batches, which were subsequently added to buckets containing seawater at either ambient
pH or reduced pH (pHT 7.80) at densities of approximately 200,000 to 500,000 eggs per bucket.
The same procedure was used for sperm from the males from the same tanks. Enough sperm
was added to the buckets containing the eggs to give a final sperm density of approximately
25,000 sperm per ml. Fertilisation took place in seawater at the two target pH treatments (pH
ambient and reduced pHT of 7.80). After 10-15 minutes, the eggs were rinsed in order to remove
excess sperm and were distributed in a single layer on the bottom of six hatching buckets with
seawater flowing through (6 L h-1) at the target pH.

3.3.4 Larval cultures
Approximately 20 hours post-fertilisation, the resulting trochophore larvae hatched and were
passively transferred into six plastic larval rearing tanks (70 L) with water flowing-through at
the corresponding target pH (three at ambient pH and three at reduced pHT 7.80), with a larval
density of ~ 6 larvae per ml. Each larval rearing tank was supplied with seawater flowing from
its own header tank (n = 3 header tanks for each pH). Larvae were kept in the tanks until
reaching competency (i.e. ready to settle) using the procedures detailed in Tong et al. (1992).
In abalone larvae, competency is marked by the appearance of four buds on the cephalic
tentacles, ability to crawl on a surface and the appearance of 8-12 rows of teeth on the radula
(Moss and Tong, 1992). Ambient temperature increased naturally over the larval rearing period,
from 14.7oC to 16.2oC, reflecting temperatures in the harbour adjacent to the MEMF, where the
seawater was sourced from. Larvae were competent to settle, and were used in the experiment,
nine days after fertilisation.
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3.3.5 Crustose coralline algae settlement tiles
Polyvinyl chloride settlement plates (48 mm diameter) were used to collect natural CCA
communities for a period of nine months between August 2016 (austral winter) and May 2017
(austral autumn). The tiles were attached to leaded rope and placed underneath the natural algal
canopy parallel to shore on the northern coast of Huriawa Peninsula, Karitane, Otago, New
Zealand (45°38′20″S, 170°40′15″E) following the methods of James et al. (2014). The area has
abundant H. iris populations, so it was assumed the CCA community developing on the plates
was suitable for settlement. Upon retrieval, the tiles were transported back to the Portobello
Marine Laboratory (Dunedin, New Zealand) and placed for 10 days in UV filtered seawater
flowing-through at ambient temperature, under light conditions of 20 µmol m-2 s-1 (12:12 h
light:dark cycle). Following this pre-conditioning, the tiles were wrapped in wet cloth and
transported in the dark in an insulated container (within 5 h) to the MEMF at NIWA Wellington
for long-term incubation. Upon arrival, every plate was gently cleaned and, where possible,
sessile invertebrates and other algae were removed under a dissecting microscope, after which
the tiles were placed into the corresponding pH treatments (ambient pH or reduced pHT 7.65)
for a total of 171 days.
The tile incubation took place in eight 2 L aquaria (four for each pH treatment) with water
flowing through (400 ml per min). Each aquarium received water from an individual header
tank (four for ambient pH and four for reduced pH), where pH was manipulated as outlined
below. Temperature was held constant at 12oC using heaters submerged in the header tanks
supplying the aquaria. The CCA tiles were incubated at 20 μmol m-2 s-1 on a 12:12 light:dark
cycle (under a Philips fluorescent light, TLD 58W/865, ‘Cool Daylight’) and cleaned every two
weeks to reduce biofilm build up and overgrowth. Prior to their being used in the settlement
experiments, the tiles were acclimated to 16oC, the temperature that the larvae had been reared
at. Photographs of each CCA-encrusted tile were taken after incubation and CCA coverage
(area; mm2) was measured using a combination of GIMP 2.10.12 (GNU Image Manipulation
Program, http://www.gimp.org) and Fiji (Schindelin et al., 2012) workflows. For this, segments
of the images were transformed into black and white in order to measure the total area covered
by CCA. Figure 3.3 shows an example of the variability in coverage for tiles that had been
incubated at ambient and reduced pH.
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Figure 3.3 Examples of CCA-covered tiles used for the larval settlement experiment with H. iris larvae. Polyvinyl chloride
tiles (48 mm diameter) were pre-conditioned at either ambient pH (left column) or reduced pHT 7.65 (right column), resulting
in tiles with high (top row), medium (middle row) or low (bottom row) percentage coverage. (Photos:A.K.)

3.3.6 Seawater pH manipulation and carbonate chemistry
In this study pH is reported on the total hydrogen scale (pHT) at in situ temperature. Seawater
was supplied to each component of this experiment via individual header tanks (60 L). For
treatments requiring reduced pH, header tank pH was regulated via diffusion of food grade CO2
from submerged silicon coils, which was controlled using Sensorex S150C pH probes (Garden
Grove, CA, USA). Probes were calibrated with NIST buffers (LabChem, Zelie- nople, PA,
USA), and measures were validated multiple times per day in water samples using an automated
spectrophotometric system and thymol blue dye (McGraw et al., 2010). Water samples were
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taken periodically during each component of the experiment and preserved with HgCl2 for later
analysis of alkalinity (AT). Calculations of seawater carbonate characteristics (pCO2, DIC and
saturation state of aragonite and calcite) were made using measured pH, temperature, AT, and
salinity (34.3 psu). The pH of the water at time of settlement, the pH at which the CCA tiles
were incubated, and the pH in which the larvae were reared, are hereafter referred to as pHWATER,
pHCCA and pHLARVAE, respectively.

3.3.7 Larval settlement experiment
This experiment tested the effects of pHWATER, pHCCA and pHLARVAE on the settlement success of
abalone larvae and was carried out in custom-made static settlement chambers (Figure 3.4a). In
order to present the larvae with a choice at settlement, each settlement chamber (400 ml)
contained two CCA tiles, one that had been incubated at ambient pH and one that had been
incubated at reduced pH 7.65. The CCA tiles were attached to the bottom of the chamber and
the top of the chamber was closed with mesh (100 µm) to ensure retention of the larvae but still
allowing flow of water within the chamber. Two settlement chambers were submerged in each
15 L aquarium, with seawater flowing through at ambient or reduced pH (pHT 7.65), originating
from header tanks, as described above. Four header tanks were available for this experiment
(two at ambient pH and two at reduced pHT 7.65), with each supplying seawater to three aquaria
(12 aquaria in total).

Figure 3.4 Static settlement chambers used for the settlement choice experiment with H. iris competent larvae. (a, b, c) The
400 ml custom-made settlement chambers were closed by means of a 100 μm mesh, to keep the larvae inside the chambers but
still allow water circulation. Each chamber contained two tiles incubated at both high and reduced pH. Two chambers were
included in each 15 L aquaria with water flowing through at the target pH. (d) Recently settled abalone larvae on CCA covering
a settlement tile (credit: A.K.). (e) Unsettled abalone larvae recovered after the settlement experiment.
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All larvae developed in the same pH treatment (ambient or pHT 7.80, respectively) were
concentrated, pooled and subsequently subsampled before being added to the settlement
chambers (~100 competent larvae per chamber). Within a particular aquarium, one settlement
chamber received larvae that had been reared at ambient pH, and the other received larvae
reared at reduced pH. CCA tiles were randomly assigned to the settlement chambers, making
sure that no tiles from the same incubation treatment tank would be assigned to the same
aquaria.
Larvae were left to settle for approximately 20 hours, after which the settlement chambers were
retrieved from the experimental system. The water from each chamber was carefully poured
through a 50 µm sieve and preserved (70% ethanol) for later determination of the number of
larvae that had not settled (Figure 3.4b). Each CCA tile was then examined under a
stereomicroscope and counts made of the number of settled larvae (Figure 3.4b).

3.3.8 Statistical analysis
Two-way ANOVA with interactions (pHWATER, pHLARVAE, pHWATER x pHLARVAE) was used to test
for the relationship between the proportion of larvae that did not settle on the tiles and (1) the
pH of water at time of settlement (pHWATER), and (2) the pH in which the larvae had developed
(pHLARVAE). The proportional data were arcsine square transformed prior to analysis. Following,
a one-way ANOVA was used to test whether the pH at which the tiles had been incubated
(pHCCA) affected CCA-coverage, as this could be a confounding factor in the next analysis.
Finally, a three-way ANOVA with interactions was used to test the tile preference of the larvae,
specifically the proportion of larvae that settled on the CCA tiles incubated at ambient pHCCA
and how this was affected by pHLARVAE and pHWATER. To thoroughly investigate this, the
proportion of larvae settling was standardised against CCA cover from pHCCA ambient or pHCCA
7.65. All statistical analyses were conducted using SAS, Version 6 (SAS Institute Inc. 1987).
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Results
3.4.1 Seawater carbonate chemistry
The seawater carbonate chemistry over the course of the CCA tile incubations, larval rearing
and larval settlement experiment are reported in Table 3.1. Ambient seawater conditions were
very similar across all three components of the study, with pHT = 8.05 and pCO2 = 388-389
µatm, and saturation states ranging from 2.1-3.68 for ΩARAGONITE, and 1.5 – 2.47 for ΩCALCITE.
(Table 3.1). AT too was consistent across the study, ranging from 2250 to 2278 μmol kg-1 (Table
3.1).
In the reduced pH treatments for the CCA tile incubations and the settlement experiment, pHT
and pCO2 were 7.66/1063 µatm and 7.65/1095 µatm, respectively (Table 3.1). ΩARAGONITE was
close to undersaturation (0.95 for CCA tile incubations and 1.10 for settlement experiment),
with ΩCALCITE slightly higher (1.5 and 1.71, respectively). The larval rearing period reduced pH
treatment was higher, with pHT of 7.80 and pCO2 of 740.5 ± 6.1 μatm. ΩARAGONITE was 1.45 ±
0.01, and ΩCALCITE was 2.25 ± 0.02 (Table 3.1).
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Table 3.1 Mean seawater parameters (+ s.e.) in the seawater flow-through system in both ambient and reduced pH treatments during the 171-day tile incubation period, 10-day larval rearing period and
the 20 h settlement experiment, following analytical methods detailed in McGraw et al. (2010).

Treatment

pHT

AT
(µmol kg-1)

DIC

pCO2(µmol)

HCO3
(µmol kg-1)

CO32(µmol kg-1)

WCALCITE

WARAGONITE

CCA incubation (at 12ºC; n=4)
Ambient

8.03 ± 0.01

2253.9 ± 5.2

2064± 8

404.1 ± 14.2

1909.6 ± 10.7

138.02 ± 3.2

3.3± 0.07

2.1 ±0.05

Reduced

7.65 ± 0.00

2253.4 ± 5.1

2204 ±3.6

1065.7 ± 18.2

2098.2 ± 3.6

62.5± 0.7

1.5 ± 0.02

0.95 ±0.01

Larval rearing (n=3)
Ambient

8.05 ± 0.01

2250 ± 0.6

2036.7 ± 3.3

388.4 ± 6.1

1868.4 ± 4.7

153.8 ±1.7

3.68 ± 0.04

2.36 ± 0.03

Reduced

7.80 ± 0.00

2252.6 ± 0.8

2140.8 ± 1.1

740.5 ± 6.1

2018.9 ± 1.4

94.2 ±0.7

2.25 ± 0.02

1.45 ± 0.01

8.05

2256.0

2032.8

389.6

1858.2

160.5

3.85

2.47

7.65 ± 0.00

2256.2 ± 2.3

2190.2 ± 2.2

1094.9 ± 1.1

2079.1 ± 2.1

71.5 ± 0.1

1.71 ± 0.00

1.10 ± 0.00

Larval settlement (at 16.2ºC)
Ambient (n=1)
Reduced (n=2)
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3.4.2 Larval settlement
There was no significant interaction between the effect of the pHWATER and pHLARVAE on the
proportion of larvae that did not settle (pHWATER x pHLARVAE: F1,20 = 0.06, p = 0.8157; Table
3.2a).

3.4.2.1 Direct effects – effects of the surrounding water pH on the larval settlement
Settlement success was not directly influenced by pHWATER (F1,20 = 0.03, p = 0.8738; Table 3.2a),
with the proportion of non-settling abalone larvae almost identical at ambient and reduced
pHWATER (40.60% ± 7.14 and 39.30% ± 5.89, respectively; Figure 4b).
Table 3.2 Summary table showing results of statistical tests investigating the influence of (A) pHWATER and pHLARVAE on the
proportion of Haliotis iris larvae that did not settle (two-way ANOVA), (B) pHCCA on CCA cover (one-way ANOVA), and (C)
proportion of Haliotis iris larvae standardised by CCA cover (three-way ANOVA). DF = degrees of freedom, SS = sum of
squares, MS – mean sum of squares.
DF

SS

MS

F-value

Pr > F

(a) Larval settlement
Model
Error
Corrected total
pHWATER
pHLARVAE
pHWATER x pHLARVAE

3
20
20
1
1
1

0.220
1.126
1.346
0.0014
0.2157
0.0031

0.073
0.056

1.30

0.3005

0.0014
0.215
0.0031

0.03
4.20
0.06

0.8738
0.0526
0.8157

(b) CCA cover
Model
Error
Corrected total

1
46
47

0.238
1.451
1.690

0.238
0.032

7.56

0.0085

(c) Settlement relative to CCA cover
Model
Error
Corrected total
pHLARVAE
pHCCA
pHLARVAE x pHWATER pHCCA
pHWATER
pHLARVAE x pHWATER pHWATER
pHCCA x pHWATER pHWATER

7
40
47
1
1
1
1
1
1

19.3297
164.821
184.151
0.05631
2.96516
0.57968
0.26328
5.30064
10.0704

2.76139
4.12053

0.67

0.6958

0.05631
2.96516
0.57968
0.26328
5.30064
10.0704

0.01
0.72
0.14
0.06
1.29
2.44

0.9075
0.4013
0.7096
0.8017
0.2635
0.1259

pHLARVAE x pHWATER pHCCA x pHWATER

1

0.09427

0.09427

0.02

0.8805
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3.4.2.2 Carry-over effects – effects of the pH at which the larvae were reared
There was a nearly significant effect of pHLARVAE in the combined factor test (F1,20 = 4.20, p =
0.0526; Table 3.2a). A Wilcoxon two sample test confirmed lower settlement by larvae from
reduced pHLARVAE 7.80 (statistic = 118, one-sided p = 0.0345), indicating OA-induced carryover effects. On average, 33.18% ± 6.37 of larvae reared at ambient pHLARVAE did not settle,
compared with 50.0% ± 5.70 from reduced pHLARVAE 7.80 (Figure 3.5a).

Figure 3.5 Boxplots showing settlement success of Haliotis iris larvae (%) relative to (a) the pH of the water at time of
settlement (pHWATER), (b) the pH at which larvae were reared (pHLARVAE), and (c) the pH at which the tiles were incubated
(pHCCA). The CCA coverage (%) on the settlement incubated in the different seawater pH is also shown (d). Horizontal bars
represent the median value, the box represents the interquartile range, and the whiskers represent the minimum and maximum
values excluding outliers. The closed circles inside the boxes represent the mean value.

3.4.2.3 Indirect effects – Effects of the pH at which the tiles were incubated
The pH of the water in which the tiles had been incubated significantly affected CCA coverage,
which was higher on tiles from ambient pHCCA (54.5 + 3.1 %) than from reduced pHCCA 7.65
(41.1 + 3.7 %; F= 7.561,46, p = 0.0085; Figure 3.5d; Table 3.2b). Nevertheless, when considering
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the potential influence of different CCA cover on larval settlement, no significant effects were
indicated (F7,40 = 0.67, p > 0.6958; Table 3.2c).

Discussion
The results of this investigation indicate that reduced seawater pH does not affect the settlement
success of H. iris larvae directly, but that the pH of the water in which larvae developed
significantly affected their capacity to settle. In addition, we found that the pre-conditioning
history of the CCA had no influence on the settlement success or the CCA tile choice, despite
the fact that the water pH in which the tiles were incubated significantly affected the CCA
coverage on the tiles.
To date, there are no similar studies available on the direct effects of OA on the larval settlement
of abalone. In line with these findings, previous studies on other invertebrate taxa have found
no evidence of OA-related direct effects. For example, the settlement of barnacle larvae
(Balanus amphitrite) was unaffected in the presence of reduced seawater pH (pHNBS 7.61;
(Campanati, 2016)). Similarly, no effect was evident on the settlement success of the sea star
(Acanthaster cf. solaris) larvae when left to settle under a range of reduced seawater pH
treatments (Uthicke et al., 2013). Larvae of the sea urchin Evechinus chloroticus showed no
altered settlement success when left to settle in a range of seawater pH (pHT 7.0 to ambient,
Chapter 2). In contrast, other taxa do show a response to reduced seawater pH at settlement.
Reduced pH was found to negatively affect the settlement success of corals directly. For
example, larval settlement in two corals showed direct negative effects in presence of reduced
seawater pH at the time of settlement [Acropora selago (Doropoulos and Diaz-Pulido, 2013)
and Pocillopora damicornis (Viyakarn et al., 2015)].
Reduced seawater pH could directly alter the larval settlement success of marine invertebrate
larvae by altering the behaviour or chemosensory perception of the larvae at time of settlement.
Altered settlement of coral reef fish larvae due to OA was found to be caused by disruption in
the chemosensory perception through disrupted neurotransmission of the larvae at time of
settlement rather than by morphological changes (Munday et al., 2009). Similarly, it has been
shown that OA affects the ability of fish (Chromis viridis) and crustacean (Stenopus hispidus)
larvae to chemically recognize cues (Lecchini et al., 2017). Moreover, it has been suggested
that OA would alter the ability to perceive settlement cues by blocking specific signalling
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pathways (Wnt signalling) in bryozoan larvae (Pecquet et al., 2017). Overall, the available
literature suggests altered chemosensory ability due to reduced pH/elevated pCO2 as the main
cause of direct effects on the larval settlement. The range of responses seen (including the
present study) suggests that the effects on the chemosensory ability reported in the literature
are taxa-specific and possibly species-specific. Indeed, differences in chemosensory perception
of settlement cues are likely, given the range in degree of selectivity and specificity amongst
taxa at settlement (e.g. corals or barnacles).
The results of the present study show no indications of indirect effects on the settlement success
of H. iris larvae. Indeed, the pre-conditioning of the tiles, despite the lower CCA cover in
reduced seawater pH, did not alter the settlement success of H. iris larvae. These results are in
line with previous observations on H. rufescens larvae, where settlement was not altered in the
presence of crustose coralline red algae (CCRA) settlement substrate that had previously been
conditioned for four months in three different pH treatments (pH 7.91, 7.50 and 7.2), despite
lower CCRA growth (O’Leary et al., 2017). The authors hypothesized that this could be due to
abalone larvae depending solely on the presence of CCRA, rather than the percentage cover,
for settlement to be induced. They also suggested that since the CCRA crusts are formed by
several species of encrusting algae, this could provide functional redundancy that buffers
against negative effects of their exposure to reduced pH (O’Leary et al., 2017). Indeed, based
on visual observations, the CCA community on our settlement tiles consisted of a number of
species, that could provide the redundancy in the present study. Conversely, larval settlement
in other marine taxa, such as corals (Doropoulos et al., 2012; Webster et al., 2013b) and
echinoderms (Uthicke et al., 2013) show negative indirect effects when presented with CCA
substrate preconditioned at reduced seawater pH. Again, such contrasting results when testing
for indirect effects in different taxa could be due to a different degree of substrate selectivity
amongst groups. While some taxa only require the presence of CCA as a cue for settlement,
others may have a more specific relationship with CCA at settlement (e.g. high coverage or
specific CCA assemblage). For example, different families of corals from both the Atlantic and
Indo-Pacific settle preferentially on the same genus of CCA (Titanoderma sp.), and OAinduced reduction of Titanoderma cover lowers the settlement success of the corals
(Doropoulos et al., 2012). In addition, some taxa may rely on specific biofilms associated with
particular CCA assemblages, and not the CCA itself. Different CCA host different bacterial
communities (Sneed et al., 2015) and moreover, the bacterial community associated with the
CCA could also change with OA and warming. This has previously been shown on natural
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biofilms, however the effects only appeared after a 5-week incubation period (Russell et al.,
2013). It is conceivable therefore, that highly selective taxa (e.g. tropical coral larvae) might
experience more intense negative effects when their preferred settlement cue is altered.
Our results do show an influence of carry-over effects on the settlement success of H. iris, with
larvae that had been reared in the reduced pH treatment (pHT 7.80) showing significantly
reduced settlement success compared to those reared at ambient pH. OA-induced carry-over
effects at the time of settlement due to pre-exposure of the larvae to reduced seawater pH levels
have been shown in a range of marine invertebrate larvae, including oysters (Hettinger et al.,
2013; Ko et al., 2014), sea urchins (Dupont et al., 2013; Wangensteen et al., 2013) and corals
(Yuan et al., 2018). While no studies to date have looked at carry-over effects on settlement in
abalone species, there is extensive scientific evidence of OA-induced negative effects on earlylife stages of abalone species, such as developmental delay (Crim et al., 2011; Li et al., 2013),
reduced larval survival (Crim et al., 2011; Guo et al., 2015), decreased fertilisation and hatching
rates (Guo et al., 2015; Kimura et al., 2011) or increased larval malformation (Byrne et al.,
2011a; Kimura et al., 2011; Li et al., 2013). It has been shown that energy reserves, when used
to cope with physiological stress, involve additional metabolic costs and therefore depletion of
those same energy reserves (e.g. Pan et al., 2015). In this respect, competent abalone larvae that
have been exposed to reduced pH / high pCO2 seawater during their larval life may reach
settlement with reduced energy reserves, although this has not been investigated. This can
potentially have negative consequences for a successful settlement, metamorphosis into the
juvenile form and post-settlement survival, since these are high energy demanding processes
(Videla et al., 1998). In addition, larvae reared under OA conditions might also present
morphological alterations, such as smaller size, abnormal shape or reduced shell integrity
(Byrne et al., 2011a), that can physically impede larval mobility or attachment to the substrate,
and have metabolic costs, consequently leaving less energy available for further development
and growth.

Conclusion
The present work shows that exposure to projected levels of OA during the larval stage of H.
iris negatively affects their subsequent settlement success. Carry-over effects on the larval
settlement have previously been shown in a range of marine taxa, such as bivalves (Hettinger
et al., 2013, 2012; Ko et al., 2014) and corals (Yuan et al., 2018). However, despite the
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mounting evidence available on the sensitivity of shelled molluscs to projected levels of OA
(Gazeau et al., 2013), to date, no studies have focused on the potential effects of OA on the
larval settlement in this important marine group (Espinel-Velasco et al., 2018). Our results
provide evidence of OA-induced carry-over at time of settlement in this important commercial
species, however the mechanisms behind it remain unknown. Investigations of how (or
whether) OA influences larval abalone energy reserves in future scenarios of acidification are
required (Espinel-Velasco et al., 2018). These future investigations will contribute to a bigger
picture and better understanding on how marine (commercial) species will fare in the face of
future scenarios of OA and other global change related stressors. The outcomes of these
investigations have implications, not only for wild populations of abalone, but for aquaculture
that relies on natural supply of spat/juveniles and/or seawater, as well as farming operations
that develop their activities in the natural environment.
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Chapter 4
To settle or not to settle:
Seawater pH alters marine biofilms and influences larval
settlement in the serpulid polychaete Galeolaria hystrix

Abstract
Ocean acidification (OA) can exert negative effects on the marine ecosystems and the
organisms that live in them, being the early-life stages particularly sensitive. Larval settlement
and metamorphosis are key processes in the life cycle of benthic and sessile marine
invertebrates, since they determine the final location where the organisms will reside as adults.
Settlement success depends strongly on suitable settlement substrates and cues, and marine
biofilms are key settlement inducers for a range of marine invertebrate larvae. This study
investigated whether marine biofilms grown under different seawater pH levels could influence
settlement outcomes in the serpulid polychaete Galeolaria hystrix. Marine biofilms were
incubated under a range of pH treatments (7.0 to ambient) in a flow-through system for 60
weeks. Biofilms of different ages (7, 10 and 14 months) were used in a settlement assay with
competent G. hystrix larvae. The microbial community composition was characterized through
amplicon sequencing of the small subunit ribosomal rRNA gene (16S and 18S). While biofilm
community composition was stable over time within each pH treatment and biofilm age did not
affect settlement selectivity, pH strongly influenced microbial community composition at both
eukaryote and prokaryote levels, as well as settlement success, although the mechanisms behind
these effects could not be discerned. Further research is warranted focussing on changes in the
composition of marine biofilms under future conditions of ocean acidification and how they
mediate larval settlement success in marine invertebrates, as well as the wider ecological
implications for marine ecosystems.
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Introduction
Life cycles that include a free-swimming developmental stage are the predominant life-history
strategy amongst marine organisms (Thorson, 1950). Such indirect life cycles are characterised
by the key processes of settlement and metamorphosis in benthic and sessile species, when, at
the end of the larval life, larvae selectively search for a preferred settlement substrate to attach
(settle), before or after metamorphosing (Rodriguez et al., 1993). These early life-history stages
are therefore key in the ecology and population biology of these organisms, as they can
determine the distributions and abundances of these benthic communities. In permanently
attached (sessile) taxa such as polychaete tube worms, these processes also determine their final
location as adults.
Successful larval settlement and metamorphosis is typically dependent on settlement substrate
characteristics and settlement cues, which play a direct role in the larval recognition, selection
and attachment process (Hadfield and Paul, 2001). In particular, crustose coralline algae (CCA)
and marine biofilms are well known to be important settlement inducers and play an important
role as settlement substrates. Indeed, many species of marine invertebrate larvae rely on finding
CCA for a successful settlement and metamorphosis (e.g. sea urchins, Lamare and Barker,
2001; abalone, Roberts et al., 2010). Previous studies have also shown the importance of natural
marine biofilms as food for benthic grazers (Thompson et al., 2004) and key settlement inducers
for marine invertebrates (Hadfield and Paul, 2001; Tran and Hadfield, 2011). Marine biofilms
are comprised of heterotrophic bacteria, cyanobacteria, protozoa, fungi and benthic diatoms
(Harder et al., 2002). The bacterial component of natural biofilms is well known to play an
important role as settlement inducer (Freckelton et al., 2017; Huggett et al., 2006; Watson et
al., 2016). Similarly, benthic diatoms have been identified as settlement inducers in marine
invertebrates (Castilla-Gavilán et al., 2020; Harder et al., 2002; Lam et al., 2005, 2003). On the
other hand, some species of bacteria, diatoms and ciliates can also inhibit or reduce settlement
(e.g. ciliates in Galeolaria caespitosa, Shimeta et al., 2012; Watson et al., 2016)
Changes in the composition of marine biofilms can affect settlement rates in marine
invertebrates (Toupoint et al., 2012). In this respect, any environmental variable that drives
changes in bacterial assemblages or community composition of marine biofilms could
indirectly alter the settlement cues in such a way that larval settlement and metamorphosis
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success could be compromised (Espinel-Velasco et al., 2018), therefore affecting future benthic
marine communities.
Ocean Acidification (OA) is caused by the excess of anthropogenic carbon dioxide in the
atmosphere that is being absorbed by the oceans, therefore causing changes in seawater
carbonate chemistry included reduced seawater pH saturation states of calcium carbonate. Since
the pre-industrial times, seawater pH has dropped by 0.1 pH units (Stocker et al., 2013) and it
is predicted to further decrease by 0.3 pH units by the end of the century, under business-asusual scenarios (IPCC 2019). Ocean acidification is especially concerning in coastal
ecosystems, due to the array of stressors that these areas are already experiencing.
Biofilm changes in response to reduced pH have been shown to occur, both experimentally
(Witt et al., 2011) and across environmental pH gradients (Johnson et al., 2015, 2013; Lidbury
et al., 2012). Previous studies have, however, only focused on short-term outcomes (i.e. days),
and longer-term based research is needed to better understand responses as biofilms develop
and mature (Russell et al., 2013). Therefore, it is important to understand the mechanisms by
which reduced pH/elevated pCO2 may alter settlement substrates in such a way that it would
indirectly alter larval settlement and metamorphosis outcomes (Espinel-Velasco et al., 2018).
Calcifying polychaete tubeworms have an important ecological function in rocky shores as
pelagic benthic couplers, and as ecosystem engineers in their role as engineers of biogenic reefs.
Serpulid polychaetes have been used widely as model species in larval biology (Hadfield and
Paul, 2001), since the dioecious adult worms are readily spawned and the resulting larvae are
easy to rear under laboratory conditions, reaching competency after a relatively short time (i.e.
1-2 weeks). In New Zealand and Australia, the endemic serpulid polychaete Galeolaria hystrix
(Phylum Annelida: Class Polychaeta: Order Sabellida: Family Serpulidae) is an important
intertidal and subtidal species typically present around the rocky shore coastal environments.
In New Zealand, the species forms biogenic reefs that can serve as habitat or shelter for many
other organisms, thus increasing biodiversity (Riedi and Smith, 2015; Smith et al., 2005). For
G. hystrix, the embryonic and larval development, as well as the larval settlement and
metamorphosis processes have recently been described (Nelson et al., 2017).
Previous studies have shown that competent larvae of serpulid polychaetes present a clear
selective clear preference for marine biofilms as settlement inducers (Hadfield and Paul 2001),
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with specific bacterial groups shown to induce settlement in marine larvae. In particular, the
Proteobacteria Pseudoalteromonas luteoviolacea and Bacteroidetes Cellulophaga (Cytophaga)
lytica have been identified as very strong settlement inducers in the serpulid polychaete
Hydroides elegans (Huang and Hadfield, 2003). Similarly, P. luteoviolacea also induces
settlement in the polychaete Galeolaria caespitosa (Watson et al., 2016).
Although the bacterial component of marine biofilms has generally been considered as the
inducing element for larval settlement, several studies have shown that the diatom component
of marine biofilms can also induce larval settlement. For example, the diatoms Nitzschia
paleacea, Nitzschia constricta and Denticula sp. were found to be strong inducers of settlement
in H. elegans when in monospecific culture, whereas the diatoms Achnanthes sp., Nitzschia sp.,
Scoliopleura sp., Synedra sp., Navicula sp., Halamphora (Amphora) coffeaeformis and
Achnantes petersenii were found to act as weak inducers (Harder et al., 2002; Lam et al., 2003).
Several studies have shown that the presence of ciliates can also inhibit or reduce settlement
success of marine invertebrate larvae. For example, the settlement rate of G. caespitosa is
negatively affected when presented with an assemblage of 7 ciliates (from the subclasses
Hypotrichia, Haptoria, and Scuticociliatia). Similarly, when presented with a different
assemblage of 11 ciliates (from Hypotrichia, Stichotrichia, Haptoria, Colpodida, and
Scuticociliatia) settlement of the blue mussel Mytilus galloprovincialis is strongly reduced
(Shimeta et al., 2012). In contrast, the same assemblages of 7 and 11 ciliates cause either no
effect on the settlement success of the bryozoan Bugula neritina, or an increased settlement of
the serpulid Pomatoceros taeniata, respectively (Shimeta et al., 2012). A more recent study
found that the settlement success of G. caespitosa larvae is significantly reduced in the presence
of the ciliates Amphisiella sp., Euplotes minuta and Uronema marinum (Watson et al., 2016).
Altered settlement rates of calcifying tubeworms due to global change related stressors, in
particular ocean acidification, could have marked ecological implications for future rocky shore
coastal ecosystems and biogenic reefs. In this study we test whether marine biofilms incubated
under different levels of reduced seawater pH over a period up to 60 weeks would induce
differential settlement responses on the serpulid polychaete G. hystrix (total settlement vs.
selective settlement on the biofilms). As part of this study, the microbial (eukaryotic and
prokaryotic) community composition of the same biofilms was characterized through amplicon
sequencing of the small subunit ribosomal rRNA gene (both 16S and 18S) to determine changes
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in microbial communities. Finally, this study aimed at investigating whether changes in
settlement outcomes could be related with a shift in microbial community composition.

Material and methods
4.3.1 Animal collection, spawning and fertilization
Adult Galeolaria hystrix were collected at low tide from a rocky shore area adjacent to the
Portobello Marine Laboratory, Dunedin, New Zealand (45° 49’ 40.7424” S, 170° 38’ 26.0160”
E) by gently removing the calcareous tubes from the rocks with the help of a hammer and chisel
(Figure 4.1a). The collected specimens were immediately transported in seawater to the
laboratory for spawning.

Figure 4.1 Adults Galeolaria hystrix collected at the shore adjacent to the Portobello Marine Laboratory. (a) Adults can be
found attached in the side or underside of rocks. Fingers for scale. (b) Adult G. hystrix out of the calcareous tube. Note the
swollen abdomen indicating ripeness of gonads. (c) Release of eggs - indicated by the arrow - after scalpel incision in a female
G. hystrix.

Adult worms were gently removed from their calcareous tube and their ripeness and sex
determined (females abdomens present an orange coloration, while males present a white
abdomen, swollen if ripe, (Figure 4.1a, Figure 4.1b). Gametes were obtained by making a
longitudinal scalpel incision along the abdomen and leaving the animals in filtered seawater for
about 10 minutes for gamete release (Figure 4.1c). Eggs and sperm were visually inspected for
sperm motility and viability of eggs. The eggs were rinsed several times in UV-sterilized
seawater (UV-FSW) filtered up to 0.35 μm and left for fertilization in 1 L glass jars. One to
three drops of sperm were added to the egg solution until reaching a final fertilization of more
than 95% (appearance of a fertilization membrane and periviteline space indicate normal
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fertilization). Fertilized eggs were rinsed with UV-FSW to remove excess of sperm and left
covered to hatch in two 1 L glass jars.

4.3.2 Larval cultures
After 48 hours, hatched trochophore larvae were transferred into eight, 2.5L glass jars with UVFSW at a density of 3-4 larvae per ml at room temperature (which varied from 9.9° to 14.7°C)
under a 12-12 h light-dark cycle. The jars were continuously stirred by swinging paddles at a
speed of ca. 30 swings per min. Water changes were performed every three days by siphoning
off 90% of the water (100 µm mesh) and replacing with fresh UV-FSW. Prior to siphoning,
larger debris were pipetted out of the jars. The larvae were fed a mix of Rhodomonas salina
and Dunaliella tertiolecta every two days at a concentration of approximately 6000 cells/ml
(Nelson et al., 2017). The stomachs of the larvae were regularly checked under the compound
microscope to ensure that the food added was being ingested. Twenty-two days postfertilization (dpf), the larvae showed signs of competency (i.e. ready to settle). This was marked
by the appearance of a neck constriction and by the beginning of demersal behaviour which
compels larvae to sink to the bottom of the jar (Nelson et al. 2017)(Figure 4.2).

Figure 4.2 Larval development stages of G. hystrix in the current study. (a) Early stage three-setiger larva at eight days post
fertilization (dpf). (b) Three-setiger larva at 15 dpf, note the clear prototroch (c). Three-setiger larva at 18 dpf, note the
disappearance of the prototroch. (d) Competent larvae at 22 dpf, with a clear appearance of the neck constriction. (e) Calcareous
tube segregated by settled larvae, 29 days post fertilization. Scalebar is 100 µm in all images.

4.3.3 Biofilm incubation
Marine biofilms were developed on glass microscope slides (25mm x 75mm) in a flow-through
system at the Portobello Marine Laboratory for 60 weeks between August 2017 and October
2018 (Figure 4.3), under average light conditions of 99.5 ± 10.1 µmol m-2s-1 (12:12 h) and
temperatures between 8ºC (winter minimum) and 24ºC (summer maximum). The microscope
slides were sanded (in order to encourage microbial attachment), acid washed (in 10% HCl for
76

Chapter 4: Polychaete larval settlement on marine biofilms under ocean acidification

24 hours), rinsed with Mili-Q water and autoclaved previously to their introduction in the tanks,
following the methodology developed by Nelson (2016). Slides were submerged in the aquaria
and held vertically in place by custom-built slide holders (Figure 4.3, Figure 4.4). A set of 12
slides (4 slides per aquaria, 3 aquaria per treatment) was introduced in each pH treatment at 3
different time points, namely in August 2017, December 2017 and March 2018 and were left
in the system until early October 2018. At this time, the slides had been in the treatments for
approximately ~14 months, ~10 months and ~7 months, respectively. At the end of the
incubation period, a total of 204 slides were weighed (wet weight) and sampled for further
molecular analysis. A total of 114 (108 with biofilms + 6 controls) slides were used for the
settlement assay with competent polychaete larvae.

Figure 4.3 Experimental set up for the 60-week biofilm incubation in the flow through system at the Portobello Marine
Laboratory. Each pH treatment was achieved by diffusing CO2 in a 60 L header tank, except for the ambient treatment, which
consisted of unmodified seawater from the adjacent harbour. Slides were introduced vertically by means of custom made slide
holders with 4 slides on each. Two holders were introduced in each 10 L tank at each of the three time points during the total
incubation period, resulting in biofilms that were 7, 10 and 14 month old at the end of the incubation. The biofilms on the slides
were used for molecular analysis (rRNA) and the settlement assay with competent Galeolaria hystrix larvae. Credit: J. C.
Espinel.
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4.3.4 Controlled pH flow-through seawater system.
The flow-through system used for incubation of the biofilm consisted of a main header tank (60
L) feeding directly into six treatment tanks (60 L). Each treatment tank was connected with
three smaller 10 L aquaria positioned on a water table for easy water flow (Figure 4.3, Figure
4.4), with water flowing at a continuous rate of ~1 L per min. Seawater pH was regulated in
each treatment tank by adding pure CO2 gas by an automatic CO2 injection system based on
TUNZE pH/CO2 controllers 7074/2 (TUNZE AQUARIEN- TECHNIK GMBH, Penzberg,
Germany). Six nominal pH treatments were set up for this experiment: pH 7.0, pH 7.2, pH 7.4,
pH 7.7, pH 7.9 and pH ambient. The ambient pH treatment consisted of seawater flowing
unaltered (no CO2 bubbling) through the system. Seawater pH and temperature were measured
twice a week in the six treatments for the whole duration of the experiment. Water temperature
was periodically measured with an electronic temperature probe. Over the 60-week incubation
period, seawater pH (total scale and NBS scale) was determined by the spectrophotometric
method using m-cresol purple indicator dye (Sigma Aldrich batch 2303-01-7) as recommended
by Dickson et al. (2007).

Figure 4.4 Pictures illustrating the experimental set-up for marine biofilms explained in Figure 3. (a) Custom-made slide
holders. (b) Marine biofilms growing in the incubation tanks (c) View of part of the marine biofilm incubation set up at the
Portobello Marine Laboratory.

4.3.5 Settlement assay
The settlement experiment was carried out in custom-made 400 ml static settlement chambers
(Figure 4.5). The chambers were closed at the top by 100 μm mesh to retain the larvae but allow
the water flow. For the settlement assay, one slide with cultured biofilm was positioned inside
each chamber. The slides were held at an angle to prevent larval mortality from getting trapped
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underneath. Six slides with no biofilm (sanded, acid washed, rinsed and autoclaved) were used
as controls. A total of 114 slides were used for the settlement assay (6 slides x 6 treatment x 3
age + 6 control slides). Approximately 50 competent larvae were added to each settlement
chamber, and the chambers were left undisturbed in a tank with flow-through seawater at
ambient pH to keep a constant water temperature in the chambers. After 96 hours, the chambers
were removed from the bath and checked for settlement (on both the biofilms and the walls of
the chambers) and no settlement (larvae still swimming in water column).

Figure 4.5 Static settlement chambers used for the settlement assays of Galeolaria hystrix competent larvae. (a, b, c) The 200
mL chambers were custom-made by cutting a double circle incision on the lid. One slide with biofilm and ~50 larvae were
added to each chamber, which were then closed by means of a 100 μm mesh. (d, e) All chambers were introduced in a big
water tank with water flowing through and secured to the bottom by means of a rubber band. The settlement assay took 96
hours. After this time, the chambers were recovered and the settlement success was quantified. Scalebar is 5 cm in (b) and (c).

4.3.6 Biofilm sampling and DNA extraction
Biofilms were carefully sampled from the slides with sterile razorblades and deposited in preweighed and labeled sterile 1.5 mL snap-lock microcentrifuge Eppendorf tubes, immediately
weighed for biofilm wet weight biomass (mg) and finally stored at -80°C until further
processing. Four replicate slides were sampled from each pH treatment and age, pooled and
stored at -80°C for molecular analysis. Pooling of the replicates was necessary in order to obtain
enough material for DNA extraction, especially for the highest pH treatments. Total community
DNA was extracted using the MoBio DNeasy® PowerSoil® Kit (MoBio, Solana Beach, CA,
USA) in accordance to a modified manufacturer’s protocol as follows: Samples were bead
beaten in a Geno/Grinder for 2 × 15s instead of vortexing at maximum speed for 10 minutes.
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After extraction, a Nanodrop Spectrophotometer (Thermo Fisher Scientific, Waltham, MA,
USA) was used to assess DNA quantity and quality. All extracted DNA was stored at -20°C
until further use.

4.3.7 rRNA gene sequencing and analysis for 16S and 18S
Community profiles were generated as per the Earth Microbiome Project (Caporaso et al., 2012)
for both 16S and 18S rRNA genes. The V4 region of the 16S rRNA gene was amplified using
the

515F

(5′-NNNNNNNNGTGTGCCAGCMGCCGCGGTAA-3′)

and

806R

(5′-

GGACTACHVGGGTWTCTAAT-3′) primers. The 18S rRNA gene was amplified using the
1391f

(5’-

GTACACACCGCCCGTC-3’)

and

EukBr

(5’-

TGATCCTTCTGCAGGTTCACCTAC-3’) primers. Barcoded samples were loaded onto
separate Illumina HiSeq (16S) or MiSeq (18S) 2 x 151 bp runs (Illumina, Inc., CA, USA).
Microbial community profiles were analysed using the Quantitative Insights Into Molecular
Ecology (QIIME) 1.9.1 open-reference operation taxonomic unit-picking workflow (Caporaso
et al., 2010). Raw sequences were demultiplexed with no ambiguous bases, using only forward
reads and the split_libraries_fastq.py command. Operational Taxonomic Unit (OTU) picking
was conducted using UCLUST (Edgar, 2010) and an open reference strategy based on reference
sequences

located

in

the

SILVA

database

(release

132)

using

the

QIIME

pick_open_reference_otus.py command (Quast et al., 2013), in order to group sequences into
clusters (OTUs) based on 97% sequence similarity for both 16S and 18S. Default parameters
were: including a read length > 75 bp, minimum number of consecutive high quality base calls
to include a read as a fraction of the input read length of 0.75, a Phred quality score of 3, no
ambiguous bases, and no mismatches in the primer sequence (Bokulich et al., 2013). OTUs
were classified to 7 taxa levels (kingdom, phylum, class, order, family, genus, OTU) using
BLAST (Altschul et al., 1997) with a maximum e-value of 0.001 against the SILVA database.
Samples were rarefied to 8,000 reads per sample ten times.

4.3.8 Seawater carbonate chemistry
Over the course of the experiment, seawater samples from each treatment were taken and fixed
with HgCl2 for later processing. A control water sample from the adjacent harbour was taken.
Dissolved inorganic carbon and total alkalinity were later determined by a Single Operator
Multi-parameter Metabolic Analyzer (SOMMA) and closed-cell potentiometric titration,
respectively (Dickson et al., 2007). Other carbonate system parameters, including the partial
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pressure of CO2 (pCO2) and the saturation states for calcite (Ωcalcite) and aragonite (Ωaragonite),
were calculated using SWCO2 (Hunter, 2007; Mosley, Peake and Hunter, 2010). Seawater
properties, reported in Table 4.1, were determined using CO2 equilibrium constants from
Mehrbach et al. (1973) refitted by Dickson and Millero (1987).

4.3.9 Statistical analysis
All statistical analyses were performed with R v3.6.1 (R Core Team, 2018). Analysis of the
settlement data was carried out within RStudio version 1.2.1335 (RStudio Team, 2016), and
visualised using the ggplot2 package (version 3.2.1) (Wickham, 2016). A fully crossed twofactorial design was used including 6 pH levels and 4 age levels (3 ages + 1 control considered
as age 0) as the fixed factors. Logistic regressions were applied to the settlement data to analyse
the effects of the incubation in different pH treatments and the age of biofilms on the total
settlement and selective settlement (settlement on slides with biofilms). Two logistic
regressions were applied to test for: (1) selective settlement (on slides) vs. settlement on the
walls of the chambers, and (2) total settlement (selective + non-selective) vs. no settlement.
Tukey’s post-hoc tests were used to test for pairwise comparisons between each pH treatment,
age and their interactions, for the two types of comparisons tested.
Analysis of the microbial data was carried out within RStudio version 1.1.463 (RStudio Team,
2016), and visualised using the ggplot2 package (version 3.2.1) (Wickham, 2016). Non-metric
multidimensional scaling (NMDS) plots (based on Bray-Curtis dissimilarity) were used to
visually inspect patterns in microbial community structure among biofilms incubated at
different treatments and of different ages, for both 18S and 16S data (Figure 4.15). Mantel,
Anosim and Adonis tests (vegan package version 2.5-6; Oksanen et al., 2018), were used to
identify significant differences in microbial composition between pH treatments and biofilm
ages.
Analysis of the wet weight of the biofilms was carried out within RStudio version 1.2.1335
(RStudio Team, 2016), and visualised using the ggplot2 package (version 3.2.1) (Wickham,
2016). A two-way ANOVA with interactions was used to test for the effects of pH treatment
and age of the biofilms on the wet biomass of the biofilms. A Tukey’s post-hoc test was used
to test for pairwise comparisons between the wet biomass of the biofilms at each pH treatment,
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age of slide and their interactions. The results of the pairwise comparisons are available in
digital format from the author upon request.

Results
4.4.1 Seawater carbonate chemistry
Table 4.1 reports the water chemistry for the flow-through system for the different treatments
and the control surface water taken from the Otago Harbour. Total alkalinity ranged from
2289.70 ± 26.11 (pH amb) to 2258.47 ± 27.89 (pH 7.0) µmol kg-1 among pH treatments, and
2268.8 for the harbour water. Partial pressure of CO2 (pCO2) in treatments varied between
407.59 ± 46.40 µatm (pH amb) and 4397.20 ± 890.59 µatm (pH 7.0), while pCO2 measured in
the harbour water was 371.78 µatm. The saturation states among the treatments ranged between
2.23 ± 0.47 (pH amb) to 0.29 ± 0.04 (pH 7.0) for aragonite (ΩA) and 3.49 ± 0.75 (pH amb) to
0.45 ± 0.07 (pH 7.0) for calcite (ΩC). The saturation states measured in the harbour water were
2.43 for aragonite and 3.79 for calcite.

4.4.2 Larval settlement
Selective settlement on marine biofilms
The selective larval settlement on the biofilms (settlement on slides) was significantly affected
by the pH treatment in which the biofilms had been incubated (p < 0.001, Tables A3.1 and A3.2
in Appendix 3), whereas the age of the biofilms had only a marginal effect (p = 0.055, Tables
A3.1 and A3.2 in Appendix 3). Selective larval settlement recorded on biofilms after 96 hours
(Figure 4.6, Tables A3.1 and A3.2 in Appendix 3) varied between 36.8 ± 10.9 % (for biofilm
that had been reared for ~10 months at pH 7.7) to 80.1 ± 5.1 % (for biofilms that had been
reared for ~7 months at pH 7.4). Interestingly, no larval settlement was recorded on biofilms
that had been incubated in the pH 7.0 treatment. Selective larval settlement increased with pH,
reaching a maximum selective settlement on biofilms incubated at pH 7.4. Settlement reached
the lowest point in slides with biofilms incubated at pH 7.7 but increased (non-significantly)
again towards pH amb. The individual pairwise comparisons are available digitally upon
request.
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Table 4.1 Mean seawater parameters (+ S.E.) and carbonate chemistry in the seawater flow-through system in six pH treatments during the 60-week experiment at the Portobello Marine Laboratory.
Harbour water

pH amb

pH 7.9

pH 7.7

pH 7.4

pH 7.2

pH 7.0

Salinity

34.3

34.55 ± 0.18

34.58 ± 0.52

34.47 ± 0.18

34.54 ± 0.20

34.48 ± 0.33

33.90 ± 0.92

Temperature
(°C)

14.40

12.45 ± 1.34

12.92 ± 4.25

12.45 ± 1.34

12.06 ± 1.57

12.55 ± 1.92

12.55 ± 1.92

Measured AT
(μmol kg-1)

2268.8

2283.09 ± 7.67

2289.70 ± 26.11

2274.52 ± 6.79

2277.33 ± 5.88

2280.04 ± 6.92

2258.47 ± 27.89

Measured DIC
(μmol kg-1)

2049.0

2082.52 ± 13.66

2148.12 ± 40.89

2234.96 ± 9.58

2305.53 ± 22.80

2302.42 ± 62.22

2408.27 ± 60.87

Measured pHT

-

8.05 ± 0.01

7.82 ± 0.02

7.74 ± 0.02

7.40 ± 0.02

7.18 ± 0.02

7.04 ± 0.03

Calculated pH

8.07

8.05 ± 0.05

7.90 ± 0.13

7.61 ± 0.04

7.41 ± 0.07

7.23 ± 0.02

7.09 ± 0.09

pCO2
(μatm)

371.78

407.59 ± 46.40

596.56 ± 171.39

1209.81 ± 107.60

2076.68 ± 390.57

2931.20 ± 128.75

4397.20 ± 890.59

CO32(μmol kg-1)

158.13

146.02 ± 31.20

111.57 ± 11.93

59.55 ± 5.22

38.34 ± 5.02

23.49 ± 1.00

18.71 ± 2.70

Ωaragonite

2.43

2.23 ± 0.47

1.71 ± 0.18

0.91 ± 0.08

0.58 ± 0.08

0.36 ± 0.02

0.29 ± 0.04

Ωcalcite

3.79

3.49 ± 0.75

2.67 ± 0.28

1.42 ± 0.12

0.92 ± 0.12

0.56 ± 0.02

0.45 ± 0.07
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Figure 4.6 Percentage settlement of Galeolaria hystrix larvae on biofilms incubated in six pH treatments for 7, 10 and 14 months. The blue dashed line indicates the average total settlement (containers +
slides= 60.02%) on the control slides. The black dashed line indicates the average selective settlement (on slides) on the controls (9.77%). The error bars denote SEM.
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Total larval settlement
The total larval settlement (settlement on biofilms + chamber walls) was significantly affected
by the pH treatment in which the biofilms were incubated (Figure 4.6, p < 0.001, Tables A3.1
and A3.2 in Appendix 3). The age of the biofilms, however, had no influence on the total
settlement (p = 0.208, Tables A3.1 and A3.2 in Appendix 3). Total settlement was significantly
lower in the control slides (p<0.001, Tables A3.1 and A3.2 in Appendix 3), compared with
slides with biofilms, showing that the biofilm cues are indeed important to trigger the settlement
process. Total settlement recorded after 96 hours varied between 61.4 ± 31.4% (for chambers
containing biofilm that had been incubated for ~14 months at pH 7.00) to 96.0 ± 2.3% (for
chambers containing biofilm that had been incubated for ~14 months at pH 7.4).

4.4.3 Differences in marine biofilms
Biofilms incubated in the range of pH treatments differed in terms of apparent colour and
structural complexity. It was evident to the naked eye, as well as under the microscope, that
biofilms from the same treatment of different age were more similar to each other than biofilms
from different treatments (Figure 4.7). By the end of the experiment, 14 month-old biofilms
from each treatment were photographed at 4x and 10x magnification (Motic Moticam1080
mounted on a Motic BA310 microscope, Figure 4.8 to Figure 4.13). Visual inspection showed
that the biofilms grown in the lowest pH treatment (pH 7.0) were strongly characterized by the
presence of thick mats of chain-forming benthic diatoms (unidentified), which gave the biofilms
a filamentous appearance (Figure 4.8). Individual pennate diatoms, such as Fragilaria sp.,
Navicula sp., Amphora sp. and Sellaphora sp., were observed in these biofilms in lower
quantities. The biofilms developed in the second lowest pH treatment (pH 7.2) still presented
the same chain-forming diatoms but in much smaller proportions (Figure 4.9). Solitary benthic
diatoms were more abundant (Sellaphora sp. and Amphora sp.), while individual pennate
diatoms (Navicula sp.) were present in a very small proportion. These biofilms were also
characterised by the presence of green algae recruits, resulting in a characteristic green
coloration (Figure 4.9). The biofilms developed in treatments 7.4, 7.7 and 7.9 (Figure 4.10 Figure 4.12) presented benthic diatoms (Sellaphora sp., Amphora sp. and Fragilaria sp.) and a
number of unidentified invertebrate taxa including copepods, nematodes, flatworms and
barnacle larvae that were not observed in the biofilms from the lowest pH treatments. The
biofilms incubated in the pH ambient treatment showed the presence of early CCA recruitment
(Figure 4.13). They were also characterised by the presence of high numbers of spiroid
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tubeworms Spirorbis sp (i.e. >20 per slide). Several unidentified species of benthic diatoms
were also present.
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Figure 4.7 Tanks in the flow-through system used to incubate the marine biofilms at six pH treatments, used in the settlement assay and as sample for the molecular analysis. Note the visual differences
in plain sight, that correspond with differences in biofilm composition when observed under a microscope. Note the photos of the biofilms show 14 month old biofilms. Scalebar is 100 µm .
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Figure 4.8 Fourteen month old biofilm incubated in the flow-through system at pH 7.0.

Figure 4.9 Fourteen month old biofilm incubated in the flow-through system at pH 7.2.
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Figure 4.10 Fourteen month old biofilm incubated in the flow-through system at pH 7.4.

Figure 4.11 Fourteen month old biofilm incubated in the flow-through system at pH 7.7.
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Figure 4.12 Fourteen month old biofilms incubated at pH 7.9 in the flow-through system.

Figure 4.13 Fourteen month old biofilms incubated at pH amb in the flow-through system. Note the CCA recruitment in (b)
and (d), the newly settled barnacles (A. modestus) in (c), and the spiroid worm (Spirobis sp.) in (d).
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4.4.4 Biomass of marine biofilms
Biofilm wet biomass (Figure 4.14) ranged from 143.3 mg per slide (for biofilms incubated at
ambient pH) to 1452.6 mg per slide (for biofilms incubated at pH 7.0). Significant differences
in the wet biomass of the incubated biofilms (Figure 4.14) was found to be caused by pH
treatment (p < 0.001, Table A3.3 in Appendix 3), age of the biofilms (p < 0.001, Table A3.3 in
Appendix 3), and their interactions (p < 0.01, Table A3.3 in Appendix 3). Pairwise comparisons
showed that the biofilms incubated at pH 7.0 presented significantly higher wet biomass than
the biofilms from other treatments (p < 0.001). Biofilms incubated at pH 7.9 presented
significantly higher wet biomass than biofilms from pH 7.4, pH 7.7 and pH amb (p < 0.001).
Moreover, wet biomass of 14-month old biofilms was significantly higher than the other two
ages (10 and 7 month old biofilms, p < 0.001).
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Figure 4.14 Wet biomass (mg per cm2) of biofilms incubated in the flow-through system at six pH treatments at 7, 10 and 14
months. The error bars denote SEM. Please note there is no SEM for pH 7.2, 7.4, 7.7 and 8.1.

91

Chapter 4: Polychaete larval settlement on marine biofilms under ocean acidification

4.4.5 Marine biofilms community composition
Both eukaryotic and prokaryotic biofilm communities displayed similar clustering trends on
their NMDS plots (Figure 4.15). Seawater pH seems to be the main driver of OTU clustering
both for prokaryotes and eukaryotes (Table 4.2, Tables A3.4 and A3.5 in Appendix 3), whereas
age of the biofilms play no role (Table 4.2, Tables A3.4 and A3.5 in Appendix 3), indicating
that the pH level had a larger effect on community dissimilarity than biofilm age.
Table 4.2 Mantel, Adonis and Anosim tests of the marine biofilm community composition of age of the biofilms and pH in
which the biofilms were incubated, for both prokaryotic and eukaryotic communities
Statistical test
Prokaryotes
(16S)

Eukaryotes
(18S)

pH

Mantel

r/r2
0.682

p-value
0.001

Age of biofilm
r/r2
p-value
-0.051
0.723

Adonis

0.224

0.001

0.054

0.528

Anosim

0.951

0.001

-0.905

0.86

Mantel

0.686

0.001

-0.082

0.844

Adonis

0.727

0.001

0.061

0.975

Anosim

0.801

0.001

-0.139

0.979

Figure 4.15 Bray-Curtis dissimilarity based NMDS plot of prokaryotic (left) and eukaryotic (right) biofilm community
composition from six pH treatments (colour code) for 7, 10 and 14 month old biofilms (shape of symbols).

Overall, the prokaryotic marine community of the incubated biofilms (Figure 4.16) was
dominated by Proteobacteria, (70.09% to 52.03%), Bacteroidetes (19.45% to 8.47%),
Cyanobacteria (11.65% to 1.65%) and Planctomycetes (9.68% to 3.25%). The mean relative
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abundances of the key prokaryote (16S) phyla showed only slight variations amongst the
different pH treatments and ages (Figure 4.16, Table A3.6 in Appendix 3).
The eukaryotic (18S) marine community was dominated by Arthropoda (2.53% to 84.12%) and
Ochrophyta (2.86% to 62.02%), followed by Entoprocta (2.85% to 53.78%) and Annelida
(1.49% to 29.57%) (Figure 4.16). The relative abundance of these key phyla seemed to change
drastically with the pH treatments, while the changes due to biofilm age were less obvious
(Figure 4.17, Table A3.7 in Appendix 3). The abundance of Arthropoda was highest in biofilms
incubated at ambient pH (84.12 %, for the 14-month-old biofilms), and decreased as pH
decreased, reaching the lowest values at pH 7.0 (2.53% for 14-month old biofilms). In contrast,
Ochrophyta’s abundances were the greatest at the lowest pH of 7.0 (55.27%) and 7.2 (62.02%)
and decreased with increasing pH, reaching a minimum of 2.86% for biofilms incubated at
ambient pH (14-month-old biofilms). Entoprocta showed the highest abundance in biofilms
incubated at pH 7.7 (51.01% for 7-month-old biofilms), which decreased towards both high
and low pH. Annelida relative abundance was the highest in biofilms incubated at pH 7.4
(29.57% for 10-month old biofilms), also decreasing towards both high and lower pH.
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Figure 4.17 18S sequencing based marine total community of the sampled biofilms incubated at
six pH for 7, 10 and 14 months. The community is shown at the phyla level. Phyla presenting
less than 1% relative abundance have been identified and grouped into the category labelled as
Other. Mean relative abundance was calculated from pooled taxa. The sample for 10 month-old
biofilms incubated at pH ambient had to be excluded due to not meeting rarefraction standards
(>5,000 reads for the 18S data).

Figure 4.16 16S sequencing based microbial total community of the sampled biofilms incubated
at six pH for 7, 10 and 14 months. The microbial community is shown at the phyla level. Phyla
presenting less than 1% relative abundance have been identified and grouped into the category
labelled as Other. Mean relative abundance was calculated from pooled taxa.

94

Chapter 4: Polychaete larval settlement on marine biofilms under ocean acidification

Discussion
This study investigated whether the larval settlement success of the polychaete G. hystrix would
be altered when presented with marine biofilms incubated in a long-term experiment (60 weeks)
under a range of reduced seawater pH treatments (pH 7.0 to amb). Moreover, the composition
of the marine biofilm communities was investigated, in order to determine if differences in pH
would translate into differences in biofilm community composition that could be related to
differential settlement inducing properties. The results of this investigation show that the
selective settlement of G. hystrix larvae was significantly affected by the pH treatment in which
the biofilms had been incubated but not by the age of the biofilms, although the total settlement
in the settlement chambers was not influenced by either the pH incubation treatment or the
biofilm age. It is also shown that biofilms incubated in a range of pH treatments showed visual
differences which translated into contrasts in texture, structure and biomass (wet weight), as
well as disparities in marine biofilm community composition (for both prokaryotes and
eukaryotes).
These results confirm once more the important role that marine biofilms play in the settlement
success of marine invertebrates; in the present study, biofilm presence was necessary to trigger
the settlement response in competent G. hystrix larvae. This is consistent with previous studies
that have shown that larvae of many marine invertebrates, including serpulid polychaetes,
require physical contact with the biofilms in order to detect settlement cues (e.g. H. elegans in
Hadfield 2011; G. hystrix in Nelson et al. 2017). Indeed, when not exposed to suitable
settlement surfaces (i.e. absence of marine biofilms), G. hystrix can arrest development and
delay metamorphosis for up to 8 days. Contact with marine biofilms rapidly (<1 h) induces
metamorphosis (Nelson et al., 2017). In the present study, low numbers of unsettled larvae (i.e.
larvae that had delayed their metamorphosis) were found across all treatments compared to the
controls, indicating that most competent larvae had indeed sensed a cue that triggered
settlement.

4.5.1 pH alters the marine biofilm community and influences the settlement success
Incubation at different pH levels strongly affected the settlement-inducing capacity of the
cultured marine biofilms. Indeed, biofilms incubated at extreme levels of acidification (pH 7.4)
showed the highest selective settlement, while biofilms incubated at the average pH predicted
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for the year 2100 (pH 7.7) presented the lowest percentage of selective settlement. Previous
research in this topic is limited, and to date no studies have investigated the settlement responses
of marine invertebrate larvae when exposed to OA-conditioned marine biofilms. However,
previous studies have focused on larval settlement in presence of other important settlement
substrates (CCA) pre-conditioned under reduced seawater pH/elevated pCO2. For example,
settlement and metamorphosis in two species of coral larvae (Acropora millepora and A. tenuis)
were reduced when presented with CCA that had been pre-exposed over a 6-week period to pH
7.7 and below, potentially caused by shifts in the CCA-associated microbial communities due
to the exposure to reduced pH (Webster et al. 2013). Similarly, settlement of the coral A.
millepora was altered when presented with CCA conditioned for 60 days in reduced pHT of
7.79 and 7.60; although in that study the differential settlement was attributed to changes in
CCA species composition (Doropoulos et al., 2012). A study in a species of echinoderm yielded
similar results, with larvae of the sea star Acanthaster cf. solaris settling at lower rates on
substrates (CCA) and biofilms preconditioned under reduced pH for 85 days (Uthicke et al.,
2013).
The present study showed that marine biofilms incubated under a range of pH levels differed
in texture, structure, biomass and composition. Biofilm community analysis indicated
significant changes in community assemblages at the OTU level, for both eukaryotes and
prokaryotes, associated with pH treatments. No differences were evident at the phylum level
for prokaryotes, however, eukaryote community responded at phylum level to pH treatments.
Indeed, the biofilms from the lowest pH treatments (7.0 and 7.2) were dominated by the Phylum
Ochrophyta (mainly diatoms), with decreasing abundances as pH increased. On the other hand,
the biofilms from ambient pH were dominated by the phylum Arthropoda (mainly copepods),
with lower abundances with a decrease in pH (Figure 4.17). These results are in line with
previous studies that have shown that pH is an important factor influencing biofilm community
composition in both experimental conditions (Webster et al., 2013b; Witt et al., 2011) and under
high CO2 natural conditions in CO2-seeps (Johnson et al., 2013; Lidbury et al., 2012). For
example, microbial communities associated with reef biofilms have been found to be
significantly different between pH 8.1 and pH 7.9, with a continuing trend at lower pH (Webster
et al., 2013b). The same study showed species-specific changes in the prokaryotic microbial
community (Webster et al., 2013b). Similarly, bacterial community shifts have been correlated
to reduced pH, with bacterial community shifts indicating pH sensitivity of specific bacterial
groups (e.g. decrease in the relative abundance of Alphaproteobacteria and increase of
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Bacteroidetes under increased pCO2; Witt et al., 2011). Studies in natural CO2 vents have shown
significantly altered periphyton communities with increases in CO2 concentrations, with
significant increases in diatom abundance as well as major shifts in diatom assemblage
composition (Johnson et al., 2013). Similarly, biofilms grown along a natural gradient of CO2
showed clear differences in Bacteria and Eukarya communities structures (Lidbury et al., 2012).
In the present study, the highest selective settlement was found on biofilms incubated at pH 7.4,
whereas the lowest selective settlement was found on biofilms from pH 7.7. Both highest and
lowest selective settlement were found on biofilms that presented intermediate diversity of
eukaryotes (at the phylum level) (Figure 4.16 and Figure 4.17).No clear trend in biofilm
composition (for both prokaryotes and eukaryotes) could be observed that could explain the
differences in selective settlement.
The results of this study therefore indicate that reduced pH induces differences in the
community composition of the incubated marine biofilms, both at eukaryotic and prokaryotic
level, and that these differences alter the settlement selectivity in G. hystrix larvae. While
known bacterial inducers (e.g. Pseudomonas and Cytophaga) were detected, they did not show
any link to settlement success. In addition, no strong diatom inducers (i.e. Nitzschia paleacea,
Denticula sp. and Nitzschia constricta), and only one weakly inducer (Navicula sp.) were found.
No ciliates (known settlement inhibitors) were detected.

4.5.2 Biofilm age does not alter settlement preferences across pH treatments
The present investigation showed that biofilm age did not influence the larval settlement
success in G. hystrix competent larvae nor the biofilm community composition. Previous
studies have investigated the effect of biofilm age on the larval settlement in marine invertebrate
taxa and found a positive correlation between biofilm age and larval settlement. However, the
incubation time in these studies was much shorter than the present study (with incubation times
no longer than 7 months). For example, larval settlement in the coral reef sponge Rhopaloeides
odorabile increased when presented with biofilms that were developed for more than 10 days
and incubated in temperatures 2-6 ºC above ambient (Whalan and Webster, 2014). The same
study also found differences in microbial community composition due to both age and
temperature. Similarly, Mytilus edulis larval settlement increased on biofilms older than one
week (biofilms incubated up to three weeks), which was attributed to increase in biofilm
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community abundance (mass) and complexity (Toupoint et al., 2012). However, no significant
changes were detected in the bacterial and eukaryotic communities with biofilm ageing. Larval
settlement of eastern rock oyster Crassostrea virginica increased with biofilm age and mass,
and larvae settled preferentially on older biofilms (up to 4 weeks) (Campbell et al., 2011).
These results contrast with the observations of this study, however, the marine biofilms in the
present study were incubated for much longer time (more than 7 months), probably leading to
more stable and mature biofilms. It can be assumed that the effects of biofilm age observed in
the previous studies are due to rapid community composition changes typical of early biofilm
establishment processes. Indeed, the formation of a stable mature marine biofilm takes weeks
to months: bacterial colonization starts a few minutes after the substrate is introduced in the
water; microalgae, cyanobacteria and diatoms colonize the surface in the following minutes to
days, and finally, the mature biofilm is established after a period of days to months (Antunes et
al., 2019). The discrepancies found in this study with previous investigations can therefore be
attributed to differences in the maturity of the biofilm. Indeed, the biofilms used in this
settlement assay can be considered mature biofilms, given the length of the incubation period
of 60 weeks (Antunes et al., 2019).

4.5.3 Ecological implications
The results obtained here indicate the potential for marine biofilms to change when exposed to
future levels of ocean acidification, and that these changes, if they occur in future oceans, could
alter the settlement outcomes of the polychaete tubeworm G. hystrix. These changes will
presumably have wider ecological implications for marine benthic communities, given that
marine biofilms are key settlement inducers for marine invertebrates (Castilla-Gavilán et al.,
2020; Huggett et al., 2006) and habitat-forming organisms such as scleractinian corals and
serpulid polychaetes (Hadfield and Paul, 2001; Qian et al., 2007; Tran and Hadfield, 2011), as
well as a food-source for benthic grazers and early-life history stages (Thompson et al., 2004).
In addition, compounds available in the biofilms may be used by bacteria as e.g., carbon and
energy sources, micronutrients, and electron donors/acceptors in metabolic reactions (de
Carvalho, 2018). Biofilms also protect individual cells against environmental stress including
desiccation, temperature and pH changes, competition and predation, UV exposure, and
depleted nutrient conditions (de Carvalho, 2018). Therefore, any environmental stress,
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including OA, that alters marine biofilms may also alter their ecological functions, possibly
inducing wider ecological effects in marine communities.
Altered marine biofilms could compromise larval settlement of marine invertebrates that
depend on them, therefore affecting coral reef or serpulid reef recruitment. Temperate serpulid
reefs provide diverse micro-habitats for many organisms, which use the structure as substrate
or shelter, particularly invertebrates, but also fish (Smith et al., 2005). Moreover, the reef
structures created by serpulid polychaetes in some regions may be the only hard-substrate
habitat, and “loss or compromise of these temperate reefs will most likely have deleterious
flow-on effects on temperate benthic communities” (Smith et al., 2013).
Changes in marine biofilm community composition could have bottom-up effects in the species
composition of coastal communities. Currently, the close relation between marine biofilms and
benthic grazers is well documented (e.g. LaScala-Gruenewald et al. 2016; Russell et al. 2013;
Thompson et al. 2004). Grazer density is known to influence the composition of the biofilms
(e.g. via selective consumption of high-N organisms; LaScala-Gruenewald et al. 2016), as well
as its richness and diversity (e.g. through grazing pressure; Aguilera, Navarrete, and Broitman
2013), while intertidal grazing pressure can lead to changes in photosynthetic efficiency of
biofilms with only negligible effects on biomass (e.g. through feeding preferences, Sanz-Lázaro
et al., 2015). Changes in biofilm composition could affect their nutritional value and therefore
influence the composition of grazer communities that feed on them, leading eventually to
important bottom-up cascading effects in coastal marine ecosystems.
The present study has shown clear shifts in the eukaryotic community at phylum level in the
incubated marine biofilms caused by changes in pH, with Arthropoda abundance clearly
decreasing with pH. Arthropods are important elements in food webs, especially linking lower
and higher trophic levels, and changes in their abundances could have important effects on the
food web. Previous studies in natural CO2 seeps have shown altered recruitment of marine
invertebrates along the CO2 gradient in Ischia, Italy. For example, calcareous foraminiferans,
serpulid polychaetes, gastropods and bivalves showed significant reductions in recruitment
with increase in pCO2/ reduced pH (Cigliano et al., 2010). Similarly, another study in the same
natural CO2 gradient showed significant differences in diversity of benthic invertebrates
(polychaetes, amphipod, isopod and tanaid crustaceans and molluscs) (Ricevuto et al., 2012).
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Conclusion
This study investigated the effects of OA-altered marine biofilms on the larval settlement
success of the polychaete G. hystrix. This is the first study, to my knowledge, to use marine
biofilms incubated in a long-term experiment (60 weeks) under a wide range of reduced
seawater pH treatments (pH 7.0 to 8.1) to test for settlement selectivity in marine invertebrate
larvae. Altered marine biofilms composition can affect the larval settlement success of marine
invertebrates (Toupoint et al., 2012), and marine biofilms have previously been shown to
change when exposed to reduced pH conditions (Johnson et al., 2013; Lidbury et al., 2012; Witt
et al., 2011). However, to date, few studies have focused on the effects of OA-altered marine
biofilms in the settlement success of marine invertebrates. The results of this investigation
provide evidence of OA-induced indirect effects on the larval settlement of the serpulid
polychaete G. hystrix when presented with marine biofilms incubated in levels of OA predicted
for the end of the century and beyond. Moreover, the results obtained here indicate that changes
in seawater pH induce a clear shift in the marine community composition of marine biofilms,
for both prokaryotes and eukaryotes, and that these changes might alter the settlement
selectivity in G. hystrix larvae and could therefore induce wider ecological effects if the buildup of biogenic reefs would be altered due to altered settlement. Such changes in settlement
selectivity and therefore recruitment in other taxa (e.g. corals), could alter a range of ecological
functions and characteristics, therefore having wider ecological implications for coastal
ecosystems. Further research is warranted focussing on changes on the composition of marine
biofilms under future conditions of ocean acidification and how it might affect larval settlement
success in other taxa of marine invertebrates, as well as the wider ecological implications for
these ecosystems.
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Chapter 5:
General discussion
Larval settlement and metamorphosis are key processes in the life cycles of marine organisms,
especially those with benthic or sessile life stages. However, to date few studies have
investigated their sensitivity to ocean acidification (OA). The main objective of this thesis was
to address this gap in knowledge, focussing in particular on key coastal organisms that have
ecological, economical or cultural importance. For my investigations, I used three key New
Zealand coastal marine invertebrates as model organisms with indirect life cycles: the sea
urchin Evechinus chloroticus, the black-footed abalone or pāua (Haliotis iris), and the serpulid
polychaete Galeolaria hystrix.
With this thesis, I aimed to (1) summarise the existing literature regarding ocean acidification
and larval settlement, identifying general patterns of settlement behaviour in response to OA,
and to identify gaps of knowledge in the field; (2) experimentally determine how reduced
seawater pH affects the larval settlement of marine invertebrates; (3) test whether these effects
would be mediated through direct, indirect or carry-over mechanisms; and (4) identify the need
for further direction of research in the field.

Ocean Acidification and larval settlement
To date, few (48) studies have focused on the effects of OA on settlement, and most have
focused on tropical corals, echinoderms and fish. In chapter 1, I reviewed the literature that is
currently available regarding studies pertaining ocean acidification and larval settlement of
marine invertebrates (Espinel-Velasco et al., 2018). The review identified several gaps of
knowledge in the field as well as possible research directions in terms or research questions and
experimental design that could help increase our understanding of OA effects on settlement
(Table 1.1). Indeed, the knowledge gaps identified during the literature review served as a guide
for the different investigations carried out during my PhD research. Chapter 1 was published in
a peer-reviewed journal, Marine Ecology Progress Series (Espinel-Velasco et al., 2018) in
November 2018.
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From the review it can be discerned that OA can affect the larval settlement process: (1)
directly, by changing the larval physiology/behaviour in such a way that it would affect the
larval settlement success; (2) indirectly, by altering the settlement substrates or settlement cues
in such a way that larvae could not recognize or attach to their preferred settlement substrate
anymore; or (3) through carryover effects, caused by low energy levels at time of settlement
due to the exposure of the larvae to reduced seawater pH during the larval life. The three
research chapters reported in this thesis address all three of these potential outcomes of OA for
settlement.

Experimental work - key findings

Table 5.1 Key findings of this thesis on direct, indirect and carry-over effects per species investigated
Taxa

Direct effects

Indirect effects

Carry-over

Sea urchin
Evechinus
chloroticus

NO
Seawater pHT 7.0 to ambient

NO
CCA
Incubation pHT = 7.7
28 days

Not tested

Abalone
Haliotis iris

NO
Seawater pHT 7.65 & ambient

NO
CCA
Incubation pHT=7.65
171 days

YES
Rearing pHT = 7.80

Not tested

YES
Biofilms
Incubation pHT 7.0 to ambient
60 weeks

Not tested

Serpulid
polychaete
Galeolaria hystrix

5.2.1 Altered larval physiology or behaviour due to exposure to reduced seawater pH
In Chapter 2 and 3, I investigated the direct effects of OA on the larval settlement of the sea
urchin Evechinus chloroticus and the abalone Haliotis iris, respectively.
A series of experiments demonstrated that when competent larvae of E. chloroticus were left to
settle in presence of their preferred settlement substrate (CCA) under a range of seawater pHT
(7.0 to 8.1), larval settlement was unaffected, even at the lowest pH treatments. This indicates
that, under experimental conditions, E. chloroticus larvae are resilient to changes in seawater
pH even if this exceeds the range of natural variability already experienced by the species in
their natural coastal habitat (Fiordland) (Chapter 2).
Similarly, no direct effects of reduced seawater pH were found on the settlement success of
competent larvae of New Zealand black-footed abalone (H. iris), suggesting that projected
levels of OA will not alter the behaviour or physiology of H. iris through direct pathways in
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such a way that settlement success will be compromised (Chapter 3). The observations in this
species of abalone could be due to the species presenting the necessary plasticity to cope with
these levels of pH, which could be already happening in their natural environment. However,
other factors might be playing a role as well; seawater pH may not be the most important factor
directing the settlement success in H. iris; other factors such as presence of adequate settlement
substrate, chemosensory perception of settlement cues or adequate energy reserves at time of
settlement might be more important in this species of abalone.
My observations indicate resilience in settlement to effects of OA (through direct pathways).
These align with results obtained by previous investigations in other marine invertebrates, such
as corals (Albright et al., 2008; Foster et al., 2015; Kurihara, 2008; Olsen et al., 2015; Webster
et al., 2013b), annelids (Lane et al., 2013), barnacles (Campanati, 2016; McDonald et al., 2009)
and echinoderms (Dupont et al., 2013; Uthicke et al., 2013). Other studies have, however,
reported contrasting results even in the same taxa, for example in corals (Albright et al., 2010;
Viyakarn et al., 2015; Yuan et al., 2018), bryozoans (Pecquet et al., 2017), abalones (Guo et al.,
2015), bivalves (Jansson et al., 2016) and sea urchins (García et al., 2015b), where altered
settlement was observed in presence of reduced seawater pH. Currently, the present
observations are difficult to reconcile due to the scarcity of research available (especially for
certain taxa), the array of taxa studied, and the variation in experimental conditions amongst
studies. Therefore, a general conclusion on whether OA could affect the larval physiology or
behaviour in such a way that it could compromise the settlement success in marine
invertebrates, remains uncertain. It is likely, however, that the differences observed are due to
taxa-specific settlement selectivity (such as preferences for settlement substrates and settlement
cues) and settlement strategies (e.g. gregarious, conspecific or prey-based settlement, Hadfield
and Paul, 2001). In addition, taxa-specific differences in molecular signalling pathways
involved in regulating the settlement and metamorphosis could also be an explanation to the
disparities in results observed. To date, a lot of research pertaining to chemical inducers
pathways for settlement have focussed on bivalves due to their commercial importance for the
aquaculture industries, with very little currently known on the (molecular) nature of the
receptors on larvae for settlement cues in other taxa, which highlights the necessity for further
research (Hadfield, 2011; Zheng et al., 2019).
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5.2.2 Altered settlement substrates under future OA conditions
Indirect effects of OA on the larval settlement of marine invertebrates were investigated in
Chapter 2 (E. chloroticus), Chapter 3 (H. iris) and Chapter 4 (Galeolaria hystrix). Larval
settlement of E. chloroticus was not affected when competent larvae were left to settle in
presence of settlement substrates (CCA) that had previously been conditioned in reduced
seawater pHT (7.7) for 28 days. Besides, the results of the experiments performed in this chapter
confirm once more the role of CCA as key inducers of settlement in competent sea urchin larvae
as previously reported, also in E. chloroticus (Huggett et al., 2006; Lamare and Barker, 2001).
Similarly, larval settlement of NZ abalone (H. iris) showed no signs of indirect effects when
competent larvae were left to settle in presence of CCA-covered settlement tiles that had been
conditioned in reduced seawater pHT (7.65) for 171 days (projected OA levels for 2100, Law
et al., 2017), despite the significant reduction in CCA-cover. It has been suggested that, given
that CCA crusts are formed by different species, this could provide functional redundancy that
buffers against negative effects of their exposure to reduced pH (O’Leary et al., 2017), still
facilitating settlement, and this could have also happened in the present study.
On the other hand, when competent larvae of the serpulid polychaete Galeolaria hystrix were
left to settle in the presence of marine biofilms that had been incubated under a range of pHT
(7.0 to 8.1), settlement success was compromised. I observed shifts in the marine community
composition of the incubated biofilms, at both prokaryote and eukaryote level. The results
obtained suggest an ecosystem-wide response to altered pH in the marine biofilms, however,
the mechanisms that mediate it have not been pinned down. To date, Chapter 4 represents the
most detailed investigation on how ocean acidification affects larval settlement through altered
community composition of marine biofilms.
The results obtained regarding indirect effects are contrasting and challenging to reconcile.
Indeed, previous investigations have showed both reduced settlement (e.g. sea star larvae
Acanthaster cf. solaris, Uthicke et al., 2013) as well as no effects (e.g. in H. rufescens larvae,
O’Leary et al., 2017) in the presence of settlement substrates that had been pre-conditioned
under reduced seawater pH. On the other hand, the changes in biofilm community composition
and altered settlement selectivity observed in Chapter 4 align nicely with previous studies that
showed a clear shift in the microbial communities associated with CCA when conditioned under
reduced seawater pH (e.g. Webster et al., 2013b). This highlights once more the necessity for
future research.
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5.2.3 Carry-over effects due to early-life exposure to reduced seawater pH
OA-induced carry-over effects were investigated in Chapter 3. Here, NZ abalone (H. iris) larvae
were reared through to competency (for a total of nine days) in seawater at either ambient or
reduced pHT (7.80, projected OA levels for 2050, Law et al., 2017) and left to settle in presence
of their preferred settlement substrate (CCA). Settlement success was negatively affected in
larvae that had been reared under reduced seawater pH, indicating OA induced carry-over
effects. My observations align with previous investigations that have shown carry-over effects
due to early-life exposure to ocean acidification in other marine taxa, such as oysters (Hettinger
et al., 2013; Ko et al., 2014), sea urchins (Dupont et al., 2013; Wangensteen et al., 2013),
gastropods (Pechenik et al., 2019) and corals (Yuan et al., 2018).
The investigation on carry-over effects would have benefited significantly from incorporating
a study of the larval energy reserves (i.e. lipid content estimation) during the rearing and
settlement process. Indeed, carry-over effects at the time of settlement and metamorphosis are
most likely due to altered energy levels. In this respect, larvae that have been exposed to reduced
seawater pH/elevated pCO2 during early-life stages might reach competency with reduced
energy reserves, consequently affecting settlement and metamorphosis success as well as early
development stages of juveniles (i.e. low growth rate, higher mortality, changes in calcification
rates; Hettinger et al., 2013, 2012; Parker et al., 2015). In addition, larvae reared under OA
conditions might also show morphological alterations (such as smaller size, abnormal shape or
reduced shell integrity; Byrne et al., 2011), that can physically impede larval mobility or
attachment to the substrate and have metabolic costs, therefore leaving less energy available for
further development and growth.
Despite the importance of carry-over effects, to date, a limited number of studies have focussed
on the carry-over effects of exposure to reduced pH on the larval settlement and metamorphosis
success of invertebrates. Only a subset of those studies has focussed on the effects of exposure
to reduced seawater pH on the energy budget and energy reserves and related it to settlement,
metamorphosis and post-settlement survival and fitness (e.g. Ginger et al., 2013).
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Other considerations
Pre-settlement processes directly influence larval settlement and include larval supply to the
settlement area (active or passive), larval survival, development time or planktonic larval
duration. Numerous studies have reported delayed larval development (Byrne, 2011), increased
larval mortality and malformations (e.g. Byrne et al., 2011) as well as altered swimming speeds
(e.g. Chan et al., 2016) due to exposure to ocean acidification. All these factors could cause
increased time in the water column, as well as difficulties in finding a suitable settlement
substrate and therefore settling onto suboptimal substrates, which could have important
ecological implications for the recruitment and post-settlement survival of juveniles, and
therefore for the adult populations.
Similarly, it is important to remember that ocean acidification will happen in conjunction with
a series of environmental stressors already being experienced by the marine ecosystems. These
include ocean warming, increased eutrophication, lowered salinity or increased sedimentation.
Many of these stressors have been reported to negatively affect early-life stages of marine
invertebrates, including settlement processes, and seem to be acting synergistically (García et
al., 2015a; Huggett et al., 2018; Sheppard Brennand et al., 2010).
My findings therefore raised the question if including other factors (e.g. temperature), alone or
in combination with reduced seawater pH, at time of settlement for both E. chloroticus and H.
iris would have led to different results, especially in the experiments studying direct effects on
settlement. In addition, other factors during the incubation of the settlement substrates (CCA
and biofilms) such as different temperatures or light intensities might have also contributed to
different settlement outcomes regarding indirect effects. Besides, testing carry-over effects in
E. chloroticus and G. hystrix by rearing the larvae under different conditions of pH, temperature
or food, alone or in combination, might have expanded my findings on carry-over effects.
Lastly, testing other species of marine invertebrates might have also contributed to a bigger
picture of settlement outcomes in the face of future global change related stressors.

Ecological implications
Larval settlement and metamorphosis are arguably the most important processes in marine
species with an indirect lifecycle, since they not only mark the transition between the planktonic
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larval stage into the benthic juvenile form, but they determine the final location where the
organisms will spend their lives, especially in sessile and benthic taxa. Altered settlement and
metamorphosis rates as a result of OA, could affect distributions, abundances and ecology of
future marine communities.
Many coastal marine invertebrates play a key ecological role in marine ecosystems. For
example, sea urchins are known to play a key role (top-down control) in marine coastal
macroalgae communities through their grazing behaviour (Dayton et al., 1992; Lauzon-Guay
and Scheibling, 2010; Villouta et al., 2001). Similarly, serpulid polychaetes are very important
biogenic reef formators in temperate marine ecosystems (Smith et al., 2005), with the highest
biodiversity in the area being associated to them.
Aside from their ecological importance, many marine invertebrate taxa present commercial
importance too, since they are farmed or harvested commercially. According to the FAO
(2018), aquaculture activities produce almost half of the supply of fish for human consumption.
For example, echinoderms present a strong socio-economic value (Branch et al., 2013), while
other taxa, such as abalones present strong cultural importance on top of their commercial value
(Cook, 2016, 2014).
Therefore, given the importance of marine invertebrates in coastal ecosystems, it is important
to understand how ocean acidification, alone or in combination with other stressors, could affect
early-life stages of coastal species. This will help us predict the effects on settlement and
recruitment rates of coastal marine invertebrates, which in turn regulate their abundances and
distributions in coastal environments. This could cause important changes on the population
biology and life-histories of keystone species, which could have negative top-down or bottomup effects on the fragile balance of coastal ecosystems. Similarly, altered settlement rates of
commercially important species could impact the recruitment success and therefore the
economic revenue and production outcomes the aquaculture industry and wild fisheries rely on.

Future research directions
Further studies on taxa understudied or not studied at all are key in order to expand our
knowledge regarding effects of OA in the larval settlement of marine invertebrates. Besides,
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understanding how OA will impact larval settlement in conjunction with other stressors should
be analysed through multi-stressors experiments.
Pre-settlement processes. Future research is needed on how OA could affect the mechanisms
that regulate larval survival and development rates (e.g. altered ion transportation, enzyme
activity, gene expression, metabolic rates or altered acid base regulation). Furthermore, effects
of OA on the larval swimming ability and mechanisms to reach settlement locations as well as
the planktonic larval duration and therefore loss of settlement selectivity could expand our
knowledge in the processes that influence larval supply for settlement.
Altered behaviour or physiology at settlement due to exposure to reduced seawater pH (direct
effects). Future investigations are necessary in order to understand the physiological
mechanisms by which OA can impair settlement, whether through sensory alteration or
attachment structures in the larvae. Besides, it is important to understand the mechanisms
responsible for the sensory recognition of substrates by larvae, e.g. neurosensory signalling
pathways (e.g. Wnt signalling) at cellular and molecular levels.
Altered settlement due to OA-altered settlement substrates (indirect effects). Further research
efforts should focus on studying key changes that occur on settlement substrates under reduced
seawater pH conditions, that may affect settlement success and settlement patterns.
Investigations on the distribution and composition of settlement substrates through, e.g.
metagenomics, would help increase our basic understanding on microbial communities
associated with CCA and marine biofilms. Moreover, research focussing on specific changes
in settlement-inducing chemical signals associated with settlement substrates (waterborne or
adsorbed) under OA conditions (e.g. composition of cue and molecular changes responsible for
changes) will help us understand and maybe predict the impacts that projected OA conditions
might have for future marine ecosystems.
Carry-over effects due to exposure to reduced seawater pH during early-life stages. Future
research should focus on understanding the management of energy reserves at time of
settlement and metamorphosis, as well as how these are affected by carry-over effects. Besides,
research regarding the molecular mechanisms behind these effects should help filling up this
gap in knowledge (e.g. changes in genetic make-up of the population due to changes in specific
traits).
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Concluding remarks
Overall, the findings of this thesis contribute to a better understanding of the effects of OA on
the larval settlement of marine invertebrates. My results contribute to the notion that the effects
of OA will most likely be taxa-specific and will most likely be associated with the settlement
selectivity in a particular species or groups. Three key elements are of great importance for
future research efforts: (1) settlement cue recognition mechanisms in larvae, (2) settlement
substrates and how they change when exposed to OA, and (3) the management of energy
reserves in larvae. These are key subjects that need our most immediate attention in order to
understand how predicted levels of OA will influence the key processes of settlement and
metamorphosis in marine organisms, and the ecological implications on the marine ecosystems
that support them.
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Appendix 1
Supporting data for Chapter 1
Table A1.1 Field studies that explore aspects of the effects of elevated pCO2 on settlement (or recruitment) of marine organisms at naturally occurring CO2 vents. The table summarises the information
available on the organism studied, the location of the CO2 vent site and the different pCO2 levels present, as well as the effects shown by each study. The table comprises information on different taxa of
invertebrates, algae and bacterial communities. Although this review manuscript focuses on marine (invertebrate and fish) larvae, this table also includes other organisms that have previously been studied
at the CO2 vents.
Phylum, species

Different taxa, benthic
invertebrates
and
microfauna

Vent site

Ischia, Italy

pCO2 levels

Effects found

- Stations N1 & S1, normal pH conditions (8.06 - 8.15)
- Stations N2 and S2, intermediate pH conditions with high pH
fluctuations: range 7.27–7.99 and 7.49–7.89,
- Stations N3 and S3, low pH conditions: range 7.26–7.60 and
7.08–7.79

Calcareous foraminiferans, serpulid polychaetes,
gastropods and bivalves showed highly significant
reductions in recruitment with increase in pCO2
Only one species of polychaete had higher abundances at
the station presenting the lowest pH values, although a
wide range of polychaetes and small crustaceans was able
to settle and survive under these conditions.

References

Cigliano et al.
2010

A few taxa were particularly abundant at stations
presenting intermediate amounts of pCO2

Algae

Ischia, Italy

- Normal pH = Sn (pHT 8.06 ± SD 0.09)
- Normal pH=Nn (pHT 7.95 ± SD 0.06)
- Medium pH = Sm (pHT 7.75 ± SD 0.3)
- Medium pH = Nm (pHT 7.77 ± SD 0.19)
- Low pH = Sl (pHT 6.59 ± SD 0.51)
- Low pH = Nl (pHT 7.20 ± SD 0.36)
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seawater pH stations

Porzio et al.
2013
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Phylum, species

Vent site

pCO2 levels

Effects found

References

Ischia, Italy

- Stations N1 & S1, normal pH conditions: 8.06 – 8.15
- Stations N2 & S2, intermediate pH conditions with high pH
fluctuations: 7.27–7.99 and 7.49–7.89,
- Stations N3 & S3, low pH conditions: 7.26–7.60 and 7.08–7.79

- No significant differences in # of organisms settled
- Significant differences in diversity
- Normal pH stations were significantly more diverse

Ricevuto et al.
2012

Vulcano Island, Italy

- Ambient pH (mean 8.18)
- Intermediate pH (mean 8.05)
- Low pH (mean 7.49)

- Significant changes in periphyton communities
- Increase in chl a concentration and in diatom abundance
with increasing pCO2
- No change in cyanobacteria

Johnson et al.
2013

Benthic
polychaete
species:
Amphiglena
mediterranea,
Platynereis
dumerilii,
Syllis prolifera

Ischia, Italy

- Control N1 = pH 8.0 ± 0.1
- Control S1 = pH 8.1 ± 0.1
- Intermediate N2 = pH 7.8 ± 0.2
- Intermediate S2 = pH 7.8 ± 0.3
- Acidified N3 = pH 7.2 ± 0.4
- Acidifed S3 = pH 6.6 ± 0.5

Significant increase in abundance of the three target
species in reduced seawater pH conditions

Ricevuto et al.
2014

Bacterial and archaeal
communities

Papua New Guinea

- low pCO2: pHT 7.97–8.14, 296–494ppm pCO2
- high pCO2: pHT 7.73–8.00, 444–953ppm pCO2

- Increased microbial richness with increase in pCO2
- Shift in microbial composition along the natural gradient

Raulf
2015

Microborers
(cyanobacteria,
chlorophytes,
rhodophytes and fungi)

Maug, Commonwealth of
the Northern Mariana
Islands

- High pCO2 site: mean pH 7.94±0.051
- Mid- pCO2 site: mean pH 7.98 ± 0.027
- Control pCO2 site: mean pH 8.04 ± 0.016

Increased colonization (settlement) of microbores at lower
pH (higher pCO2)

Enochs et al.
2016

Crustose Coralline Algae

Papua New Guinea

- Control sites: pHT 8.02 - 7.98 / pCO2 346 - 413 μatm
- High CO2 sites: pHT 7.95 - 7.72/ 441 - 998 μatm

Total CCA cover decreased with increase in pCO2

Fabricius et al.
2015

Vulcano Island, Italy

- Low pH: ~7.31
- Mid pH: ~ 7.73
- High pH: ~ 8.03
- CTL_Vent: ~ 8.15

Recruitment success adversely affected at the Low and the
Mid pH sites

Milazzo et al.
2014

Benthic
invertebrates
(polychaetes, amphipod,
isopod
and
tanaid
crustaceans
and
molluscs)

Microalgal assemblages
(periphyton)

Vermetids (gastropoda)
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Phylum, species
Tropical
recruits

coral

Calcareous species
invertebrates
Fleshy seaweeds

Benthic
rocky
assemblages

Vent site

pCO2 levels

Effects found

References

Papua New Guinea

- Low pH: ~ 7.8
- High pH: ~ 8.0

- Reduced coral settlement and recruitment in presence of
substrates (CCA) pre-conditioned at low pH.
- Lower settlement associated with reduced CCA cover at
reduced pH site.

Fabricius et al.
2017

Ischia, Italy

- Control pHnorth,south = 8.0, 8.1
- Low pHnorth,south = 7.8, 7.8
- Extreme low pH < 7.4

- Early successional stages: Similar rates of recruitment of
calcareous species at both ambient and low pH sites
- Later succession: Fleshy seaweeds in low pH conditions

Kroeker et al.
2013a

Ischia, Italy

- Control pHnorth,south = 8.0, 8.1
- Low pHnorth,south = 7.8, 7.8
- Extreme low pH < 7.4

- Significantly different communities among pH zones
after 32 months:
- dominance of calcareous algae in ambient pH;
- dominance of fleshy algae in low pH zones;
- dominance of biofilm/filamentous algae and erect fleshy
algae in extreme low pH zones;
- greater variability in the communities in the ambient and
extreme low pH zones.

Kroeker et al.
2013b

Ischia, Italy

- Control pHnorth,south = 8.0, 8.1
- Low pHnorth,south = 7.8, 7.8
- Extreme low pH < 7.4

- Lower CCA abundance in the low pH
- CCA settled in extreme low pH were significantly
smaller and presented altered mineralogy

Kamenos et al.
2016

of

reef

Crustose coralline algae
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Table A1.2: Single stressor laboratory studies that explore ocean acidification induced changes in larval settlement for different taxonomic groups. The table includes information on the pH treatments or
pCO2 levels tested, the effects found and the biogeographical region of origin of the species tested.
Phylum, species

pH or pCO2 range tested

Effects found

References

Region

Cnidaria
Acropora digitifera

- pHT 8.0
- pHT 7.6
- pHT 7.3

Significant decline in metamorphosis rate under reduced
seawater pH conditions after both short (2 h) and long (7
d) term exposure

Nakamura et al. 2011

Japan

Acropora gemmifera

- pH 8.1
- pH 7.8
- pH 7.5

Reduced settlement percentage in lower pH treatments

Yuan et al. 2018

China

Acropora millepora

- control (pH 8.04, 401 μatm CO2)
- Future CO2 concentrations #1
(pH 7.79, 807 μatm)
- Future CO2 concentrations #2
(pH 7.60, 1299 μatm)

Negative effects on settlement due to increased pCO2

Doropoulos et al. 2012

Australia

Acropora palmata

- average ambient pCO2 conditions (∼400 μatm)
- Mid-CO2 conditions (∼560 μatm)
- High-CO2 conditions (∼800 μatm)

Settlement was negatively impacted by increasing pCO2

Albright et al. 2010

Florida, USA

Acropora selago

- Ambient (pH 7.98, 447 µatm CO2)
- Mid elevated treatment
(pH 7.81, 705 µatm CO2)
- High elevated treatment
(pH 7.60, 1214 µatm CO2)

Negative effects on settlement. Settlement decreased
with increase in pCO2for all CCA taxa.

Doropoulos & Diaz-Pulido
2013

Australia

Acropora spicifera

- Control pCO2: + 250 uatm
- High pCO2: + 900 uatm

No significant effects on settlement

Foster et al. 2015

Australia

Acropora tenuis

- Control pH
- Reduced pH 7.6 (1000 μatm CO2)

No effects on settlement

Kurihara 2008

Japan

Acropora millepora

Experiment 1:
Larval settlement on pre conditioned CCA (pH 8.1, pH
7.9, pH 7.7 and pH 7.5)
pH treatments: 8.1, 7.9, 7.7 and 7.5

Reduced settlement on CCA pre-exposed to different pH
treatments

Webster et al. 2013b

Australia
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Phylum, species

pH or pCO2 range tested

Effects found

References

Region

Experiment 2:
Larval settlement on conditioned CCA at ambient pH
(8.1)
pH treatments: 8.1, 7.9, 7.7 and 7.5

No significant effects on settlement

Acropora millepora &
Acropora tenuis

Experiment 3:
Larval settlement on CCA extract.
Larvae preconditioned for 24h in different treatments
(pH 8.1, pH 7.9, pH 7.7 and pH 7.5)
Experimental pH treatments: 8.1, 7.9, 7.7 and 7.5

No significant effects on settlement

Pocillopora
damicornis

- Control pH = 8.1
- Treatment 1: pH = 7.9
- Treatment 2: pH = 7.6

Decrease in pH caused a strong decline in larval
settlement rates, with the lowest rate at pH 7.6. At pH 7.9
and 7.6 all larvae were unable to complete
metamorphosis

Viyakarn et al. 2015

Thailand

Porites asteroides

- pH 8.1
- pH 7.6

No significant effects of reduced pH on coral settlement

Olsen et al. 2015

Florida, USA

Porites asteroides

- present pCO2 conditions (380 ppm)
- projected pCO2 for the year 2065 (560 ppm)
- projected pCO2 for the year 2100 (720 ppm)

No direct correlation between increase of pCO2 and
decrease on settlement

Albright et al. 2008

Florida, USA

Porites astreoides

- ambient pCO2 conditions (380 μatm)
- middle century predicted pCO2 (560 μatm)
- end of century predicted pCO2 (800 μatm)

- Significant effects on settlement, but only in tiles
preconditioned in high pCO2 seawater conditions indirect effects by altering settlement substrate

Albright & Langdon 2011

Florida, USA

- Control: pHNBS 8.17
- Reduced: pHNBS 7.56

No effects on settlement and metamorphosis

Lane et al. 2013

Hong Kong

Annelida
Hydroides elegans
Mollusca
Gastropoda
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Phylum, species

pH or pCO2 range tested

Effects found

References

Region

Haliotis diversicolor
and
H. discus hannai

- Control pCO2: 447 µatm ~ pHNBS 8.15
- High pCO2:
1500 µatm ~ pHNBS 7.7
2000 µatm ~ pHNBS 7.6
3000 µatm ~ pHNBS 7.4

Reduced survival and metamorphosis

Guo et al. 2015

China

Crepidula fornicata

- pHT 7.51
- pHT 7.71
- pHT 7.96

Significantly higher settlement and metamorphosis at
lower pH

Dooley & Pires 2015

Washington, USA

- Ambient pHT1 = 7.94
- Ambient pHT2 = 7.94
- pHT3 = 7.80
- pHT4 = 7.51
- pHT5 = 7.43

Negative effects on settlement due to reduced pH

Jansson et al. 2016

Baltic Sea

Range pH treatments (8.0 to 6.5)

- Time to settle increased with reduction in pH.
- No lethal effects showed at lower pH.

Pecquet et al. 2017

Hong Kong

Amphibalanus
amphitrite

- Ambient pH 8.2
- Low pH 7.4

No influence on settlement due to reduced pH

McDonald et al. 2009

North Carolina, USA

Balanus amphitrite

- Ambient pH: 8.2
- Low pH: 7.6

No influence on settlement due to reduced pH

Campanati 2016

Hong Kong

- 400 ppm CO2 (current-day control)
- 700 ppm CO2
- 850 ppm CO2

Significant negative effects in ability to recognize
conspecific cues important for settlement

Lecchini et al. 2017

French Polynesia
Japan

Bivalvia

Macoma balthica

Bryozoa
Bugula neritina
Arthropoda
Maxillopoda

Malacostraca
Stenopus hispidus
Echinodermata
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Phylum, species

pH or pCO2 range tested

Effects found

References

Region

Echinoidea

Paracentrotus lividus

- Present average pH 8.1
- Average predicted for 2100, pH 7.7
- Extreme predicted for 2100, pH 7.4

- Delay in larval settlement at pH 7.7
- No successful settlement at pH 7.4

García et al. 2015

Mediterranean and NE
Atlantic Ocean

Strongylocentrotus
droebachiensis

- pHT = 8.07 (~ 361 μatm CO2)
- pHT = 7.69 (~ 942 μatm CO2)

No significant effect of pCO2 in larval settlement

Dupont et al. 2013

Boreal coastal
ecosystems

- Pre-industrial pHNBS 8.25 target
- Present conditions pHNBS 8.1 target
- Future medium conditions pHNBS 8.0 target
- Future low conditions pHNBS 7.9 target

- Significant negative effects on settlement when
settlement substrates were previously conditionned in the
different pH treatments.
- No significant effects on settlement only due to water
chemistry (settlement experiment 2)

Uthicke et al. 2013

Australia

Amphiprion percula

- Control pH 8.15
- Predictions for the year 2100: pH 7.8
- Low pH 7.6

Significant reduction in homing behaviour due to loss in
olfactory capacity

Munday et al. 2009

Australia

Chromis viridis

- 400 ppm CO2 (current-day control)
- 700 ppm CO2
- 850 ppm CO2

Significant negative effects in ability to recognize
conspecific cues important for settlement

Lecchini et al. 2017

French Polynesia
Japan

Lates calcarifer

pH 8.19 ~ 400 μatm CO2
pH 7.70 ~1675 μatm CO2

Negative effects of elevated pCO2 in the auditory
preference of the fish at time of settlement

(Rossi et al., 2015)

Tropical areas between
eastern Indian Ocean
to the western Central
Pacific

Asteroidea

Acanthaster cf. solaris

Fish
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Phylum, species

pH or pCO2 range tested

Effects found

References

Region

Lates calcarifer

- pH 8.13 ~ 465 μatm CO2
- pH 7.70 ~1477 μatm CO2

Negative effects of reduced pH on attraction by larval
fish towards physico-chemical cues for settlement

Pistevos et al. 2017

Tropical areas between
eastern Indian Ocean
to the western Central
Pacific

Pomacentrus
amboinensis

- 440 ppm CO2 (current-day control)
- 700 ppm CO2
- 850 ppm CO2

Impairement in olfactory discrimination of settlement
cues

Devine et al. 2012

Australia

Pomatoschistus pictus

- pH 8.06 ~ 530 μatm CO2
- pH 7.66 ~ 1500 μatm CO2

Negative effects of high CO2 in auditory responses
important for settlement

Castro et al. 2017

Eastern Atlantic Ocean
and Mediterranean Sea
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Table A1.3: Multiple stressor laboratory studies that explore changes in settlement caused by ocean acidification (OA) in conjunction with a second stressor. This table includes information on taxa, OA
treatment levels and other stressors tested, as well as biogeographical region of origin of the species tested.
Phylum, species

OA Treatments

Other stressor tested

Effects on settlement

References

Region

Porifera
Carteriospongia
foliascens

- pHT = 8.1
- pHT = 7.8
- pHT = 7.6

T = 28.5°C
T = 30°C
T = 31.5°C

No significant effects

Bennett et al. 2016

- Control pCO2 = + 250 μatm
- High pCO2= + 900 μatm

Control T = 24°C
High T = 27°C

No significant effects

Foster et al. 2015

No significant effects

Campbell et al. 2017

Caribbean

No significant effects

Olsen et al. 2015

Caribbean

No significant effects

Anlauf et al. 2011

Tropical Eastern
Pacific

Australia

Cnidaria
Acropora spicifera

Subtropical - Western
Australia

- Contact with the alga
Stypopodium zonale
Porites astreoides

Porites astreoides

Porites panamensis

- pH = 8.0
- pH = 7.85

- pH = 8.1
- pH = 7.6

- Control pH = 8.08
- Low pH = 7.85

- Two settlement substrates:
- CCA
- Tiles with biofilm
Two Temperatures:
- Ambient (28°C),
- Elevated (31°C)
Two settlement substrates:
- Plastic algal mimic
- Live Dictyota spp.
Control T = 28.4°C
High T = 29.6 °C

Mollusca
Gastropoda
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Phylum, species

OA Treatments

Other stressor tested

Effects on settlement
- No effects of pH or diet alone
on the settlement

References

- Control pH = 8.00
- Medium pH = 7.7
- Low pH = 7.3

Algae grown at
- Control pH = 8.00
- Medium pH = 7.7
- Low pH = 7.3

- pHNBS 8.04
- pHNBS 7.47

- Temperature: 24 and 30 °C
- Salinity: 15 and 25 psu

- Reduced metamorphosis due
to carryover effects in larvae
- Significant delays in pre- and
post-settlement growth.

Amphibalanus
improvisus

pCO2 = 400 μatm
pCO2 = 1250 μatm
pCO2 = 3250 μatm

- T = 12°C
- T = 20°C
- T = 27°C

No significant effects

(Pansch et al., 2012)

Balanus amphitrite

pCO2 = 400μatm
pCO2 = 750 μatm
pCO2 = 1500 μatm

- Four temperatures (28°C, 30°C,
32°C and 34°C)
- Two nutrient conditions
(unenriched and enriched)

- No direct effect on settlement
due to acidification alone
- Reduced settlement due to
warming individually or in
combination with acidification

(Baragi and Anil, 2017)

pHT = 8.09
pHT = 7.69

T = 16.0 °C
T = 17.5 °C
T = 19.0 °C

Reduced settlement

(Wangensteen et al., 2013)

Crepidula onyx

(Maboloc and Chan, 2017)

Region

Hong Kong

- Enhanced settlement at low
pH + diet low quality

Bivalvia

Magallana gigas
(formerly Crassostrea
gigas)

Ko et al. 2014

China

Arthropoda
Maxillopoda
Baltic Sea

India

Echinodermata
Echinoidea
Arbacia lixula

146

Mediterranean and
tropical Eastern
Atlantic

Appendices

Phylum, species

Heliocidaris
erythrogramma

Heliocidaris
erythrogramma

Paracentrotus lividus

OA Treatments

Other stressor tested

Effects on settlement

pH = 7.8
pH = 7.6

T = +2 °C
T = +4 °C

No effects on settlement in
control pH treatments at both
temperatures
(Effects on settlement not
reported for low pH
treatments)

pH treatments at which the CCA were
conditioned prior to larval settlement
assays :
pH = 8.1
pH = 7.6

Temperature:
- 20.5°C
- 24 °C

Reduction in larval settlement
when placed in presence of
CCA conditioned under any of
the elevated temperatures

T = 19°C
T = 20.5°C
T = 22.5°C

- No settlement observed at the
lowest T and pH.
- Unsuccessful settlement at
the highest T and lowest pH
(7.4).
- The rest of the results show
no significant effect on
settlement due to reduced pH.
- Enhanced settlement at
20.5°C

pH = 8.1
pH = 7.7
pH = 7.4
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References

Region

(Byrne et al., 2011a)

Subtropical Australia

(Huggett et al., 2018)

Subtropical Australia

(García et al., 2015b)

Mediterranean and
NE Atlantic Ocean,
from Ireland to
Canary Islands
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Appendix 2
Supporting data for Chapter 2
pH Experiment 3
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Figure A2.1 pH values (NBS scale) in the 3L aquaria during Experiment 1 at 0, 8, 16, 24 and 32 hours after the start of the
experiment. The three nominal pH treatments are 8.1, 7.9 and 7.7. n= 3 for each point. The error bars represent Standard Error
of the Mean (SEM). Note that the scatter plot symbols have been reduced in order to allow the visualisation of the error bars.
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Figure A2.2 pH values (Total scale) in the 3L aquaria during Experiment 2 at 0, 6, 12, 18, 32 and 48 hours after the start of
the experiment. The three nominal pH treatments are amb = 8.1, med = 7.9 and low = 7.7. n= 3 for each point. The error bars
represent Standard Error of the Mean (SEM).
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pH Experiment 2
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Figure A2.3 pH values (NBS scale) in the 3L aquaria during Experiment 3 at 0, 3, 6, 12 and 24 hours after the start of the
experiment. The six nominal pH treatments are 7.0, 7.2, 7.3, 7.7, 7.9 and 8.1. n= 3 for each point. The error bars represent
Standard Error of the Mean (SEM). Note that the symbols of the scatter plot have been reduced in order to allow the
visualisation of the error bars.
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Figure A2.4 pH values (Total scale) in the 3L aquaria during Experiment 4 at 0, 8, 17 and 25 hours after the start of the
experiment. The three nominal pH treatments are 8.1, 7.7 and 7.4. n= 3 for each point. The error bars represent Standard Error
of the Mean (SEM). Note that the symbols of the scatter plot have been reduced in order to allow the visualisation of the error
bars.
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Table A2.1 Mean percentage (%) settled individuals ± SE and pHNBS values measured at the different time points during
Experiment 1.

Treatment

Settlement
substrate

After 8h

After 16h

After 24h

After 32h

Mean percentage of individuals that had settled (n=3) ± SE
pH 8.1

CCA

13.87 ± 5.74 %

28.84 ± 3.60 %

41.20 ± 3.05 %

48.89 ± 7.55 %

pH 8.1

Bare rock

0.00 %

0.00 %

0.00 %

0.79 ± 0.79 %

pH 7.9

CCA

14.76 ± 6.44 %

21.57 ± 9.73 %

27.38 ± 12.30 %

35.21 ± 16.68 %

pH 7.9

Bare rock

0.00 %

0.00 %

0.00 %

0.00 %

pH 7.7

CCA

19.45 ± 5.47 %

31.10 ± 6.57 %

33.01 ± 4.98 %

45.59 ± 13.85 %

pH 7.7

Bare rock

0.00 %

1.15 ± 1.15 %

2.16 ± 1.09 %

2.16 ± 1.09 %

pHNBS values measured in the aquaria during the experiment (n=3) ± SE
pH 8.1

CCA

8.06 ± 0.020

8.08 ± 0.010

8.08 ± 0.012

8.05 ± 0.017

pH 8.1

Bare rock

8.09 ± 0.004

8.11 ± 0.003

8.11 ± 0.003

8.09 ± 0.002

pH 7.9

CCA

7.89 ± 0.001

7.94 ± 0.026

7.95 ± 0.013

7.94 ± 0.036

pH 7.9

Bare rock

7.90 ± 0.002

7.94 ± 0.014

7.94 ± 0.008

7.91 ± 0.018

pH 7.7

CCA

7.63 ± 0.011

7.65 ± 0.005

7.64 ± 0.002

7.65 ± 0.006

pH 7.7

Bare rock

7.65 ± 0.007

7.65 ± 0.006

7.66 ± 0.004

7.66 ± 0.004

Table A2.2 Mean percentage (%) settled individuals and pH values measured at the different time points during Experiment
2.
Treatment

After 6h

After 12h

After 18h

After 30h

After 48h

Mean percentage of individuals that had settled (n=3) ± SE
pH 8.1

49.86 ± 5.04 %

64.17 ± 3.63 %

74.10 ± 1.66 %

78.70 ± 0.66 %

81.57 ± 4.31 %

pH 7.9

60.93 ± 5.95 %

73.99 ± 3.93 %

76.53 ± 4.22 %

82.45 ± 5.66 %

83.15 ± 5.33 %

pH. 7.7

55.87 ± 2.25 %

64.41 ± 1.14 %

77.63 ± 3.49 %

82.80 ± 3.15 %

83.64 ± 2.36 %

pH values measured in the aquaria during the experiment (n=3) ± SE
pH 8.1
pH 7.9

pH. 7.7

pHNBS= 8.16 ± 0.01

pHNBS= 8.13 ± 0.02

pHNBS= 8.09 ± 0.04

pHNBS= 8.04 ± 0.03

pHNBS= 7.96 ± 0.03

pHT= 8.05 ± 0.01

pHT= 8.02 ± 0.02

pHT= 7.98 ± 0.04

pHT= 7.93 ± 0.03

pHT= 7.85 ± 0.03

pHNBS= 8.03 ± 0.02

pHNBS= 7.97 ± 0.01

pHNBS= 7.95 ± 0.01

pHNBS= 7.93 ± 0.01

pHNBS= 7.92 ± 0.01

pHT= 7.92 ± 0.02

pHT= 7.86 ± 0.01

pHT= 7.84± 0.01

pHT= 7.82 ± 0.01

pHT= 7.81 ± 0.01

pHNBS= 7.71 ± 0.003

pHNBS= 7.74 ± 0.02

pHNBS= 7.73 ± 0.03

pHNBS= 7.74 ± 0.02

pHNBS= 7.62 ± 0.01

pHT= 7.60± 0.003

pHT= 7.63± 0.02

pHT= 7.62± 0.03

pHT= 7.63 ± 0.02

pHT= 7.73 ± 0.01
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Table A2.3 Mean percentage (%) settled individuals and measured pHT values during Experiment 3.
Treatment

After 3h

After 6h

After 12h

After 24h

Mean percentage of individuals that had settled (n=3) ± SE
pH 8.1

8.66 ± 2.38 %

27.73 ± 3.04%

43.24 ± 0.28%

57.37 ± 4.96 %

pH 7.9

10.55 ± 1.73 %

35.88 ± 4.79 %

52.68 ± 4.48%

60.73 ± 3.05%

pH 7.7

6.79 ± 4.28 %

22.00 ± 4.58 %

49.60 ± 2.39%

57.09 ± 4.75 %

pH 7.4

7.24 ± 1.00 %

16.01 ± 3.53 %

45.85 ± 6.53%

51.56 ± 3.64 %

pH 7.2

2.95 ± 1.38 %

24.32 ± 2.16 %

52.26 ± 7.48%

62.03 ±8.90 %

pH 7.0

7.60 ± 3.16 %

17.02 ± 4.56%

38.39 ± 5.43 %

48.75 ± 9.18 %

pHT values measured in the aquaria during the experiment (n=3) ± SE
pH 8.1

8.02 ± 0.001

7.96 ± 0.005

7.99 ± 0.013

8.01 ± 0.023

pH 7.9

7.87 ± 0.004

7.82 ± 0.014

7.90 ± 0.009

7.86 ± 0.005

pH 7.7

7.60 ± 0.005

7.59 ± 0.011

7.66 ± 0.021

7.62 ± 0.010

pH 7.3

7.28 ± 0.011

7.32 ± 0.011

7.37 ± 0.001

7.35 ± 0.007

pH 7.2

7.22 ± 0.008

7.25 ± 0.010

7.26 ± 0.005

7.27 ± 0.033

pH 7.0

6.90 ± 0.006

6.95 ± 0.017

7.02 ± 0.009

7.01 ± 0.002

Table A2.4 Mean percentage (%) settled individuals and measured pHT values during Experiment 4. Preconditioning of CCA
occurred at high pH (~8.1) or low pH (~7.7) for a period of 28 days prior to the settlement experiments.
Treatment

CCA conditioning

After 8h

After 17h

After 25h

Mean percentage of individuals that had settled (n=3) ± SE
pH 8.1

High

66.68 ± 1.95 %

78.20 ± 2.87 %

82.08 ± 2.05 %

pH 8.1

Low

74.15 ± 0.71 %

80.37 ± 1.33 %

82.37 ± 1.87 %

pH 7.7

High

72.54 ± 1.57 %

81.60 ± 1.32 %

90.16 ± 0.87 %

pH 7.7

Low

73.80 ± 0.82 %

83.40 ± 1.54 %

86.99 ± 2.20 %

pH 7.4

High

65.89 ± 7.37 %

72.73 ± 6.68 %

77.41 ± 7.98 %

pH 7.4

Low

63.29 ± 6.98 %

79.23 ± 2.66 %

86.66 ± 3.35 %

pHT values measured in the aquaria during the experiment (n=3) ± SE
pH 8.1

High

7.96 ± 0.015

8.03 ± 0.003

7.99 ± 0.018

pH 8.1

Low

7.94 ± 0.00

8.03 ± 0.013

8.00 ± 0.003

pH 7.7

High

7.64 ± 0.009

7.67 ± 0.003

7.67 ± 0.023

pH 7.7

Low

7.63 ± 0.006

7.76 ± 0.003

7.67 ± 0.017

pH 7.4

High

7.37 ± 0.018

7.38 ± 0.006

7.40 ± 0.020

pH 7.4

Low

7.38 ± 0.015

7.38 ± 0.003

7.37 ± 0.003
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Table A2.5 Statistical analysis - Models used for the experiments.
A2.5a - Experiment 1 - Substrate selectivity and direct effects of OA
Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: binomial ( logit )
Formula: settle3 ~ substrate + log(time.settle) + (1 | cont:chamber)
Data: Total3
Control: glmerControl(optimizer = "bobyqa")
AIC
300.8

BIC
312.4

logLik
-146.4

Scaled residuals
Min
1Q
-1.71860
-0.25091
Random effects
Groups
cont:chamber

Name
(Intercept)

deviance
292.8

Median
-0.17530

df.resid
132

3Q
0.05863

Variance
1.082

Max
2.52574

Std.Dev.
1.04

Number of obs: 136, groups: cont:chamber, 34
Fixed effects:
Estimate
Std. Error
z value
(Intercept)
-4.5720
0.5335
-8.570
Substraterock
-4.9518
0.6178
-8.015
log(time.settle)
1.2039
0.1523
7.902
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Correlation of fixed effects
(Intr)
Substratrck
-0.158
lg(tm.sttl)
-0.858

Sbstrt
-0.059
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Pr(>|z|)
< 2e-16 ***
1.10e-15 ***
2.74e-15 ***
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A2.5b - Experiment 2 - Direct effects of OA in the larval settlement over 48 h
Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: binomial ( logit )
Formula: settle1 ~ pH.water + log(time.settle) + log(time.settle):pH.water + (1 | cont:chamber)
Data: Total1
Control: glmerControl(optimizer = "bobyqa")
AIC

BIC

logLik

deviance

df.resid

622.5

644.2

-304.2

608.5

158

Scaled residuals
Min

1Q

Median

3Q

Max

-1.53281

-0.35728

0.03331

0.44768

1.30933

Random effects
Groups

Name

Variance

Std.Dev.

cont:chamber
(Intercept)
0.5321
Number of obs: 165, groups: cont:chamber, 39

0.7294

Fixed effects
Estimate

Std. Error

z value

Pr(>|z|)

(Intercept)

-1.19421

0.36647

-3.259

0.00112 **

pH.water7.7

0.70222

0.60465

1.161

0.24550

pH.water7.9

0.44974

0.51230

0.878

0.38001

log(time.settle)

0.75042

0.11233

6.680

2.38e-11 ***

pH.water7.7:log(time.settle)

-0.22118

0.18725

-1.181

0.23752

pH.water7.9:log(time.settle)
-0.05904
0.15578
Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1

-0.379

0.70471

Correlation of fixed effects
(Intr)

pH.w7.7

pH.w7.9

lg(t.)

pH.water7.7

-0.606

pH.water7.9

-0.715

0.433

lg(tm.sttl)

-0.824

0.499

0.588

pH.w7.7:(.)

0.494

-0.807

-0.353

-0.599

pH.w7.9:(.)

0.593

-0.360

-0.826

-0.720
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0.0
−0.5
−1.5

−1.0

Residuals

0.5

1.0

Residuals − Experiment 1

7.7

7.9

8.1

pH water

0.0
−0.5
−1.0
−1.5

Residuals

0.5

1.0

Residuals − Experiment 1

−1.38629436111989

−0.287682072451781
Log time (days)
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0.693147180559945
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A2.5c
Experiment 3 - Direct effects of OA in the larval settlement under a range of pH
Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: binomial ( logit )
Formula: settle2 ~ pH.water + log(time.settle) + time.settle:pH.water + (1 | cont:chamber)
Data: Total2
Control: glmerControl(optimizer = "bobyqa")
AIC

BIC

logLik

deviance

df.resid

1174.4

1192.5

-582.2

1164.4

271

Scaled residuals
Min

1Q

Median

3Q

Max

-1.7130

-0.6322

-0.0016

0.5944

3.4489

Random effects
Groups

Name

Variance

Std.Dev.

cont:chamber

(Intercept)

0.5631

0.7504

Number of obs: 276, groups: cont:chamber, 73
Fixed effects
(Intercept)
pH.water
log(time.settle)
pH.water:time.settle

Estimate
-1.13849
0.58034
2.70289
-0.38683

Std. Error
1.80409
0.24080
0.18582
0.05055

z value
-0.631
2.410
14.546
-7.652

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Correlation of fixed effects
(Intr)
pH.wtr
pH.water
lg(tm.sttl)
pH.wtr:tm.s

-0.979
0.065
-0.069

0.128
-0.126

lg(t.)

-0.957
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Pr(>|z|)
0.528
0.016 *
< 2e-16 ***
1.98e-14 ***
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Residuals − Experiment 2

3

●
●
●

1

●
●

−1

0

Residuals

2

●

7

7.2

7.3

7.7

7.9

8.1

pH water

3

Residuals − Experiment 2

1
0
−1

Residuals

2

●

−2.07944154167984

−1.38629436111989

−0.693147180559945

Log time (days)
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A2.5d
Experiment 4 - Direct and indirect effects on the larval settlement
Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod']
Family: binomial ( logit )
Formula: settle4 ~ pH.water + pH.CCA + log(time.settle) + pH.water * log(time.settle) + (1 |
cont:chamber)
Data: Total4
Control: glmerControl(optimizer = "bobyqa")
AIC

BIC

logLik

deviance

df.resid

953.4

973.3

-470.7

941.4

200

Scaled residuals
Min

1Q

Median

3Q

Max

-3.1665

-0.5510

0.0172

0.4946

2.0659

Random effects
Groups

Name

Variance

Std.Dev.

cont:chamber

(Intercept)

0.1741

0.4173

Number of obs: 206, groups: cont:chamber, 69
Fixed effects
Estimate

Std. Error

z value

Pr(>|z|)

(Intercept)

5.5351

1.9455

2.845

0.00444 **

pH.water

-0.5054

0.2502

-2.020

0.04341 *

pH.CCA8.1

0.1836

0.1216

1.510

0.13115

log(time.settle)

5.3578

1.8309

2.926

0.00343 **

pH.water:log(time.settle)

-0.5889

0.2354

-2.502

0.01235 *

Signif. codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1
Correlation of Fixed Effects
(Intr)

pH.wtr

pH.CCA

pH.water

-0.999

pH.CCA8.1

-0.049

0.017

lg(tm.sttl)

0.538

-0.536

0.003

pH.wtr:l(.)

-0.536

0.535

-0.003
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-0.999
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Residuals − Experiment 4

0
−1
−2

Residuals
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2

●

−3

●

●
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2
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0
−1
−2
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1

●

−3

●

●

0.333333333333333

0.708333333333333

1.04166666666667

time settle

Residuals − Experiment 4

0
−1
−2

●
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Appendix 3
Supporting information for Chapter 4
Table A3.1. Mean percentage (%) settled individuals, on marine biofilms, on the chamber walls, total settled and not settled
individuals (± SE). Note: the replicates with less than 10 individuals (larvae) were removed from the analysis. n= total number
of slides measured.
Mean percentage of individuals that had settled (%) ± SE

Age
Treatment

(~ months)
pH 7.0

pH 7.2

pH 7.4

pH 7.7

pH 7.9

pH 8.1

Total settlement

biofilms
Marine biofilms

Chambers

(biofilm +

Not settled

chambers)

14

0

61.43 ± 31.43 (n=2)

61.43 ± 31.43 (n=2)

38.57 ± 31.43 (n=2)

10

0

75.00 ± 8.33 (n=2)

75.00 ± 8.33 (n=2)

25.00 ± 8.33 (n=2)

7

0

82.96 ± 2.96 (n=3)

82.96 ± 2.96 (n=3)

17.04 ± 2.96 (n=3)

14

42.94 ± 13.30 (n=5)

37.22 ± 12.40 (n=5)

80.16 ± 5.92 (n=5)

19.84 ± 5.92 (n=5)

10

66.08 ± 5.95 (n=6)

23.78 ± 6.08 (n=6)

89.85 ± 4.17 (n=6)

10.15 ± 4.17 (n=6)

7

76.98 ± 3.51(n=6)

11.24 ± 3.12 (n=6)

88.22 ± 3.05 (n=6)

11.78 ± 3.05 (n=6)

14

65.45 ± 7.53 (n=4)

30.64 ± 6.76 (n=4)

96.09 ± 2.39 (n=4)

3.91 ± 2.39 (n=4)

10

72.95 ± 5.44 (n=8)

20.11 ± 4.82 (n=8)

93.06 ± 1.72 (n=8)

6.94 ± 1.72 (n=8)

7

80.19 ± 5.14 (n=5)

15.58 ± 5.28 (n=5)

95.77 ± 1.69 (n=5)

4.23 ± 1.69 (n=5)

14

48.89 ± 8.13 (n=6)

42.37 ± 8.71 (n=6)

91.26 ± 3.19 (n=6)

8.74 ± 3.19 (n=6)

10

36.86 ± 10.94 (n=6)

49.57 ± 9.08 (n=6)

86.43 ± 4.53 (n=6)

13.57 ± 4.53 (n=6)

7

37.61 ± 13.00 (n=4)

53.18 ± 7.22 (n=4)

90.78 ± 6.29 (n=4)

9.22 ± 6.29 (n=4)

14

53.46 ± 13.01 (n=3)

38.48 ± 15.31 (n=3)

91.94 ± 2.46 (n=3)

8.06 ± 2.46 (n=3)

10

54.97 ± 10.66 (n=6)

30.07 ± 9.52 (n=6)

85.04 ± 5.28 (n=6)

14.96 ± 5.28 (n=6)

7

50.32 ± 12.37 (n=3)

41.06 ± 16.16 (n=3)

91.38 ± 6.18 (n=3)

8.62 ± 6.18 (n=3)

14

70.74 ± 3.95 (n=6)

18.59 ± 5.06 (n=6)

89.33 ± 4.62 (n=6)

10.67 ± 4.62 (n=6)

10

66.41 ± 10.68 (n=6)

21.58 ± 9.04 (n=6)

87.99 ± 3.45 (n=6)

12.01 ± 3.45 (n=6)

7

64.60 ± 5.55 (n=6)

26.23 ± 3.66 (n=6)

90.83 ± 3.57 (n=6)

9.17 ± 3.57 (n=6)
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Table A3.2 Statistical analysis for G. hystrix larval settlement
A3.2A – total settlement vs. no settlement (with the controls - age.slide = 0)
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A3.2B – Total settlement vs. non settlement (removing the controls - age.slide = 0)
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A3.2C – Settlement on slides vs. containers (including controls - age.slide = 0)

163

Appendices

A3.2D – Settlement on slides vs. containers (removing controls - age.slide = 0)
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Table A3.3 Statistical analysis: Wet weight of marine biofilms

> TukeyHSD(biomass)
Tukey multiple comparisons of means
95% family-wise confidence level
Fit: aov(formula = weight.slide.g ~ pH.water * age.slide, data = weight)
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Table A3.4 Mantel test microbial communities of the incubated marine biofilms
16S – prokaryotes

18S - Eukaryotes

166

Appendices
Table A3.5 ANOVA & ADONIS tests microbial communities of the incubated marine biofilms
16S - Prokaryotes

18S -Eukaryotes
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Table A3.6 Prokaryotes: Mean relative abundance (%) per pH incubation treatment and age of the biofilms (months)
pH 7.0

pH 7.2

pH 7.4

pH 7.7

pH 7.9

ph ambient

7

10

14

7

10

14

7

10

14

7

10

14

7

10

14

7

10

14

Acidobacteria

1.92

4.24

3.58

1.07

2.59

3.76

2.29

1.64

2.94

2.29

2.79

3.18

1.53

1.64

1.93

1.81

1.98

2.72

Actinobacteria

1.27

1.09

1.00

2.05

5.85

2.13

2.15

3.78

2.69

4.36

4.74

4.69

2.94

3.69

2.76

10.01

9.35

6.30

Bacteroidetes

19.45

14.38

8.47

16.80

12.65

14.06

19.17

17.43

16.97

15.75

13.26

14.82

12.51

11.20

11.92

8.77

9.21

13.09

Chlamydiae

0.37

0.58

0.74

0.14

0.13

0.28

0.17

0.12

0.09

0.15

0.20

0.11

0.41

0.46

0.25

0.06

0.08

0.12

Chloroflexi

1.08

1.17

0.57

0.26

0.52

1.47

0.95

1.16

1.01

0.80

0.84

0.40

0.87

1.04

1.16

0.71

0.87

0.98

Crenarchaeota

0.05

0.19

0.47

0.17

0.04

0.15

0.42

11.29

1.38

0.12

0.31

0.24

0.32

0.41

0.71

0.17

0.28

0.31

Cyanobacteria

1.65

3.10

7.97

11.13

7.98

12.58

6.62

7.10

6.73

11.65

9.35

5.60

2.75

5.87

7.65

8.94

7.12

6.87

Dadabacteria

0.25

0.44

0.36

0.04

0.26

0.47

0.27

0.49

0.49

0.17

0.39

0.30

0.27

0.44

0.41

0.19

0.73

0.43

Dependentiae

0.08

0.06

0.21

0.01

0.03

0.05

0.34

0.08

0.18

0.05

0.05

0.17

0.11

0.31

0.11

0.13

0.22

0.23

Epsilonbacteraeota

0.05

0.03

2.35

0.09

0.02

0.03

0.10

0.08

0.06

0.02

0.03

0.08

0.04

0.04

0.03

0.09

0.06

0.09

Firmicutes

0.43

0.58

0.67

0.27

0.23

0.21

0.21

0.23

0.26

0.23

0.18

0.12

0.21

0.26

0.32

0.13

0.20

0.26

Gemmatimonadetes

1.38

2.62

1.16

0.35

0.68

1.10

0.76

0.87

0.81

0.60

0.84

0.56

0.43

0.78

0.88

0.57

2.14

1.51

Latescibacteria

1.86

3.47

0.93

0.26

0.30

0.99

0.34

0.41

0.58

0.37

0.43

0.23

0.22

0.28

0.39

0.31

0.54

0.36

Other

0.75

1.23

1.19

0.27

0.34

0.80

1.02

0.94

1.25

0.50

0.80

0.74

0.58

0.75

0.51

0.35

0.70

0.84

Patescibacteria

0.28

0.51

1.41

1.14

1.15

0.57

1.60

0.74

0.98

1.02

1.11

2.01

0.51

0.61

0.32

1.64

0.49

1.06

Planctomycetes

7.81

10.13

4.67

3.70

8.45

6.63

4.72

3.87

5.16

4.10

5.02

4.22

3.25

3.59

3.89

7.43

9.68

6.55

Proteobacteria

58.45

53.91

61.40

59.83

57.10

52.03

56.52

46.54

55.63

56.30

58.22

60.74

70.09

65.64

63.78

57.84

54.91

56.91

Thaumarchaeota

0.23

0.43

0.48

0.06

0.21

0.38

0.67

1.73

1.25

0.18

0.34

0.54

0.33

0.38

0.88

0.05

0.32

0.33

Verrucomicrobia

2.64

1.83

2.40

2.36

1.48

2.31

1.69

1.50

1.55

1.35

1.10

1.24

2.64

2.61

2.11

0.77

1.09

1.04

168

Appendices

Table A3.7 Eukaryotes: Mean relative abundance (%) per pH incubation treatment and age of the biofilms (months)

Amoebozoa
Annelida
Aphelida
Arthropoda
Ascomycota
Bigyra
Cercozoa
Chlorophyta
Chordata
Ciliophora
Cnidaria
Cryptophyta
Entoprocta
Euglenozoa
Foraminifera
Jakobea
Labyrinthulomycota
Mollusca
Myzozoa
Nematoda
Nemertea
Ochrophyta
Other
Platyhelminthes
Porifera
Stramenopiles
Undefined

7
0.44
11.76
0.04
10.66
4.27
2.06
3.52
0.28
0.98
1.85
0.50
0.34
2.85
0.24
3.37
1.08
0.32
0.06
1.38
5.80
0.34
33.09
4.19
0.06
1.73
1.33
0.58

pH 7.0
10
0.50
6.73
0.00
4.61
1.26
0.70
0.67
1.56
0.54
1.24
0.18
0.20
32.25
0.06
2.86
0.80
0.36
0.00
1.24
0.32
0.32
38.96
2.04
0.00
0.72
0.13
0.22

14
2.11
3.29
0.00
2.53
0.52
0.54
0.54
4.30
0.28
3.35
0.62
0.96
5.62
0.18
1.79
0.76
0.26
0.00
7.75
3.33
1.00
55.27
2.81
0.08
0.34
0.20
0.32

7
0.00
1.49
0.04
16.70
0.04
0.24
0.14
1.33
4.31
0.80
0.16
0.00
10.83
0.00
0.00
0.29
0.02
0.00
0.27
0.43
0.06
62.02
0.12
0.06
0.22
0.01
0.04

pH 7.2
10
0.02
2.60
0.02
13.81
0.35
0.59
0.14
8.79
0.14
0.41
0.43
0.00
50.20
0.00
0.27
0.20
0.08
0.00
0.24
0.10
0.06
20.52
0.22
0.02
0.08
0.00
0.00

14
0.06
1.69
0.00
4.49
0.16
0.97
0.81
3.49
1.14
0.95
0.43
0.02
53.78
0.04
0.28
0.26
0.06
0.02
0.26
0.04
1.56
27.17
0.43
0.00
0.08
0.02
0.02

7
0.00
28.29
0.00
20.28
0.04
0.13
0.08
0.39
0.28
0.81
0.32
0.10
36.07
0.00
0.10
0.20
0.20
0.10
0.36
0.16
0.00
10.11
0.28
0.16
0.65
0.01
0.69

pH 7.4
10
0.08
29.57
0.00
21.92
0.16
0.07
0.19
0.43
0.45
0.40
0.47
0.02
23.38
0.00
0.08
0.16
0.14
0.02
0.24
0.10
0.00
8.64
0.47
0.02
12.39
0.01
0.34
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14
0.10
24.41
0.02
18.51
0.04
0.16
0.32
0.50
0.58
1.11
5.94
0.14
25.22
0.02
1.51
0.38
0.40
0.08
0.38
0.16
0.00
12.27
0.91
0.95
4.87
0.03
0.50

7
0.00
3.81
0.00
31.34
0.00
0.02
0.52
0.04
0.72
0.10
0.12
0.02
51.01
0.02
0.04
0.10
0.04
0.00
0.06
0.39
0.00
9.80
0.47
0.54
0.04
0.00
0.29

pH 7.7
10
0.00
9.73
0.00
32.15
0.02
0.03
0.11
0.12
0.04
0.08
0.02
0.00
43.13
0.00
0.06
0.12
0.00
0.00
0.06
0.04
0.00
13.52
0.02
0.08
0.47
0.01
0.06

14
0.00
24.54
0.00
28.79
0.02
0.01
0.08
0.08
0.00
0.06
0.02
0.02
30.32
0.00
0.31
0.12
0.00
11.26
0.06
0.08
0.00
3.76
0.04
0.29
0.04
0.00
0.02

7
0.04
13.58
3.88
48.65
0.08
0.17
1.48
0.04
0.02
0.08
0.08
0.00
7.94
0.16
0.26
0.06
0.04
11.37
0.67
3.73
0.00
4.53
0.89
0.10
0.26
0.00
0.26

pH 7.9
10
0.02
23.94
2.33
31.08
0.08
0.12
1.46
0.22
0.06
0.10
0.32
0.00
13.16
0.08
0.16
0.06
0.02
10.89
0.83
3.10
0.00
8.45
0.83
0.43
0.39
0.01
0.28

14
0.10
14.16
1.29
48.07
0.06
0.14
0.61
0.32
0.04
0.26
0.51
0.00
10.69
0.06
0.42
0.18
0.04
10.28
0.48
0.69
0.00
8.41
1.21
1.05
0.10
0.02
0.06

pH ambient
7
14
0.00
0.00
6.43
2.25
0.00
0.00
79.41
84.12
0.00
0.00
0.01
0.01
0.02
0.01
0.06
0.22
0.00
0.00
0.00
0.06
0.00
0.00
0.00
0.00
7.27
6.92
0.02
0.00
0.04
0.04
0.02
0.04
0.00
0.00
0.23
2.82
0.10
0.02
0.02
0.08
0.00
0.00
6.08
2.86
0.04
0.23
0.02
0.00
0.06
0.29
0.00
0.00
0.14
0.02
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Table A3.8 Alpha diversity microbial communities of the incubated marine biofilms
16S - Prokaryotes

18S - Eukaryotes
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