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Abstract
Anthropogenic CO2 emissions are causing the oceans to simultaneously warm and
become increasingly acidic, with rates of change that are putting evolutionary
pressure on many marine organisms. As a result, both short-term responses and
the ability of organisms to acclimate to rapid environmental change through
phenotypic plasticity are expected to play a considerable role in persistence of
many species under future ocean change. Evidence is accumulating that nongenetic inheritance and transgenerational plasticity (TGP) may be important
mechanisms which may facilitate acclimation to ocean warming and acidification.
This thesis tests the overarching hypothesis that TGP and parental acclimation
to predicted ocean warming and acidification conditions promote greater
resilience in offspring using two tropical sea urchins, Tripneustes gratilla and
Echinometra sp. A, as model organisms.

Echinoderms are an ecologically important group which have been useful models
for understanding responses of developmental stages to climate change stressors.
However, the majority of existing studies have examined responses within a single
generation, with little allowance for acclimation. To date, only a handful of
studies have examined the effects of climate stressors on offspring whose parents
had also experienced similar environmental conditions. Here, transgenerational
responses of T. gratilla were examined in offspring derived from parents raised in
ocean warming (+2°C/29°C) and acidification (-0.3 pH/ pHT 7.77) treatments
from juveniles to mature adults, a period encompassing the entirety of
gonadogenesis. This study found that although larvae generally performed best
when raised in the same treatments as their parents, parental acclimation had a
predominantly negative effect on larval size. When raised in control conditions,
2 day old pluteus larvae derived from parents acclimated to warming and/or
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acidification were consistently smaller, with reductions in postoral arm lengths of
up to 21%, compared to larvae derived from parents raised in control conditions.
These results indicate that acclimation to predicted warming and acidification
conditions may result in fitness trade-offs during early development, which may
have consequences for later developmental stages and survival in the form of
negative carryover effects.

A longer-term study followed development of Echinometra sp. A progeny
(throughout development to near competency) derived from parents maintained
for two years in either present-day (ambient) conditions (mean = 26°C/pHT 8.10)
or warming (+2°C/mean = 28°C) and acidification (-0.3 pH/ pHT 7.80)
conditions predicted for the year 2100. Egg size as well as larval survival,
morphology, and respiration were quantified, and molecular analyses were
performed to gain a better understanding of mechanisms underlying acclimation.
Egg size was not affected by parental treatment, but larvae derived from parents
acclimated to conditions predicted for the year 2100 were larger and developed
faster than larvae derived from parents maintained in ambient, present-day
conditions. However, offspring of urchins acclimated to predicted 2100 conditions
had higher mortality than offspring of urchins cultured in present-day conditions,
with up to 38% higher mortality by the time they were reaching competency at
15 days post-fertilisation. When raised in 2100 conditions, respiration rates of
larvae derived from 2100 acclimated parents increased 109% while respiration
rates of offspring derived from present-day parents decline 36.8%, suggesting that
mortality may have been due to higher energetic consumption.

Molecular analysis found that gene expression patterns in gastrula stages were
strongly influenced by the environment experienced by parents. Gastrula derived
from parents acclimated to predicted 2100 conditions upregulated genes involved
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in biomineralisation, suggesting greater allocation of energy toward calcification,
which may have influenced the higher growth rates seen in these larvae. Later
stage pluteus larvae showed far fewer differences in gene expression among
treatments, and in contrast to gastrula stages, differences were primarily driven
by the environment experienced by larvae. These results may indicate that early
developmental stages were primed for similar environments to those experienced
by parents while later developmental stages may be more capable of responding
to their own environmental conditions.

The research presented in this thesis partially supports the hypothesis that TGP
and parental acclimation to ocean warming and acidification results in offspring
that are more optimally suited to future ocean conditions. Reallocation of energy
and resources may result in fitness gains in one developmental trait or stage while
compromising another. Fitness trade-offs may be an important outcome and the
results of these studies highlight the complex nature of transgenerational
plasticity and acclimation to future ocean conditions.
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Chapter 1

1. General introduction
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1.1 Marine climate change
Anthropogenic CO2 emissions are causing the oceans to warm and become
increasingly acidic at rates that are considered unprecedented (IPCC, 2019). The
ocean plays an important role in the regulation of the Earth’s climate, acting as
a sink for excess heat energy as well as CO2 emissions. In the past 50 years, the
ocean has absorbed as much as 93% of the Earth’s excess heat energy (Church
et al., 2011; Levitus et al., 2012) and 30% of anthropogenic CO2 emissions since
the industrial revolution (IPCC, 2019). As a result, surface oceans have warmed
at a rate of approximately 0.11°C per decade and the pH of the ocean has
decreased by 0.1 pH units since preindustrial times (IPCC, 2019). By the end of
the century, the pH of the ocean is expected to further decline by approximately
0.3 to 0.4 units (Feely et al., 2009; IPCC, 2019), and sea surface temperatures
are predicted to warm by an additional 1° to 3°C (IPCC, 2019), with some areas
of localised regional warming exceeding global averages. For example, sea surface
temperatures off the east coast of Australia have warmed 2 to 3 times faster than
the global average (Wu et al., 2012) and temperatures are expected to warm an
additional 2° to 4°C by 2100 (Hobday & Pecl, 2014; Lenton et al., 2015).

Temperature is an ecologically and biologically important factor which acts as
one of the main drivers of species distribution in the ocean (Orton, 1920;
Andronikov, 1975). Consequently, ocean warming has facilitated poleward range
shifts as organisms seek more suitable habitats, in some cases disrupting the
balance of fragile ecosystems (Ling, 2008; Chen et al., 2011; Johnson et al., 2011;
Sunday et al., 2015; Pecl et al., 2017). At the physiological level, temperature
shares a positive relationship with metabolic and growth/development rates up
to a thermal tipping point beyond which, performance declines and protein
denaturation begins to occur (Hoegh-Guldberg & Pearse, 1995; Stanwell-Smith
2

& Peck, 1998; Pörtner, 2001; Pörtner & Farrel, 2008). If critical temperatures are
sustained, thermal stress ultimately becomes fatal. Ocean warming has already
contributed to widespread ecosystem change in tropical regions, including recent
marine heatwaves which have resulted in mass coral bleaching on the Great
Barrier Reef (Hughes et al., 2017, 2018).

Ocean acidification (OA) presents another set of challenges for marine organisms
because the absorption of CO2 in seawater simultaneously lowers the pH of
seawater and reduces calcium carbonate saturation states (Orr et al., 2005; Doney
et al., 2009; Hurd et al., 2020). Elevated pCO2 and reduced seawater pH can lead
to hypercapnia, incurring energetic costs on marine organisms as more resources
are needed to maintain acid-base homeostasis (Cyronak et al., 2016), while
reduced saturation states of calcium carbonate can interfere with the ability of
marine calcifiers to build calcareous structures, such as skeletons, tests and shells
(Feely et al., 2004; Fabry et al., 2008; Melzner et al., 2020). As a result,
deleterious effects of OA, including abnormal development, lower growth rates
and reduced calcification have been described in a wide range of taxa and across
numerous life-history stages (Dupont et al., 2010; Kroeker et al., 2010, 2013;
Byrne, 2011). Calcifying organisms, such as corals, echinoderms, and molluscs are
generally the most sensitive taxonomic groups to OA, while developmental stages
tend to be most vulnerable due to their limited ability to regulate internal pH
(Byrne, 2011; Kroeker et al., 2013; Hurd et al., 2020; Melzner et al., 2020).

1.2 Phenotypic plasticity and non-genetic inheritance
As ocean warming and ocean acidification progress, the capacity of organisms to
acclimate and adapt to new environments will be important (Chevin et al., 2010,
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2013) and many species will become increasingly dependent upon short-term
acclimation through phenotypic plasticity (Gienapp et al., 2008; Hoffmann &
Sgró, 2011), namely the ability of a single genotype to express a range of
phenotypes depending upon environmental conditions. Phenotypic plasticity can
include behavioural, morphological, and physiological changes which may
improve fitness in a given environment (Chevin et al., 2013). For instance, orchids
can adjust the number and size of their displays depending upon the abundance
of pollinators (Harder & Johnson, 2005), while pluteus larvae of several echinoid
species respond to low food availability by increasing the lengths of their arms
and ciliated bands to improve feeding capacity (Boidron-metairon, 1988; Hart &
Strathmann, 1994; Strathmann & Strathmann, 1994; Herrera et al., 1996).
Phenotypic plasticity allows for an immediate response to environmental
conditions which may provide time for longer term genetic adaptation to occur
(Chevin et al., 2010; Munday et al., 2013).

The phenotype of an organism can also be influenced by the environmental
history of previous generations through non-genetic inheritance (Mousseau &
Fox, 1998a; Ho & Burggren, 2010; Bonduriansky et al., 2012; Salinas et al., 2013;
Munday, 2014). Maternal effects, including offspring size determination and
transmission of cytoplasmic factors such as nutrients, hormones, and mRNAs in
eggs, have long been recognised as one of the primary ways in which the parental
environment can influence the phenotype and development of offspring
(Bernardo, 1996a; Mousseau & Fox, 1998a, 1998b). However, it is now recognised
that epigenetic processes (methylation, histone modification, and non-coding
RNAs) can be transmitted across generations, allowing both parents to influence
the expression of phenotypes in offspring (Ho & Burggren, 2010; Jiang et al.,
2013; Torda et al., 2017) (Figure 1.1).
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Environment
(warming, acidification)
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Offspring
Nongenetic inheritance
• Proteins and mRNA
• Nutritional provisioning
• Epigenetics

Genetic inheritance
Figure 1.1 Using sea urchins as an example, environmental stress history of parents can optimise
the phenotype of offspring for similar environmental conditions through non-genetic inheritance.
Modified from Munday (2014).

Transgenerational plasticity (TGP) is a specific form of non-genetic inheritance
which occurs when the offspring reaction norm is influenced by the environment
experienced by previous generations (Salinas et al., 2013). Other forms of nongenetic inheritance, such as parental effects, are typically additive, where TGP
describes an interaction between parental and offspring environments (Figure
1.2). This sets TGP apart from other forms of plasticity and non-genetic
inheritance and has sparked considerable interest in the process as a means for
marine organisms to acclimate to climate change stressors in real time (Munday,
2014; Ross et al., 2016; Donelson et al., 2018).
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Figure 1.2 Phenotypic plasticity, parental effects, and transgenerational plasticity (TGP). Pure
phenotypic plasticity occurs when the phenotype of offspring responds directly to environmental
conditions but is not influenced by environmental conditions of the parental generation (a). Pure
parental effects occur when the phenotype of offspring is influenced by the parental environment
with no effect of offspring environment (b). Parental and offspring environments can have
additive effects on offspring phenotype, where the direction of responses is the same and there is
no interaction present (c). Transgenerational plasticity occurs when offspring phenotype is
influenced by an interaction between parent and offspring environments (d). Modified from
Salinas et al. (2013).

A growing number of studies are finding that negative effects of ocean warming
and ocean acidification can be mediated if previous generations have also
experienced similar conditions, with evidence spanning a range of taxa including
polychaetas (Massamba-N’Siala et al., 2014; Chakravarti et al., 2016; RodríguezRomero et al., 2016; Chirgwin et al., 2018), copepods (Thor & Dupont, 2015),
fish (Salinas & Munch, 2012; Donelson et al., 2014, 2016; Shama et al., 2014,
2016; Bernal et al., 2018), corals (Putnam & Gates, 2015), molluscs (Parker et
al., 2012, 2015), and sea urchins (Dupont et al., 2013; Suckling et al., 2014, 2015).
For instance, damsel fish (Acanthochromis polyacanthus) exposed to temperature
increases of 1.5° to 3°C within a generation exhibited reductions in aerobic scope
by 15 to 30%, however aerobic scope was fully restored in fish whose parents had
been raised in similar conditions (Donelson et al., 2012). Further research
indicated that stepwise temperature increases across multiple generations yielded
greater plasticity in terms of reproductive performance and aerobic scope
(Donelson et al., 2016; Bernal et al., 2018). Thermal acclimation (as determined
6

by body size and metabolic rates) was also observed in the marine stickleback,
Gasterosteus aculeatus, after mothers had been acclimated to warmer
temperatures for 60 days (Shama et al., 2014). Parker et al. (2012) found that
acclimation of adult Sydney rock oysters, Saccostrea glomerata, to OA resulted
in resilience of F1 larvae, and a subsequent study found that this effect persisted
to the F2 generation (Parker et al., 2015). In many multigenerational studies,
however, it is difficult to determine whether responses are due to TGP, parental
effects, or within-generational plasticity (WGP) because eggs, and in some cases
embryos, often develop in the same treatments as their parents. Therefore, plastic
responses may be due to WGP of the eggs/embryos themselves as opposed to
TGP. Furthermore, without testing the interaction between the parent and
offspring environment, it is impossible to differentiate between parental effects
and TGP (Torda et al., 2017; Donelson et al., 2018). In many cases,
determination of TGP requires two or three generations in order to separate the
effects of WGP and TGP (Skinner, 2008; Torda et al., 2017).

Not surprisingly, the majority of multigenerational studies have involved species
with short generation times (weeks), such as polychaetes (Chakravarti et al.,
2016; Lucey et al., 2016; Rodríguez-Romero et al., 2016) and copepods (Pedersen
et al., 2014; Lane et al., 2015; Thor & Dupont, 2015), which are relatively easy
to maintain in laboratory conditions. Most studies on longer lived species have
conditioned reproductively mature adults in treatments and assessed responses
of offspring exposed to the same conditions. Often times in these studies, both
the timing and duration of parental conditioning influences the response of
offspring (Salinas & Munch, 2012; Dupont et al., 2013; Suckling et al., 2014,
2015), with exposure occurring throughout gametogenesis resulting in greater
resilience in offspring (Dupont et al., 2013; Suckling et al., 2015). Environmental
imprinting in early life can also influence transmission of phenotypic traits to
7

offspring, due in part to the sensitivity of early cell development to environmental
conditions, as well as the potential for a high proportion of cells to be influenced
(Burton & Metcalfe, 2014). However, incorporating early development of the
parental generation has been a limiting factor for multigenerational studies on
long lived species (reviewed by Donelson et al., 2018), including echinoderms,
which may take years or decades to reach reproductive maturity.

1.3 Acclimation and adaptation in echinoderms
Echinodermata is a phylum of exclusively marine organisms which serve
important ecological roles in carbon sequestration (Lebrato et al., 2010) and
functions in grazing and predation, and are considered keystone species in a
number of ecosystems (Paine, 1969; Elner & Vadas, 1990; Power et al., 1996;
Lessios et al., 2001). Echinoderms have a long history of use as model organisms
for developmental biology, toxicology, and more recently, climate change research
(Dupont et al., 2010; Byrne, 2011). The effects of ocean warming and acidification
on developmental stages has been of particular interest due to their sensitivity
and potential to become life-history bottlenecks in future ocean conditions
(Byrne, 2011). Within-generational studies where gametes or embryos of nonacclimated parents are exposed to climate stressors have found that OA often
causes abnormal embryonic development and stunting of larval growth (Byrne,
2011; Byrne et al., 2013a; Kroeker et al., 2013). The stunting effect is believed to
be due to the reallocation of energy toward acid-base regulation at the expense
of growth (Pörtner et al., 2004; Michaelidis et al., 2005; Melzner et al., 2009;
Todgham & Hofmann, 2009), while reduced saturation states of calcium
carbonate may inhibit production of calcite skeletons (Byrne et al., 2013a). With
regards to ocean warming, moderate temperature increases may counteract the
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stunting effect of low pH for some species (Sheppard Brennand et al., 2010).
However temperature increase of 2° to 4°C above ambient conditions, which falls
within the range of sea surface temperature increase predicted for the end of the
century (IPCC, 2019), exceeds the thermal tolerance of developmental stages of
many echinoderms, resulting in abnormal and arrested development (Byrne,
2011; Byrne & Przeslawski, 2013). Synergistic affects between temperature and
pH can further exacerbate this response (Byrne, 2011). Critical temperatures may
be even lower for polar stenotherms and tropical species that currently inhabit
regions where temperatures are already close to their thermal limits (Pörtner &
Farrel, 2008; Somero, 2010; Richard et al., 2012).

Despite an abundance of studies on the effects of climate change stressors on
development of echinoderms (Byrne, 2011; Byrne & Przeslawski, 2013; Byrne et
al., 2013a; Kroeker et al., 2013; Przeslawski et al., 2015), only a handful of studies
have investigated the potential for acclimation across generations and thus far,
results have been varied (review Donelson et al., 2018). In one of the first studies
on the effects of parental acclimation on offspring responses to OA, Uthicke et
al. (2013) found that for the tropical sea urchin, Echinometra sp. A, offspring of
parents conditioned in OA treatments (pH 7.9, pH 7.7 and pH 7.5) for a relatively
short period of 6 weeks were no more resilient to OA than offspring from parents
with no history of exposure. Progeny of control and conditioned parents both
exhibited abnormal embryonic and larval development as well as reduced postoral
arm lengths when raised in OA treatments (Uthicke et al., 2013). Other studies
have found that short-term (1 to 6 months) conditioning of adult sea urchins can
negatively impact offspring fitness (Dupont et al., 2013; Suckling et al., 2014,
2015), although two studies have found that negative effects can be ameliorated
when sufficient time is given for parents themselves to acclimate to warming and
OA conditions (Dupont et al., 2013; Suckling et al., 2015). For instance, four
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month exposure to OA conditions reduced fecundity and offspring survival in the
sea urchin Strongylocentrotus droebachiensis, however after a 16 month exposure
period, there was no difference in fecundity or offspring survival of urchins reared
in ambient and OA treatments (Dupont et al., 2013). A similar response was
observed in the Antarctic sea urchin Sterechinus neumayeri in response to
warming and acidification, with low survival in larvae derived from parents
conditioned for 7 months, but no difference among treatments when parents had
been conditioned for 17 months (Suckling et al., 2015), which the authors
attributed to maturation of gonads in experimental conditions as well as
acclimation of parents.

Organisms inhabiting regions which naturally experience low or variable seawater
pH have provided glimpses into the potential for acclimation and adaptation to
ocean acidification in the natural environment, as well as the mechanisms
underpinning them (Kelly et al., 2013; Pespeni et al., 2013a; Hofmann et al.,
2014; Lamare et al., 2016; Evans et al., 2017; González-Delgado & Hernández,
2018). The sea urchin S. purpuratus is frequently exposed to low pH seawater
due to seasonal upwelling events in its range along the California Current System
(Feely et al., 2008). Laboratory studies have suggested that this species is
relatively resilient to OA (Byrne et al., 2013a; Kelly et al., 2013; Pespeni et al.,
2013a) which may be due to phenotypic and physiological plasticity (Hofmann et
al., 2014). Experiments in which larval stages of S. purpuratus have been raised
in low pH conditions have reported upregulation of genes associated with acidbase regulation and ATP production, which may allow urchins to compensate for
hypercapnia and reduced availability of calcium carbonate (Evans et al., 2013,
2017; Wong et al., 2018). High genetic variance may also play a role in this species
tolerance to acidification. Studies have identified putative low pH adapted alleles
in populations which experience higher incidences of low pH seawater and
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interestingly, larvae originating from populations which experience low pH
infrequently have shown shifts toward low pH adapted alleles when raised in low
pH treatments (Pespeni et al., 2013b, 2013a).

In contrast, Echinometra sp. C inhabiting CO2 vents show little evidence of
adaptation to low seawater pH (Lamare et al., 2016; Uthicke et al., 2019). Larvae
derived from urchins originating from vent sites showed similar levels of abnormal
and stunted growth in low pH conditions as larvae from urchins originating from
non-vent sites (Lamare et al., 2016) and subsequent analysis found little genetic
basis for low pH adaptation (Uthicke et al., 2019). While differences in
environmental factors and connectivity between populations may play a role in
the differences in adaptation and acclimation observed in these species, studies
on CO2 vents have indicated that species with a greater capacity to regulate ion
homeostasis and acid-base status are more likely to be able acclimate to ocean
acidification (González-Delgado & Hernández, 2018).

1.4 Conclusions and thesis outline
For many marine organisms, it is clear that the ability to acclimate to changing
ocean conditions will largely determine their future abundances and distributions.
A number of studies have identified parental effects and TGP as potential means
by which organisms can acclimate to ocean warming and acidification over
relevant timescales (Munday et al., 2013; Donelson et al., 2018), however, the
mechanisms underpinning phenotypic plasticity and TGP are still poorly
understood (Torda et al., 2017). Owing to the challenge of rearing long lived
species in laboratory conditions, relatively few studies have examined TGP and
parental effects in echinoderms and results of existing studies have been mixed
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(review Donelson et al., 2018). As keystone species and ecosystem engineers
(Paine, 1969; Elner & Vadas, 1990; Power et al., 1996; Lessios et al., 2001; Ling,
2008; Ling et al., 2008), understanding the capacity for echinoderms to acclimate
to rapidly changing environments will be important in predicting how a range of
marine ecosystems will respond to climate change.

This thesis investigates the potential for two tropical sea urchins, Tripneustes
gratilla and Echinometra sp. A, to acclimate to ocean warming and acidification
through TGP and long-term parental conditioning. Tripneustes gratilla is an
economically important aquaculture species (Seymour et al., 2013; Mos et al.,
2016) which is also used in biocontrol of invasive algae (Westbrook et al., 2015).
The fast maturation rate of this species makes it an ideal candidate for
transgenerational studies (Dworjanyn & Byrne, 2018). Echinometra sp. A is an
abundant species on the Great Barrier Reef where it plays key ecological roles in
grazing and bioerosion (McClanahan & Muthiga, 2013; Byrne & O’Hara, 2017).
For both species, ocean acidification has been found to lower adult growth rates
and reduce gonad quality and development (Uthicke et al., 2014; Dworjanyn &
Byrne, 2018) and cause stunting and abnormal development of larvae (Sheppard
Brennand et al., 2010; Uthicke et al., 2013). The capacity for these species to
acclimate to changing ocean conditions may have considerable economic and
ecological implications. Research is presented in three specific chapters.

Chapter 2 avails of the fast maturation time of Tripneustes gratilla (Figure 1.3)

to test the hypothesis that offspring of sea urchins raised in warming and/or
acidification treatments from the juvenile to mature adult stage are more resilient
to these climate stressors than offspring of parents raised in ambient conditions
in terms of early larval development. This represents the first study to test TGP
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in offspring of sea urchins raised in experimental conditions throughout the entire
period of gonad development.

Figure 1.3 Tripneustes gratilla, Big Vicky’s reef, Lizard Island, Queensland, Australia.
Tripneustes gratilla is an ecologically and economically important species found throughout the
Indo-Pacific, where it plays a key role in nutrient cycling on seagrass beds (Koike et al., 1987;
Lawrence & Agatsuma, 2007, 2013). The rapid growth rate of this species, up to 60 mm test
diameter in five months (Dafni, 1992; Dworjanyn & Byrne, 2018), has made it an ideal candidate
for aquaculture (Dworjanyn et al., 2007; Scholtz et al., 2013; Seymour et al., 2013) and biocontrol
(Westbrook et al., 2015).

Chapters 3 and 4 are comprised of a larger study on the ubiquitous coral reef

species, Echinometra sp. A (Figure 1.4), in which larval development was
examined in offspring derived from parents conditioned for 20 months in
mesocosms representing present-day (ambient) conditions or conditions predicted
for 2100. In Chapter 3, morphology, survival, and metabolic responses are
examined in larvae raised in present-day and future conditions to near settlement
13

to test the hypothesis that parental acclimation negates the negative effects of
ocean warming and acidification on developmental success and to test whether
positive effects of parental conditioning persist throughout development or if
negative carryover effects arise. Chapter 4 examines differential gene expression
in gastrula and pluteus larvae to gain a greater understanding of the molecular
mechanisms driving responses and acclimation to climate change stressors, and
test the hypothesis that larvae derived from parents acclimated to 2100
conditions are better equipped for warmer, more acidic seawater conditions.

Figure 1.4 Echinometra sp. A on coral rubble, National Sea Simulator, Australian Institute of
Marine Science, Townsville, Queensland, Australia. Echinometra sp. A is a common species on
the Great Barrier Reef and throughout the Indo-Pacific region (Byrne & O’Hara, 2017). This
species occupies an important ecological role as an algal grazer and in bioerosion on coral reef
habitats (McClanahan & Muthiga, 2013).
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Chapter 2

2. Transgenerational plasticity in Tripneustes
gratilla
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2.1 Abstract
Transgenerational plasticity (TGP) may be an important mechanism allowing
marine organisms to acclimate to climate change stressors including ocean
warming (OW) and ocean acidification (OA). Conversely, environmental stress
experienced by one generation may have detrimental latent effects on subsequent
generations. Here, TGP is examined in the embryos and larvae of the pan-tropical
sea urchin, Tripneustes gratilla, in response to OA (pH 7.77), OW (+2°C), or
both OA and OW, OAW (+2°C, pH 7.77) using a parent (F0 ) generation reared
in treatments from early juveniles to mature adults, incorporating gonadogenesis
and germline differentiation. Embryos and larvae of acclimated parents were
reared in all four treatments to the 2 day old pluteus stage. Larvae from OA and
OAW parents were resilient to the effects of acidification, while larvae from OW
and OAW parents were more tolerant to warmer temperature (29°C). Parental
acclimation, however, had predominantly negative effects on the size of offspring
with reductions in larval arm lengths by as much as 21.4%, while eggs were up
to 21.8% smaller in females raised at 29°C. This study highlights the complexity
and trade-offs of TGP in this first transgenerational climate change study on a
marine macroinvertebrate where the F0 generation was acclimated over their
reproductive life.

16

2.2 Introduction
Physical and chemical changes are occurring in the ocean (Magnan et al., 2016;
IPCC, 2019) with rates of acidification and warming that may exceed the natural
pace of genetic adaptation for many marine organisms (Parmesan, 2006; Bell,
2013). Transgenerational plasticity (TGP) is a form of non-genetic inheritance
which occurs when the phenotype of one generation is influenced by an
interaction between their environment and the environmental history of previous
generations (Salinas et al., 2013; Munday, 2014). This may be due to maternal
influences, such as nutrient, hormone, and protein provisioning in eggs, as well
as epigenetic inheritance (Mousseau & Fox, 1998a; Ho & Burggren, 2010;
Hoffmann & Sgró, 2011; Munday, 2014; Torda et al., 2017; Eirin-Lopez &
Putnam, 2019). TGP is an important mechanism that may allow for rapid
adjustment to environmental stress, providing a buffer period for longer term
genetic adaptation to occur (Bell & Collins, 2008; Chevin et al., 2010; Pandolfi
et al., 2011; Bonduriansky et al., 2012; Ross et al., 2016; Torda et al., 2017).
Examples of TGP have been observed in the acquisition of low pH tolerance in
copepods inhabiting lakes with a history of acidification from industrial acid rain
(Derry & Arnott, 2007), in sea urchins living at contaminated sites which accrued
resistance to heavy metals (Lister et al., 2015), as well as in the resilience of the
eggs of frog populations resident in acid lakes (Shu et al., 2015) and those of sea
urchins resident at CO2 vents (Foo et al., 2018).

Recently, TGP has become an area of interest as a potential mechanism for
climate adaptation in marine organisms (Donelson et al., 2018) as these organisms
are faced with climate change driven ocean warming (OW) and ocean
acidification (OA). The temperature of a parent’s habitat is known to influence
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the thermal tolerance of development in invertebrate offspring (Byrne, 2011;
Byrne et al., 2011) and thermal conditioning of parents is routinely used in
aquaculture to environmentally harden and accelerate development of progeny
(Utting & Millican, 1997; Martinez & Pérez, 2003). A number of climate change
studies indicate that parental acclimation may improve offspring performance in
various marine taxa in response to OW (fish: Shama et al. 2014, 2016; Donelson
et al. 2016), OA (oysters: Parker et al. 2012, 2015; polychaetes; RodríguezRomero et al. 2016) and the combination of warming and acidification (corals:
Putnam and Gates 2015; polychaetes: Chakravarti et al. 2016; Gibbin et al. 2017).
Other studies suggest that in some instances, TGP may be maladaptive
(Donelson et al., 2018), especially if there is a mismatch between parental and
offspring environments (Bonduriansky et al., 2012; Munday, 2014; Parker et al.,
2017). Negative transgenerational effects arising from parental stress can
influence performance of offspring, making it difficult to weigh the benefits of
TGP (Lister et al., 2016, 2017; Borges et al., 2018).

For echinoderms, responses of offspring whose parents had been conditioned in
OA and warming treatments have been mixed. For instance, offspring of the sea
urchin Echinometra sp. A conditioned in high pCO2 treatments for 6-7 weeks
were no more resilient to OA than offspring with no history of parental exposure
(Uthicke et al., 2013). Larvae from both groups showed increased incidences of
abnormal development, pluteal arm length asymmetry, and decreased larval size
in response to high pCO2. On the other hand, four-month conditioning of adult
Strongylocentrotus droebachiensis to high pCO2 reduced adult reproductive
output and survival of their larvae, but these deleterious effects were no longer
observed after adults had been exposed for 16 months (Dupont et al., 2013).
Similar results have been reported in two other sea urchin species, Psammechinus
miliaris in response to high pCO2 and Sterechinus neumayeri in response to both
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warming and high pCO2 (Suckling et al., 2014, 2015). These responses are
suggested to be due to conditioning of adults across an entire reproductive cycle
and therefore, the full gametogenesis period (Dupont et al., 2013; Suckling et al.,
2015). While it is clear that the timing and duration of parental conditioning is
important with respect to stress tolerance of progeny, these studies do not
incorporate the key juvenile to adult maturation life-history transition. The
environment experienced by parents early in their life can also influence the
phenotype of offspring through environmental imprinting on germ cells. In
particular, this may influence the tolerance and success of progeny exposed to
the same stress environments as that of their parents (Burton & Metcalfe, 2014).

Due to the challenge of rearing marine invertebrates over multiple generations,
all TGP marine global change studies to date have used small species with short
generation times (weeks), including copepods (Pedersen et al., 2014; Lane et al.,
2015; Thor & Dupont, 2015) and one species of polychaete (Rodríguez-Romero
et al., 2016). As a fast-growing macroinvertebrate with a short generation time,
the commercially and ecologically important pan-tropical sea urchin T. gratilla
provides an ideal model system to investigate TGP. This species grows to
reproductive maturity within 5-6 months of settlement, with faster or slower
growth in OW (28°C) and OA (pH 7.6) conditions, respectively (Dworjanyn &
Byrne, 2018).

The present study assessed survival and embryological and larval development
of the progeny of T. gratilla that had been reared for 6 months, through gonad
differentiation to reproductive maturity in present day, OA (pH 7.77), OW
(29°C), and OA + OW conditions. Juvenile T. gratilla (2-3 cm) lacking
macroscopic gonads were reared in treatments to the mature adult stage, during
which time the nascent gonads developed. Thus, gonial differentiation from
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primordial germ cells to mature gonads in this parental (F0 ) generation occurred
in treatments. Treatments used in this study were commensurate with near future
projections for eastern Australia, a climate change “hot spot” where the pH has
decreased 0.09 units (Lenton et al., 2015) and marine heat waves are causing
major ecosystem change to the Great Barrier Reef (Hughes et al., 2017; Pecl et
al., 2017).

Increased temperature and acidification, and the interaction between these
factors strongly influence the performance of marine larvae, including those of T.
gratilla and other sea urchin species with respect to developmental progression
and larval calcification, growth, and survival (Clark et al., 2009; Sheppard
Brennand et al., 2010; Byrne et al., 2013b; Karelitz et al., 2017). Persistence of
T. gratilla in the tropical parts of its range may depend upon its ability to
acclimate to a changing climate, particularly to OW. In the more tropical parts
of its range, this species is living close to its thermal limit (Rahman et al., 2009;
Sheppard Brennand et al., 2010; Mos et al., 2015) and predicted temperature
increases (2° to 4°C) by 2100 may exceed its thermal tolerance in this region
(Hobday & Pecl, 2014; Lenton et al., 2015). Tripneustes gratilla was used as a
uniquely suited species for global change TGP investigation to address the
hypothesis that TGP would result in offspring being more optimally suited to
their environment (as determined by embryo survival and larval size), hence
promoting greater resilience to climate change stressors.
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2.3 Methods
2.3.1 Collection, spawning, and parental exposure

Tripneustes gratilla collected near Cairns, Queensland, Australia (16°55’S,
145°46’E) were transported to the National Marine Science Centre, Southern
Cross University at Coffs Harbour, New South Wales and maintained in flowthrough aquaria at 26°C (the temperature at collection site). These urchins were
used to generate a F0 generation of urchins for the experiments, using the
spawning, larval rearing, and settlement methods described by Mos et al. (2011).
Briefly, spawning was induced in 3 to 5 urchins of each sex through an
intracoelomic injection of 1 mL of 1.0 M KCl. The gametes were examined for
quality (egg shape, sperm motility).

For insemination, eggs and sperm were pooled and eggs achieved ~95%
fertilisation, as indicated by the presence of a fertilisation envelope. Eggs were
washed with filtered seawater (1 µm filtered and UV sterilised; hereafter FSW)
to remove excess sperm. Embryos (F0 generation) were added to 300 L cylindroconical culture tanks (5-10 embryos mL-1) containing gently aerated FSW
maintained at approximately 26°C. Larvae were fed from 2 days post-fertilisation
with Proteomonas sulcata at a concentration of 5000 cells mL-1, which was
increased to 20,000-40,000 cells mL-1 prior to induction of settlement. Daily water
changes were performed, and culture tanks were exchanged on a weekly basis.

When larvae were competent and had developed tube feet and/or pedicellaria
they were seeded into settlement tubs containing biofilm encrusted settlement
plates that had been cultured in ambient conditions for approximately 7 weeks.

21

Larval settlement occurred in late February and March of 2016. Juveniles fed on
biofilms supplemented with seaweeds, Sargassum spp. and Ecklonia radiata, and
were maintained in ambient seawater (20° to 24°C). When the juveniles reached
~2-3 cm test diameter (TD), they were transferred to individual (95 mm H ×
125 mm Ø, 1.1 L) plastic containers in flow-through aquaria where they were
exposed to either control conditions (C, 27°C/pH 8.0), ocean acidification (OA,
27°C/pH 7.77), ocean warming (OW, 29°C/pH 8.0), or acidification and warming
(OAW, 29°C/pH 7.77) (N = 20 urchins per treatment, Table 2.1). Treatment
seawater was delivered to each individual container through taps supplied by
header tanks (60 L, N=3 per treatment). Pure CO2 was injected into header
tanks using Tunze pH controllers, while temperatures were maintained in header
tanks and aquaria using aquarium heaters. Seawater conditions were measured
daily and during this time, urchins were fed Sargassum spp. ad libitum. Urchins
were reared in experimental treatments through to reproductive maturity (7-8
cm TD). This period would have included development of nascent gonads from
~4 cm TD (Mos, pers. obs., after approximately 7 weeks in experimental
treatments) to 5-6 cm TD, when gonads are fully mature (Lawrence & Agatsuma,
2013; Mos et al., 2016; Dworjanyn & Byrne, 2018). Thus, the urchins developed
through the gonad differentiation stage and through the life stage transition to
the mature adult in experimental treatments.
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Table 2.1 Mean seawater chemistry conditions of F0 generation rearing over 6 months. CO2SYS
software was used to calculate pCO2 , HCO3 -, CO3 2 -, and saturation states of calcite (Wc) and
aragonite (Wa ) using pHT, temperature, salinity (34.69 ± 0.46), and alkalinity (2315.22 ± 21.10).
Values in parentheses represent standard deviation of the mean. Measurements were taken daily
(N = 198 per treatment).

Treatment
Control
OA
OW
OAW

pHT
7.85
(0.11)
7.65
(0.13)
7.84
(0.18)
7.67
(0.14)

Temperature
26.9
(0.8)
27.0
(0.4)
28.9
(0.3)
29.1
(0.5)

pCO2
641
(127)
1094
(262)
662
(133)
1061
(203)

HCO31902.8
(69.7)
2032.7
(79.3)
1888.8
(59.0)
2133.9
(43.0)

CO32168.09
(27.24)
115.66
(31.48)
173.89
(22.86)
124.04
(17.13)

Wc
4.07
(0.66)
2.80
(0.76)
4.23
(0.55)
3.02
(0.42)

Wa
2.70
(0.44)
1.86
(0.51)
2.82
(0.37)
2.013
(0.28)

2.3.2 Larval exposure and seawater treatment

Once urchins reached maturity, two females and three males from each parent
acclimation group were spawned and the eggs were fertilised (as above) in 500
mL beakers of FSW at experimental treatment conditions. Populations were
created as occurs in a natural spawning event. A subset of eggs from each female
were set aside and photographed. The cross-sectional area of the first 50 eggs (as
available) from each female were measured using Image J software (Schneider et
al., 2012). Fertilised eggs (F1 generation) were checked to ensure >95%
fertilisation was achieved before being transferred to 120 mL glass jars filled with
treatment seawater (~10 eggs per mL) and 50 mL Falcon tubes (~10 eggs per
mL), fitted with 10×2 cm 60 µm mesh windows (N=9 replicates per treatment
for both the glass jars and Falcon tubes). Embryos placed in jars were reared in
temperature-controlled water baths for 12 hour to the hatched blastula stage.
These were used to assess the percentage of normal development and hatching
success because dead embryos can be washed away in the flow-through set up.
Fertilised eggs in the Falcon tubes were reared to the 48 hour pluteus larval stage
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in flow-through experimental FSW supplied by drip valves (Appendix 1).
Experiments used a fully crossed factorial design in which larvae from each parent
acclimation group were reared in the control treatment as well as each
experimental treatment (Figure 2.1).

F0
F0

C

OA

OW

OAW

F1
C

27˚C/pH 8.0

OA

27˚C/pH 7.7

OW

29˚C/pH 8.0

OAW 29˚C/pH 7.7

Figure 2.1 Experimental design where Tripneustes gratilla (F0 ) were raised from juveniles to
mature adults in control (27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean warming
(OW, 29°C/pH 8.0), or ocean acidification and warming (OAW, 29°C/pH 7.77) treatments and
offspring (F1 ) from each parental treatment group were reared in each experimental treatment.

Seawater treatments were based on near-future warming (+2°C) and acidification
(pH 7.77) conditions projected for the region and which are known to elicit a
phenotypic response in

T. gratilla (Sheppard Brennand et al., 2010). The

warming treatment (29°C) has already occurred over several months in the
northern Great Barrier Reef during recent marine heat waves (Hughes et al.,
2017). Experimental seawater conditions were adjusted using Tunze pH
controllers, set to pH 7.80 (NIST scale), to inject pure CO2 into a 60 L header
tank, with consistent water volume maintained using float valves. Air was
continuously bubbled into header tanks to maintain dissolved oxygen (DO)
>90%. Control tanks were bubbled with air only. Water was warmed in subheader tanks (20 L, N = 3 per treatment) using aquarium heaters set to either
27°C (to maintain consistent seawater temperature) or 29°C and delivered to
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drip valves. Jars were filled with treatment seawater from each of the header
tanks (3 jars filled with seawater from each header tank per treatment, N = 9
replicates total per treatment). Temperature, pH, and salinity were measured in
the Falcon tubes and glass jars daily and at the start and finish of each
experiment (Table 2.2), using a Hach HQ40D pH probe calibrated daily using
NIST buffers pH 4.0, 7.0, and 10.0 with pH on the total scale determined through
calibration with TRIS sea water buffer using the millivolt scale (Dickson et al.,
2007). Seawater samples were collected daily from the system (filtered to 0.45µm)
and fixed with HgCl2 and analysed for total alkalinity (AT) by potentiometric
titration (Metrohm 888 Titrando) using certified reference standards (Dickson et
al., 2007). AT, pHT, temperature, and salinity values were used to calculate pCO2
using CO2calc software (Robbins et al., 2010), using dissociation constants of
Mehrbach et al. (1973) as refitted by Dickson and Millero (1987).
Table 2.2 Mean seawater chemistry conditions during larval rearing experiments. CO2SYS
software was used to calculate pCO2 , HCO3 -, CO3 2 -, and saturation states of calcite (Wc) and
aragonite (Wa ) using pHT, temperature, salinity (34.83 ± 0.05), and alkalinity (2323.67± 11.27).
Values in parentheses represent standard deviation of the mean. Measurements were taken twice
daily (N = 3 per treatment) in each falcon tube.

Treatment
Control
OA
OW
OAW

pHT
7.97
(0.01)
7.77
(0.01)
7.96
(0.01)
7.76
(0.01)

Temperature
27.0
(0.3)
26.8
(0.2)
28.9
(0.2)
29.0
(0.3)

pCO2
497
(17)
851
(30)
507
(20)
871
(25.3)
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HCO31836.7
(16.4)
1995.6
(15.7)
1817.3
(14.3)
1979.1
(13.0)

CO32198.84
(5.42)
136.06
(3.42)
206.92
(4.83)
142.99
(3.94)

Wc
4.80
(0.13)
3.29
(0.08)
5.02
(0.12)
3.47
(0.10)

Wa
3.19
(0.09)
2.18
(0.05)
3.35
(0.08)
2.32
(0.07)

2.3.3 Larval sampling

At 12 hours post-fertilisation (hpf), embryos from the glass jars were examined
under a dissecting microscope and the first 50 were scored for normal
development. Embryos were deemed normal if they were hatched and swimming
while those that had abnormal blastomeres or were arrested and exhibiting signs
of morbidity were scored as abnormal. At 48 hpf, larvae that were reared in flowthrough conditions were removed from the Falcon tubes and transferred to 2 mL
Eppendorf tubes and fixed with 1-2 drops of 4% paraformaldehyde. These larvae
were immediately photographed using an Olympus BX51 compound microscope
(4× magnification) fitted with an Olympus XC50 camera and CellSens Dimension
software (version 1.11), Notting Hill, Australia.

For each larva, the following morphological measurements were made: body
length (BL), left and right postoral arms (LPO and RPO), and left and right
body rods (LBR and RBR). Measurements were made on the first 10 larvae from
each replicate (as available) using Image J software (Schneider et al., 2012).
Larval asymmetry was determined by calculating the difference in postoral arm
lengths relative to the average arm length (longer arm length - shorter arm
length)/average arm length and expressed as % (Sheppard Brennand et al., 2010).

2.3.4 Statistical analysis

Egg size (cross-sectional area) was analysed using a linear mixed effects model,
using the lme function from the R package nlme (Pinheiro et al., 2019), with
maternal temperature and pH as fixed factors and female as a random effect.
Normal development was tested using logistic regression with developmental
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outcome (normal versus abnormal) as the response and parent treatment and
offspring treatment as fixed effects.

Principal components analysis (PCA) was used to identify differences in larval
morphology among treatment levels and the contributions of each body
component to the morphological differences between larvae. Morphometric data
were

analysed

using

permutational

multivariate

analysis

of

variance

(PERMANOVA; (Anderson, 2001)) with 9999 permutations. Homogeneity of
multivariate dispersion was confirmed using the “betadisper” function from the R
package Vegan (Okansen et al., 2015).

Average postoral arm length and larval asymmetry (arcsine square-root
transformed) data were analysed by two-way ANOVA using type III sum of
squares. Significant interactions were examined using pairwise contrasts with
FDR P-value correction (Benjamini & Hochberg, 1995). Responses of larval
postoral arm lengths to each parent and offspring treatment relative to the
control were assessed using log response ratios (LnRR; natural log of treatment
response divided by control response) with bootstrapped 95% confidence intervals
(CI) (10,000 iterations) (Nakagawa & Cuthill, 2007). ANOVAs utilised fully
crossed, factorial designs in which parent treatment and offspring treatment were
fixed factors. For linear models and ANOVAs, the assumptions of normality and
homoscedasticity were confirmed using normal quantile-quantile plots and
Levene’s test. All statistical analyses were performed using R software (R Core
Team 2015).
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2.4 Results
2.4.1 Influence of maternal history on egg size and hatching success

The average size of the eggs spawned by the females was significantly affected by
their thermal history (F(1, 347) = 15.74; P=0.016; Table 2.3), with females raised
at 27°C having larger eggs than those raised at 29°C (Figure 2.2). There was no
effect of seawater pH on egg size. Normal development of the early embryos, as
indicated by hatching success, was high across all treatment groups (>85%) and

6000
5000
4000

Egg size (µm2 )

7000

was not influenced by parent or offspring treatment (Appendix 2).

Control

OA

OW

OAW

Female acclimation history
Figure 2.2 Egg size (expressed as egg cross-section area, µm2 ) of female Tripneustes gratilla reared
in control (27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean warming (OW, 29°C/pH
8.0), or ocean acidification and warming (OAW, 29°C/pH 7.77) conditions through gonad
development. (N=200 eggs per female).
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Table 2.3 Linear mixed effects model of egg sizes (cross-sectional area) of Tripneustes gratilla
raised in either control (27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean warming
(OW, 29°C/pH 8.0), and ocean acidification and warming (OAW, 29°C/pH 7.77).

Temperature
pH
Temperature x pH
Residuals

Df
1
1
1
4

MS
2044185
6031
72899

F
15.7368
0.0464
0.5612

P
0.016
0.839
0.495

2.4.2 Effects of parental treatment on larval morphology and responses to
temperature and pH

The morphology of larvae was significantly affected by an interaction between
parent and offspring treatment (PERMANOVA: F(9, 123) = 3.85; P < 0.001, Table
2.4) (Appendix 3). Principal components analysis identified differences among
larvae from each parental treatment group as well as their responses to seawater
treatments (Figure 2.3). Larvae generally clustered according to parental
treatment indicating that the environmental history of parents was the dominant
factor influencing morphology of larvae, with offspring treatment playing a
secondary role. Larvae were primarily spread along the PC1 axis, which explained
62% of the total variation and was influenced by postoral arm and body rod
lengths, and to a lesser extent, body length. Larvae of control parents raised in
control treatments clustered on the left side of the PCA, indicating that these
larvae were larger, with longer postoral arms, body rods and body lengths than
larvae of acclimated parents. Postoral arms of larvae from control parents raised
in OA, OW, and OAW treatments were reduced, though body rods and body
lengths were still longer than those of larvae from the other parental treatment
groups. There was considerable overlap among larvae from OA, OW, and OAW
parents, however larvae from OW parents raised in low pH treatments clustered
toward the upper right side of the PCA, indicating that these larvae had
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considerably shorter postoral arms than larvae from the other parental/offspring
treatment groups. In addition, larvae from OAW parents and particularly those
raised in warming treatments (OW and OAW), tended to aggregate toward the
bottom of the PC2 axis, which was positively correlated with postoral arm length
and inversely correlated with body rod lengths. Thus, larvae from OAW parents
had shorter body rods compared to larvae from other parental treatment groups
and, when raised in warming treatments, relatively long postoral arms.

BL
Control

0.0

OA

OW

−0.5

OAW

−1.0

RPO
LPO

F0 treatment
F1 treatment

BL
BR

−2

PO

PC2 24 %

0.5

1.0

RBR
LBR

−1

PC1 62 %

Control
Control

OA
OA

0

1
OW
OW

OAW
OAW

Figure 2.3 Principal components analysis of larval morphology of 48 hour old Tripneustes gratilla
larvae from four parental treatment groups, including control (27°C/pH 8.0), ocean acidification
(OA, 27°C/pH 7.77), ocean warming (OW, 29°C/pH 8.0), or ocean acidification and warming
(OAW, 29°C/pH 7.77). Larvae from each parental treatment group were also raised in control,
OA, OW, and OAW treatments. Body components measured included body length (BL), left and
right postoral arms (LPO and RPO), and left and right body rods (LBR and RBR). Colours
denote parental treatment (F0 ), and shapes indicate offspring treatment (F1 ).
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Table 2.4 Two-way PERMANOVA of the effects of parental and offspring exposure to control
(27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean warming (OW, 29°C/pH 8.0), and
ocean acidification and warming (OAW, 29°C/pH 7.77) seawater treatments on morphology of
48 hour old Tripneustes gratilla larvae.

Parent
Treatment
Parent x
Treatment
Residuals

Df
3
3

SS
26228
6996

MS
8742.5
2331.9

Pseudo F

R2
0.2783
0.0742

P
<0.001
<0.001

9
123

14497
46529

1610.8
378.3

4.2582

0.1538
0.4937

<0.001

23.1112
6.1644

2.4.3 Effects of parental treatment on offspring postoral arm length in
response to temperature and pH

Postoral arm lengths of larvae were significantly affected by the interaction
between parent and offspring treatments (F(9,

123)

= 5.68; P < 0.001), with

responses of larvae to acidification and warming being dependent upon the
treatment in which parents were raised (Table 2.5). Larvae from control parents
raised in ambient, control conditions had significantly longer postoral arms than
larvae from any other parent/offspring treatment group, indicating a strong,
negative transgenerational effect. Decreases in postoral arm lengths of larvae from
acclimated parents compared to larvae from control parents raised in control
conditions ranged from a mean -10% (LnRR 95% CI -0.07 to -0.13, equivalent to
-7.1 to -12.4%) in larvae from OAW parents raised in OW treatments to -31.2%
(LnRR 95% CI -0.32 to -0.43, equivalent to -27.7% to -35%) in larvae from OW
parents raised in the OA treatment (Figure 2.4).
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Log response ratio
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Figure 2.4 Mean logarithmic response ratios (±95% CI) of the effects of temperature, pH, and
parental treatment on postoral arm lengths of 48 h old Tripneustes gratilla larvae, compared to
larvae from control parents raised in control conditions. Larvae were derived from parents
acclimated to control (27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean warming
(OW, 29°C/pH 8.0), or ocean acidification and warming (OAW, 29°C/pH 7.77) conditions for 6
months. Larvae were subsequently reared in all treatments (X-axis), in all possible combinations
thereof (N=9 replicates).

Within parental treatment groups, post-hoc analyses (Appendix 4) showed that
there was some indication of an adaptive response to acidification and warming.
Postoral arm lengths of larvae from control parents were reduced when reared in
OA, OW, and OAW treatments. Larvae from parents raised in the OA treatment
had similar postoral arm lengths in each treatment, and postoral arm lengths
were not affected by reduced seawater pH or warming. For larvae from parents
raised in the OW treatment, acidification significantly reduced postoral arm
lengths up to 13.8% but there was no significant effect of warming. Larvae from
OAW parents had significantly longer postoral arms in warming treatments
compared to larvae from the same parents raised at 27°C, with increases up to
12.8%. Additionally, larvae of OAW parents did not show any significant
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reductions in arm length in response to acidification. Asymmetry of postoral arms
was low across all parental and larval treatment groups and was not affected by
either parent or larval treatment (Table 2.5).

Table 2.5 Two-way ANOVA of the effects of parental and offspring exposure to four seawater
treatments, including control (27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean
warming (OW, 29°C/pH 8.0), and ocean acidification and warming (OAW, 29°C/pH 7.77), on
average postoral arm lengths and postoral arm asymmetry of 48 hour old Tripneustes gratilla
larvae.

Postoral arm length
Parent
Treatment
Parent x Treatment
Residuals
Asymmetry
Parent
Offspring
Parent x offspring
Residuals

Df

SS

F

P

3
3
9
123

3496
2257
4296
10339

13.8632
8.9524
5.6794

<0.001
<0.001
<0.001

3
3
9
123

0.0387
0.0223
0.0467
0.8516

33

1.862
1.0738
0.7488

0.139
0.363
0.664

2.5 Discussion
Environmental stress experienced by parents can shape the phenotypic responses
of their offspring, resulting in complex trade-offs in terms of parental and
offspring fitness. The present study provides a new perspective as the first
transgenerational study of a marine macroinvertebrate to acclimate a parental
generation to both acidification and warming through gonadogenesis and germ
cell differentiation. This study found that parental acclimation of T. gratilla to
acidification and/or warming through gonad development resulted in resilience
of offspring, though this came at the cost of the overall size of larvae.

In the offspring of T. gratilla which themselves had grown up in experimental
treatments, this study found that negative transgenerational effects had a greater
impact on larvae than adaptive transgenerational responses. For instance,
parental acclimation to acidification (OA and OAW treatments) mitigated the
stunting effect of acidification seen in larvae of parents with no history of
exposure to acidification (control and OW treatments). Similarly, larvae derived
from OW and OAW parents were larger when raised at 29°C compared to 27°C,
which may indicate some degree of thermal acclimation. If these larvae had
metabolically acclimated to 29°C, slower growth and reduced larval size would
be expected in lower temperatures (Angellitta et al., 2004; Rahman et al., 2009).
In both cases however, there was no size advantage when larvae from acclimated
parents were compared to larvae of control parents raised in the same conditions.
Furthermore, larvae of parents acclimated to experimental treatments never
reached the size of larvae from control parents raised in ambient conditions,
suggesting that the energetic cost of acclimation limits growth of offspring. Thus,
based on the measured traits (offspring survival and size), the hypothesis that
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TGP increases the chances of larvae being optimally suited to their environment
was only partially supported.

Sea urchins invest a large portion of their energy budget into gonad development
and maintenance (Fernandez & Boudouresque, 2000; Otero-Villanueva et al.,
2004). The gonads are the major nutrient storage organ and their size is indicative
of the nutritional state of sea urchins (Russell, 1998; Hughes et al., 2006). The
stress of acidification and/or warming can cause energy to be diverted away from
the gonads in favour of maintenance and essential biological functions (Uthicke
et al., 2014; Delorme & Sewell, 2016; Dworjanyn & Byrne, 2018). In a previous
study, T. gratilla reared in warming conditions (28°C) and at pH 7.80 from the
early juvenile stage through reproductive maturity had reduced gonad growth
while those reared in pH 7.6 treatments had little to no gonad growth, indicating
a poor nutritive state or altered energy budget, despite being fed ad libitum
(Dworjanyn & Byrne 2018). Low pH conditions resulting from biogenic
acidification in culture systems also compromises gonad growth and quality in T.
gratilla (Mos et al., 2016). Similarly, adult Evechinus chloroticus (Delorme &
Sewell, 2016) and Echinometra sp. A (Uthicke et al., 2014) acclimated to warming
(+3°C) and/or acidification exhibited compromised gonad growth. As indicated
by decreased gonad development (Dworjanyn & Byrne 2018), T. gratilla reared
under environmental stress appeared to prioritise maternal fitness (survival) over
reproduction.

Prioritisation of parental fitness appears to be common in animals with high
fecundity and no parental care as a strategy with respect to maternal condition
and reproductive life span (Bernardo, 1996a, 1996b). The production of smaller
eggs seen in T. gratilla raised at 29°C, albeit with small sample sizes, may reflect
a thermal stress response, resulting in lower maternal nutritive condition. This
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response was previously observed in lower gonad size in T. gratilla raised at 28°C
(Dworjanyn & Byrne, 2018), and may potentially lead to lower provisioning of
eggs, although egg composition was not quantified here. Smaller eggs have been
found to have lower energetic content in sea urchins (McAlister & Moran, 2012)
and generate smaller initial larval size (Allen, 2012). Changes in the nutritive
value of the eggs would likely impact the development of T. gratilla larvae as
maternal nutrients are the key source of energy for early larvae (Byrne et al.,
2008; Prowse et al., 2017). For instance, T. gratilla uses ~50% of egg energetic
lipids to reach the feeding larval stage (Byrne et al., 2008).

Fitness trade-offs in response to adult exposure to stressors with respect to
offspring performance have been observed in a number of other species. For
instance, the offspring of E. chloroticus fed dietary polycyclic aromatic
hydrocarbons (PAH) had higher levels of antioxidant defenses and detoxification
enzymes (Lister et al., 2017). Yet despite increases in antioxidant and
detoxification markers, larvae from parents exposed to PAHs had similar or
higher levels of abnormal development when compared to larvae exposed to PAHs
within a generation (Lister et al., 2017). For the Antarctic sea urchin S.
neumayeri, which had likely been resident at contaminated sites with higher
baseline levels of antioxidants through their benthic life, exposure to these
toxicants did not translate to resilience of their offspring to PAH exposure (Lister
et al., 2015). Transgenerational exposure of the Sydney rock oyster Saccostrea
glomerata to ocean acidification increased the size of offspring that were also
exposed to acidification as a single stressor, but survival was reduced when larvae
were exposed to multiple stressors (acidification and warming or low food
concentration) (Parker et al., 2017). These studies along with the findings of the
present study on T. gratilla illustrate that the energetic cost of transgenerational
or parental conditioning, despite food in excess, can outweigh the benefits of
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adaptive plastic responses. In the face of multiple stressors or unpredictable
environments, parental effects may even be maladaptive (Parker et al., 2017).

Previous studies on the effects of parental exposure to climate change stressors
on offspring fitness in echinoderms have used the conditioning approach, where
the parental generation is exposed to stressors as adults (Dupont et al., 2013;
Uthicke et al., 2013; Suckling et al., 2014, 2015; Wong et al., 2019). These studies
have had mixed outcomes depending on the length of the parental conditioning
period and the proportion of the gametogenic period exposed to experimental
treatments. For S. droebachiensis and S. neumayeri, exposure to OA and the
combination of OA and warming for > 1 year, but not 4-6 months, alleviated
negative effects of these stressors on fecundity and offspring survival (Dupont et
al., 2013; Suckling et al., 2015). The longer duration adult conditioning would
have encompassed the entire gametogenic cycle. For Echinometra sp. A short
term (7 weeks) parental conditioning

had no effect on offspring resilience

(Uthicke et al., 2013), while Wong et al. (2019) found that S. purpuratus exposed
for 4 months to upwelling conditions (low temperature and low pH) produced
larger embryos and early stage larvae compared to a control population. Thus,
duration and timing of parental exposure has implications for offspring
performance and is likely due to the gametogenic stages in the gonads. The
present study with T. gratilla incorporated gonad development in its entirety
from oogonia/spermatogonia to mature gametes and complete development of
the gonad. This is generally not possible with other echinoderms and
macroinvertebrates due to their long generation times. The fast development of
T. gratilla to reproductive maturity makes this an ideal model species with
enormous potential to characterise transgenerational effects on a marine
macroinvertebrate.
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In addition to these experiments providing insight into TGP, the findings here
have implications for the future reproductive ecology of the species. For example,
the development of smaller T. gratilla larvae with shorter skeletal rods may have
consequences for species persistence as the oceans continue to warm and reduce
in pH. Pluteal arms are essential for locomotion and feeding in echinoid larvae
with their associated ciliary bands used for propulsion and food capture (Emlet,
1983). Longer arms are associated with greater feeding ability (Strathmann,
1975). Smaller pluteus larvae are also more susceptible to predation (Allen, 2008),
exacerbating the already high mortality rates in the plankton (Lamare & Barker,
1999). This suggests that under future ocean conditions, larval stages of T.
gratilla may represent a survival (life-history) bottleneck.

Temperature in particular is likely to be the more important climate change
stressor for T. gratilla, especially in tropical regions where sea surface
temperatures can reach 29°C. Temperatures near or exceeding 29°C are becoming
more frequent and widespread in the tropical regions of Australia where T.
gratilla resides, as seen in the extended heatwaves that are now occurring across
the tropics where they cause widespread and severe coral bleaching events
(Hughes et al., 2017, 2018). With regards to ocean warming however, the very
broad latitudinal distribution of this species from the equator to warm temperate
regions including Australia, over 33 degrees of latitude (Bronstein et al., 2019),
indicates that this species may also have a very broad thermal tolerance. It
remains to be seen however if the distribution of T. gratilla will contract in the
more tropical part of its range as its habitat continues to warm.

Although the present study found that the costs of acclimation of T. gratilla over
one generation often outweighed the benefits, the results suggest that this species
may be capable of acclimating to future environments, although full acclimation
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may require several reproductive cycles or perhaps several generations (Hoffmann
& Sgró, 2011). One constraint of this study and many other multigenerational
studies on long lived species (Donelson et al., 2018), is that animals were exposed
to climate stressors (particularly for pH) at levels predicted for 2100 over one
generation. In nature, warming and certainly acidification will be more gradual,
potentially providing the time to adapt to new conditions. It will be important
for future research to examine how species respond to environmental stress over
multiple generations and whether transgenerational responses persist across
developmental stages as well as across generations (Shama & Wegner, 2014;
Parker et al., 2015; Donelson et al., 2016). Additionally, as this study examined
the earliest stages of development and parental effects can wane over time, there
may be responses in later developmental stages that were not detected here.
While this study used a population approach to emulate a natural spawning
event, to identify genotypes that have greater adaptive plasticity than others,
the responses of progeny from individual breeding pairs would be important to
examine. Nevertheless, the present study showed that TGP resulted in partial
compensation of the deleterious effects of OA and OW. To determine if this is
reinforced over subsequent generations and reproductive lifetimes, longer
duration

studies

are

needed.

This

study

provides

new

insight

into

transgenerational responses of marine invertebrates to realistic climate change
scenarios and the costs and trade-offs associated with TGP.
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3.1 Abstract
Environmental conditions experienced by parents can have lasting effects on
offspring. For some marine organisms, parental acclimation may attenuate the
negative effects observed in offspring exposed to the same conditions. Here,
development of the coral reef sea urchin Echinometra sp. A was examined in
larvae derived from parents acclimated for 20 months in either present-day
conditions or those predicted for the year 2100 (+2°C/pH 7.80). Egg size was
measured, and larval morphology, survival and respiration were quantified in
larvae raised in present-day (26°C/pH 8.10) and 2100 (28°C/pH 7.80) treatments
to near settlement to determine whether parental acclimation promotes greater
resilience to climate change stressors. Although there was no difference in egg
size, larvae from 2100 parents were generally larger and more developmentally
advanced than those derived from present-day parents. However, negative
carryover effects reduced survival in offspring of parents acclimated to 2100
conditions. At 15 days post-fertilisation, survival of offspring derived from 2100
parents was 50.6% and 43.7% when raised in present-day and 2100 conditions,
respectively compared to 59.9% and 64.6% in offspring derived from present-day
parents. When raised in 2100 conditions, respiration declined by 36.8% in larvae
derived from present-day parents, while respiration rates of larvae from 2100
parents increased by 109%, suggesting that carryover effects may be associated
with higher energy consumption and physiological stress in larvae from 2100
parents. Although parental acclimation enhanced growth of larvae in early
development, overall, negative carryover effects outweighed potential benefits of
parental acclimation to ocean warming and acidification in this species.
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3.2 Introduction
Anthropogenic CO2 emissions are causing oceans to simultaneously warm and
acidify (IPCC, 2019). The biological and ecological responses driven by these
climate induced changes are already evident in marine ecosystems (Poloczanska
et al., 2013; Stuart-Smith et al., 2018). Ocean warming has facilitated poleward
range shifts of species and communities (Ling et al., 2009; Poloczanska et al.,
2013; Pecl et al., 2017) and multiple marine heatwaves have resulted in mass
coral bleaching events on the Great Barrier Reef (GBR) as well as other major
regional changes (Hughes et al., 2017, 2018). Elevated pCO2 has reduced the pH
of seawater by 0.1 units since the industrial revolution, lowering calcium
carbonate saturation states (Feely et al., 2009). The latter is important for marine
calcifiers, which biomineralise and maintain carbonate structures such as shells
and skeletons (Orr et al., 2005; Fabry et al., 2008; Kroeker et al., 2013). Average
temperatures are predicted to rise between 2° and 4°C and the pH of the ocean
is expected to decline a further 0.3 to 0.4 pH units by the end of the century
(Magnan et al., 2016; IPCC, 2019), imposing further stress on marine organisms
and ecosystems.

Among marine taxa, echinoderms are an ecologically important group and a
commonly used animal model. Research has shown that echinoderms can be
sensitive to climate change stressors (Kroeker et al., 2013; Przeslawski et al.,
2015) with early developmental stages being particularly vulnerable to
environmental stress (Pechenik, 1987; Byrne, 2011; Kroeker et al., 2013;
Przeslawski et al., 2015). Many echinoderm species have developmental stages
that are unable to tolerate the temperature increases of 2° to 4°C above presentday conditions (Byrne & Przeslawski, 2013) predicted to occur by the end of the
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century (IPCC, 2019). For echinoids (sea urchins) in particular, ocean
acidification (OA) is often associated with abnormal development and stunting
of larval growth (Dupont et al., 2010; Byrne, 2011; Byrne et al., 2013a). The
latter response has been attributed to the increased metabolic cost of maintaining
acid-base homeostasis, resulting in the reallocation of energy toward regulation
of internal pH at the expense of growth (i.e. Stumpp et al. 2011b, 2012a, b). Due
to their limited ability to compensate for environmental stress, early
developmental stages may represent a life-history bottleneck under future climate
change (Byrne, 2011).

While the rate of climate change is on a scale of decades to centuries and will
occur over multiple generations for most marine species, the majority of studies
to date have exposed individuals to projected warming (+2° to 4°C) and
acidification (pH 7.6 to 7.8) conditions within a single generation, and typically
with little or no allowance for acclimation or adaptation between generations
(Dupont et al., 2010; Byrne, 2011; Byrne & Przeslawski, 2013; Kroeker et al.,
2013; Przeslawski et al., 2015). Relatively few studies have examined responses
in offspring whose parents had also been exposed to future ocean conditions for
ecologically meaningful periods (but see Dupont et al. 2013; Uthicke et al. 2013;
Suckling et al. 2014, 2015; Lamare et al. 2016; Karelitz et al. 2019). This is an
important consideration as the environmental history of parents can directly
influence the phenotype of offspring and play a critical role in resilience and
acclimation of marine organisms to changing ocean environments (Hoffmann &
Sgró, 2011; Bonduriansky et al., 2012; Salinas et al., 2013).

Several studies have provided evidence that when given sufficient time, parental
acclimation can improve responses of sea urchins to ocean warming and OA. For
instance,

mortality

of

offspring

of
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the

sea

urchin

Strongylocentrotus

droebachiensis which had been conditioned to low seawater pH (pH 7.7) for 4
months was nearly ten-fold higher than offspring of parents maintained in
ambient pH 8.10 conditions. However, there was no difference in survival of
offspring after parents had been acclimated to low pH conditions for a longer
period of 16 months (Dupont et al., 2013). Similarly, offspring of the Antarctic
sea urchin Sterechinus neumayeri conditioned to combined warming (+2°C above
ambient) and low pH treatments (pH 7.5 to pH 7.7) for 6 months resulted in low
hatching and survival rates compared to offspring of urchins maintained in
control conditions. Following 17 month conditioning of adults, however,
differences in hatching and survival were no longer observed, although abnormal
development was high in the lowest pH treatment (pH 7.5). In both cases,
resilience of offspring was only seen after long-term conditioning, reinforcing the
idea that parental effects may only be beneficial when parents have fully
acclimated to their new environments (Dupont et al., 2013; Suckling et al., 2015).
On the other hand, offspring of Tripneustes gratilla raised from juveniles to
mature adults in warming (+2°C) and acidification (pH 7.7) were only partially
compensated and while fitness was highest when offspring were raised in the same
conditions as their parents, larvae from acclimated parents were still smaller than
those derived from parents raised in ambient conditions (Karelitz et al., 2019).
Larvae of Echinometra sp. C derived from adults living on CO2 vents that
experience low and variable pH (pH 7.5 to pH 7.7) for all of their postmetamorphic life stages were no more resistant to low pH than larvae derived
from adults living in adjacent ambient pH environments (pH 7.89 to pH 7.92).
Both sets of larvae exhibited size reductions and increases in abnormal larval
development when grown in situ in low pH vent sites (Lamare et al., 2016). These
results are consistent with findings on the closely related Echinometra sp. A,
where short-term (6 to 7 week) adult conditioning did not improve offspring
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responses to low pH treatments ranging from pH 7.5 to pH 7.9 (Uthicke et al.,
2013).

The present study examined the effects of longer-term (20 months) parental
acclimation to combined warming and OA on offspring development of the sea
urchin Echinometra sp. A, a period that encompasses two reproductive cycles of
individuals (Pearse & Phillips, 1968). Echinometra sp. A is ubiquitous on the
shallow water reefs of the GBR and Indo-Pacific region (McClanahan & Muthiga,
2013; Byrne & Uthicke, 2017). Like other members of the genus, this species plays
an important ecological role in bioerosion and algal grazing (McClanahan &
Muthiga, 2013) and changes in population sizes under future ocean conditions
could have important implications for coral reef communities. Previous studies
on adult Echinometra spp. have found contrasting levels of sensitivity to reduced
seawater pH. Laboratory studies have reported reduced growth rates in adult E.
mathaei in response to seawater pH 7.9 (Shirayama & Thornton, 2005) and poor
gonad quality in Echinometra sp. A after prolonged exposure (70+ days) to both
OA (pH 7.9) and increased temperature (+2° to 3°C above ambient) (Uthicke et
al., 2014). In contrast, populations of Echinometra sp. C living on coral reefs
where the pH is permanently lowered by CO2 vents had faster growth rates and
similar respiration rates compared to those living on adjacent, ambient pH reefs
(Uthicke et al., 2016). However this may be due, at least in part, to higher
productivity of algal food on vent sites (Uthicke et al., 2016). Responses of
developmental stages of Echinometra spp. to OA include abnormal development,
reduced larval size and larval asymmetry (Kurihara & Shirayama, 2004; Uthicke
et al., 2013; Lamare et al., 2016). Recent studies suggest that parental acclimation
to OA alone may not improve offspring responses (Uthicke et al., 2013; Lamare
et al., 2016).
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Ocean warming and acidification will occur simultaneously, and it is not yet
known how these factors may interact in determining responses in developmental
stages of this species. To address this, adult Echinometra sp. A were acclimated
for 20 months, in mesocosms simulating present-day conditions and seawater
conditions consistent with end of century predictions for the GBR (+2°C/pH
7.80) (Lenton et al., 2015). Offspring of these urchins were raised from
fertilisation to near settlement stage larvae in reciprocal treatments to: (i)
determine whether parental acclimation ameliorates the negative effects of OA
and ocean warming and results in offspring with greater resilience to these climate
stressors; (ii) assess the metabolic costs of exposure to future ocean conditions
and parental acclimation on development; (iii) determine whether parental effects
persist throughout development and; (iv) whether negative carryover effects arise
as a result of parental acclimation and/or exposure to future ocean conditions.
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3.3 Methods
3.3.1 Animal collection, acclimation, and seawater treatment

During March 2016, a total of 230 adult Echinometra sp. A were collected by
SCUBA from the shallow subtidal (0.5 to 5m, depth) coral formations on Trunk
Reef in the central section of the Great Barrier Reef (146 ° 50’E, 18 ° 24’S). Animals
were returned to the National Sea Simulator facilities at the Australian Institute
of Marine Science, Townsville, where they were kept in flow through aquaria at
26°C/pH 8.10 for 1 week prior to being transferred to mesocosms (volume = 2260
L, N = 3 per treatment) containing present-day or predicted 2100 seawater
(+2°C/pH 7.80) treatments based on the RCP 8.5 scenario (Meinshausen et al.,
2011; Collins et al., 2013). In addition to Echinometra sp. A, each mesocosm
contained sponges (Carteriospongia foliascens) and two species of coral
(Platygyra daedalea and Acropora loripes) as well as rock encrusted with crustose
coralline algae. Urchins (N = 24 per mesocosm, test diameter 3 to 4 cm) were
maintained in treatments for 20 months, during which time they were fed ad
libitum crustose coralline algae covered coral rubble provided in each mesocosm.
There were no differences in growth or fecundity among the treatments over this
period (Uthicke et al., 2020).

Temperatures in the mesocosms followed the annual temperature variation of
Davies Reef (147° 38’E S, 18°49’E), using timeseries data of sea temperatures
recorded from temperature loggers at a depth of 4 metres from 1991 to 2012 (data
available at: http://data.aims.gov.au/aimsrtds/datatool.xhtml?from=2015-0101&thru=2019-0921&period=MONTH&aggregations=AVG&channels=64,1787).
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Temperatures

were adjusted daily by computer to simulate a daily and seasonal cycle and for
the 2100 treatment, +2°C was added to the daily temperature value (Figure 3.1).
Manipulation of pCO2 in treatment seawater was achieved using methods
described in Collier et al. (2018) and seawater parameters are provided in
Appendix 5. Briefly, a computer controlled feedback system altered the flow of
CO2 to the membrane contactors and directly measured the pCO2 in air in an
equilibrator supplied with the in-tank aquarium water. The CO2 in the
equilibrator was measured with a Telaire CO2 sensor. The pCO2 was set to 400
ppm for the present-day treatment and 940 ppm for the 2100 treatment. Both
treatments featured a daily pCO2 fluctuation of ±60 ppm to simulate primary
production and respiration which occurs on the GBR. Temperature and pCO2 in
each mesocosm was logged every 20 seconds. Seawater was recirculated at a rate
of three turnovers h-1 with fresh seawater being replenished at a rate of 360 litres
h-1.
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Figure 3.1 Monthly average temperatures and pCO2 in mesocosms (N=3) from March 2016 to
November 2017. Shaded areas around lines are 95% confidence bands and grey bands indicate
the spawning and larval development period for this study.

3.3.2 Spawning and larval rearing

Spawning was performed on October 24, 26 and 30th, 2017. On each day, four
females and four males from one of the three present-day and one of the three
2100 mesocosms were spawned, creating three experimental “blocks”, comprising
three unique spawning populations. Spawning was induced by 0.5 to 1 mL intercoelomic injection of 0.5 M KCl, with sperm collected dry and stored in 1.5 mL
Eppendorf tubes until use. Spawned eggs were collected and pooled in beakers
filled with 250 mL filtered seawater (0.5 µm) of the appropriate experimental
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temperature and pH. Prior to fertilisation, gametes were visually checked for
quality in terms of sperm motility and egg shape/colour. A subset of eggs from
each female was photographed using an Olympus BH-2 microscope fitted with a
Pixelink digital camera (model #PL-B623CU) at 4´ magnification and later, the
diameter of 100 eggs were measured from each female using Image J software
(Schneider et al., 2012). For each mesocosm, eggs from four females and sperm
from four males were pooled in treatment seawater to create larval cultures
representing three unique spawning populations for each parental acclimation
treatment. Successful fertilisation, as indicated by the presence of the fertilisation
envelope, was 95% for all cultures. Larvae from both parental acclimation
treatments were reared in present-day and 2100 treatments in a full reciprocal
design.

For each experimental block, egg cultures were split and transferred into three
250 mL Schott bottles per treatment filled with filtered (0.5 µm) treatment
seawater (described above) at a concentration of 5 embryos mL-1, for a total of
nine Schott bottles per treatment. Schott bottles were placed on rollers
submerged in temperature controlled water baths (26°C and 28°C for presentday and 2100 treatments, respectively, Figure 3.2) to keep embryos and larvae
in suspension. Larvae were fed Chaetoceros muelleri (5,000 cells mL-1) twice daily
starting at 2 days post-fertilisation (dpf). High concentrations of food were
maintained in order to limit density dependent effects on larval growth and
development. Water was changed in cultures every 2 days by filtering larvae
through 60 µm mesh filters and carefully transferring them into new bottles with
fresh treatment seawater. Subsets of larvae were checked under a microscope to
ensure that larvae were not damaged during filtering. Seawater pH was measured
before and after water changes using a Hach HQ40D pH probe calibrated using
NIST buffers 4.0, 7.0 and 10.0. Seawater pH was later converted to the total scale
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through calibration with TRIS buffer using the millivolt scale (Dickson et al.,
2007) (Table 3.1). Water samples were collected in 250 mL Schott bottles and
fixed with 125 µL mercuric chloride for determination of total alkalinity (AT) and
dissolved inorganic carbon (DIC) using acid titration (VINDTA 3c titrator,
Marianda, Germany), as recommended by Dickson et al. (2007).

Larval densities were counted at 2, 8, and 15 dpf as an estimate of mortality. For
this, larvae were concentrated in 100 mL of seawater and densities were
calculated by averaging the number of individuals in 3 to 5, 1 mL subsamples.
At 2 and 8 dpf, a subsample of larvae from each Schott bottle was fixed in 4%
paraformaldehyde diluted with seawater at a 1:1 ratio for a final concentration
of 2% paraformaldehyde. The first 20 (2 days) and 10 (8 days) larvae from each
replicate bottle were photographed (as previously described) and body length and
postoral arms were measured (Figure 3.2). Postoral arm asymmetry was
calculated as (longer arm – shorter arm)/average arm length ´ 100 (Sheppard
Brennand et al., 2010; Uthicke et al., 2013). Fewer larvae were measured at 8 dpf
due to lower number of larvae remaining in bottles, while larval morphometrics
were not measured at 15 dpf as many larvae had begun to metamorphose making
comparison of body components difficult.
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a

b

PO
BL
10 mm

200 μm

c

100 mm

Figure 3.2 Adult Echinometra sp. A within coral rubble of an environmental mesocosm (a). An
illustration of Echinometra sp. A early 6-armed pluteus indicating the morphometric
measurements of postoral arms (PO) and body length (BL) (b). 250 mL Schott bottles used for
larval rearing on submerged rollers in temperature-controlled water baths. Bottles were rotated
7 times per minute (c).

3.3.3 Respiration measurements

Larval respiration rates were measured for a subset of 5 day old larvae from each
treatment level (for practical purposes, this was done on days when samples were
not being taken for density counts and morphometrics). Respiration rates (pmol
O2 ind-1 h-1) were calculated from the oxygen consumption rate in larvae
contained in small (400 µL), sealed chambers containing seawater that had the
same temperature and pH as the larval treatment. Measurement of oxygen
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consumption

was

made

using

a

Unisense

microrespirometry

system

(www.unisense.com, Unisense, Denmark) that employs a miniaturised Clark-type
oxygen sensor and guard cathode (Revsbech, 1989). Access to the sample by the
oxygen sensor was via a narrow (700 µm diameter) capillary tube within the vial
lid that allows measurement but does not result in oxygen concentration changes.
To avoid oxygen gradients within samples water was continually stirred by a
small glass-coated magnetic flea spinning at 50 revolutions per minute. A 2-point
calibration was undertaken daily using a 0% (de-oxygenated using saturated
sodium sulphate) and 100% (aerated seawater) oxygen concentration FSW
standards at the respective experimental temperature/pH conditions the larvae
had originated from.

The detection limits of the sensor are 0.2 µM, equivalent to 0.2 pmol per µL, or
50 pmol per 400 µL microrespirometer chamber. Preliminary measurement of
oxygen consumption of Echinometra sp. A larvae indicated rates were >100 pmol
O2 per ind-1 h-1, similar to measurements in temperate echinoid larvae of
comparable development (i.e. Hoegh-Guldberg & Manahan, 1995). This is
approximately 50% of the detection response of the instrument for the lowest
potential larval respirations rates. Therefore, to ensure robust measurement of
the metabolic response, a range of appropriate larval densities within the
respiratory chamber were used that gave the desired measurement sensitivity (i.e.
± 5% of the rates). For example, with respiration rates >100 pmol O2 ind-1 hr-1,
it requires measuring rates in >20 larvae simultaneously (i.e. within a chamber)
to give a measurement within 5% the actual rate (i.e. ± 5 pmol O2 ind-1 hr-1).
Larvae were collected haphazardly from the experimental treatments and sealed
within respiration chambers and the rate of change in the oxygen concentration
was recorded. The duration of measurements varied depending on larval
respiration rate but was a minimum of 30 minutes. The number of larvae placed
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in the chambers ranged from 17 to 730 individuals and represented a linear
increase in oxygen consumption over this density range, indicating that
respiration rates were not density dependent. Oxygen concentration changes were
measured in replicate blank chambers (treatment water with no larvae) to
account for any change not associated with larval respiration.

3.3.4 Statistical analysis

The effect of parental treatment on egg size (diameter) was analysed using a
linear mixed effects model with the R package lme4 (version 1.1-21) (Bates et al.,
2015) with female treatment as a main effect and mesocosm (N=3) and individual
female (N=12) as random effects. Postoral arm lengths, asymmetry and larval
densities were also analysed using linear mixed effects models with parent
treatment and offspring treatment as main effects and experimental block (N=3)
as a random effect. For larval densities, an additional factor “day” was included
in the model to account for changes in densities over time and data were log
transformed to meet assumptions of normality. Analysis of covariance
(ANCOVA) was used to examine the effects of parent and offspring treatment
on morphology, and specifically the relationship between postoral arm length and
body length in 2 and 8 day old larvae to test differential development of larval
allometry. The effects of parent and offspring treatment on larval respiration
were analysed using type III two-way ANOVA on log transformed data. Posthoc pairwise contrasts were performed using the R package emmeans (version
1.4.1) (Lenth, 2019), controlling for false discovery rate (FDR) using the methods
described by Benjamini & Hochberg (1995). Homogeneity of variance was
confirmed using Levene’s test and assumptions of normality were visually checked
using normal quantile-quantile plots. All statistical analyses were performed using
R statistical software (R Core Team, 2015).
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Table 3.1 Seawater conditions used in larval development experiments including mean (± SD) temperature, pHT, partial pressure of CO2 (pCO2), calcite
saturation state (Wc), and dissolved inorganic carbon (DIC). Values were calculated in CO2SYS software using pHT, salinity (34.25 ± 0.16), temperature and
total alkalinity (2302.7 ± 0.68). Larvae were derived from parents reared in either present-day conditions or conditions emulating those projected for 2100
(+2°C/ pH 7.80) (Parent treatment). Offspring of parents from each parent treatment group were raised in present-day (26°C/ pH 8.10) and 2100 (28°C/ pH
7.80) conditions (larval treatment) for 15 days to near settlement. N = 7 measurements per replicate bottle.

Parent treatment
Present-day
Present-day
2100
2100

Larval treatment
Present-day
2100
Present-day
2100

Temperature (°C)
26.25 (0.09)
28.00 (0.11)
26.25 (0.09)
28.00 (0.11)

pHT
8.03 (0.03)
7.80 (0.05)
8.03 (0.03)
7.79 (0.03)
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pCO2 (µatm)
426.55 (40.11)
790.52 (90.59)
427.33 (31.82)
795.09 (67.83)

Wc
5.13 (0.30)
3.5 (0.33)
5.1 (0.23)
3.46 (0.20)

DIC
2012.6 (18.8)
2119.3 (21.9)
2013.9 (14.4)
2121.6 (13.8)

3.4 Results
3.4.1 Egg size and larval development

Egg size was highly variable among females (standard deviation of model
intercept = 1.74, Appendix 6), although female treatment did not affect egg size
(F(1, 2394) = 3.017; P = 0.157; Figure 3.3).
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90
Present−day

2100

Treatment
Figure 3.3 Egg size (diameter) of Echinometra sp. A derived from females (N=12) conditioned in
either present-day or 2100 (+2°C/pH 7.80) conditions for twenty months prior to spawning. For
each female, 100 eggs were measured. Dots represent outliers. Mean egg size per female (± SE)
is available in Appendix 6.

At 2 dpf, offspring of 2100 parents had longer postoral arms compared to offspring
of present-day parents (factor Parent Treatment: F(1,

31)

= 6.769; P = 0.014),

while overall, larvae raised in 2100 conditions had longer postoral arms than
larvae raised in present-day conditions (factor Offspring Treatment: F(1,
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31)

=

99.549; P < 0.001). There was no interaction between the two factors (Table 3.2;
Figure 3.4). Asymmetry of postoral arms (Figure 3.4) was generally low (<10%
average difference in arm lengths) and was not affected by either parent or
offspring treatment and with no interaction between the two factors (Table 3.2).
Parent and offspring treatment significantly affected the relationship between
postoral arm length and body length of larvae (F(3, 639) = 4.428; P = 0.004, Table
3.2), with offspring of 2100 parents having smaller postoral arm lengths relative
to body length when raised in present day conditions (slope = 0.801) compared
to 2100 conditions (slope = 0.946) (Figure 3.5).
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Figure 3.4 Postoral arm lengths and asymmetry of 2 day old (a, c) and 8 day old (b, d)
Echinometra sp. A larvae derived from parents acclimated to present-day and 2100 (+2°C/pH
7.80) conditions. Larvae from both parental treatment groups were cultured in present-day
(26°C/pH 8.10) and 2100 (28°C/pH7.8) conditions. Boxes not sharing a common letter indicate
significant differences in post-hoc analyses.

At 8 dpf, postoral arm lengths (Figure 3.4) were influenced by an interaction
between parent treatment and offspring treatment (F(1 ,31) = 6.543; P = 0.016),
with larvae derived from parents acclimated to 2100 conditions having longer
postoral arms when raised in 2100 conditions compared to present-day conditions,
with no significant differences among other groups (Table 3.2). Although postoral
arm asymmetry (Figure 3.4) was low in all treatments (<10% average difference
in arm lengths), larvae derived from present-day parents exhibited slightly
greater asymmetry compared to larvae derived from parents acclimated to 2100
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conditions (F(1,

31)

= 5.421; P = 0.026), however the difference was not

statistically significant in post-hoc analyses and there was no interaction between
factors (Table 3.2).

Analysis of covariance found that the relationship between postoral arm and body
length for 8 dpf larvae was dependent up parent and offspring treatment (F(3, 333)
= 5.858; P < 0.001, Table 3.2), with larvae raised in 2100 conditions having
smaller postoral arms relative to body length (slopes: 0.687 and 0.885 for offspring
of present-day parents cultured in 2100 treatments and offspring of 2100 parents
cultured in 2100 treatments, respectively) compared to larvae raised in present
day conditions (slopes: 1.214

and 1.299 for offspring of present-day parents

cultured in present-day treatments and offspring of 2100 parents cultured in
present-day treatments, respectively) (Figure 3.5). Additionally, larvae raised in
2100 conditions which originated from parents acclimated to 2100 conditions had
similar postoral arm lengths to other treatment groups but longer body lengths
(Appendix 7).
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Figure 3.5 Postoral arm vs. body length of 2 and 8 day old Echinometra sp. A larvae derived
from parents acclimated to present-day and 2100 (+2°C/pH 7.80) conditions. Larvae from both
parental treatment groups were cultured in present-day (26°C/pH 8.10) and 2100 (28°C/pH7.8)
conditions. Linear regression equations for postoral arm lengths at 2 days: (present day – present
day: y = 0.858x - 45.034, R2 = 0.761; present day – 2100: y = 0.914x - 56.808, R2 = 0.805; 2100
– present day: y = 0.801x – 27.752, R2 = 0.741; 2100 – 2100: y = 0.946x – 66.426, R2 = 0.864)
and 8 days: (present day – present day: day: y = 1.299x + 232.06, R2 = 0.634; present day –
2100: y = 0.687x + 371.67, R2 = 0.309; 2100 – present day: y = 1.214x + 214.60, R2 = 0.468;
2100 – 2100: y = 0.885x + 310.64, R2 = 0.452).
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Table 3 .2 Linear mixed effects models and analysis of covariance of postoral arms lengths, larval asymmetry, and postoral arm length vs. total larval length of
Echinometra sp. A larvae derived from parents acclimated to either present-day or 2100 (+2°C/ pH 7.80) conditions raised in reciprocal treatments.

2 days post-fertilisation
Df

MS

Postoral arm length
Parent treatment
1
580.1
Offspring Treatment
1
8531.8
Parent treatment x
Offspring treatment
1
0.2
Residuals
31
97.8
Asymmetry
Parent treatment
1
0.029
Offspring Treatment
1
0.182
Parent treatment x
Offspring treatment
1
0
Residuals
31
5.896
Postoral arm vs. body length
Body length
1
231179
Treatment
3
316
Body length x
Treatment
3
419
Residuals
639
94.498

F

P

6.769
99.549

0.014
<0.001

0.003

0.959

0.154
0.983

0.698
0.329

0.001

0.974

2443.626
3.344
4.426

<0.001
0.019
0.004

8 days post-fertilisation

Parent treatment
Offspring Treatment
Parent treatment x
Offspring treatment
Residuals
Parent treatment
Offspring Treatment
Parent treatment x
Offspring treatment
Residuals
Body length
Treatment
Body length x
Treatment
Residuals

61

Df

MS

F

P

1
1

39.8
4184

0.323
3.399

0.858
0.075

1
31

8052.9
1529.9

6.543

0.016

1
1

0.393
0.128

5.421
1.759

0.026
0.194

1
31

0.042
0.075

0.579

0.452

1
3

783274
13164

3
333

20056
3413.874

228.786 <0.001
0.01
3.845
5.858

<0.001

3.4.2 Larval survival

Larval survival declined over the course of the experiment (Figure 3.6) and was
influenced by an interaction between time (day) and parent treatment (F(2, 93) =
7.85; P < 0.001; Table 3.3). At 2 dpf, survival of larvae raised in present-day
conditions ranged from 90.6% (±8.13) to 89.6% (±4.69) for offspring of parents
acclimated to present-day and 2100 conditions, respectively. For larvae raised in
2100, survival of offspring of present-day parents was 86.7% (±5.17) and for
offspring of 2100 parents 87.3% (±3.54). Survival declined in all treatments at 8
dpf with survival of larvae raised in present-day conditions ranging from 69.1%
(±3.29) for offspring of present-day parents and 67.5% (±2.76) for offspring of
2100 parents. For larvae raised in 2100 conditions, survival of offspring of presentday parents was 61.2% (±3.39) and for offspring of 2100 parents, survival was
58.3% (±3.88). At 15 dpf, survival did not significantly decline in offspring of
present-day parents regardless of larval treatment (59.9% ±3.41 and 64.6% ±3.89
for larvae raised in present-day and 2100 conditions respectively). However,
survival continued to decline in offspring of 2100 parents with survival of larvae
falling to 50.6% (±1.89) in larvae raised in present-day conditions and 43.7%
(±1.99) in larvae raised in 2100 conditions.
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Figure 3 .6 Average (±SE) proportion of surviving Echinometra sp. A larvae derived from parents
acclimated to present-day and 2100 (+2°C/pH 7.80) conditions. Larvae from both parental
treatment groups were cultured in present-day (26 °C/pH 8.10) and 2100 (28°C/pH7.8) conditions
to 15 days post fertilisation.

Table 3 .3 Linear mixed effects models of survival of Echinometra sp. A larvae derived from
parents acclimated to present-day and 2100 (+2°C/pH 7.80) conditions.

Parent treatment
Offspring treatment
Day
Parent treatment x
Offspring treatment
Parent treatment x Day
Offspring treatment x Day
Parent treatment x
Offspring treatment x Day
Residuals

Df
1
1
2

MS
0.049
0.023
0.416

F
9.725
4.613
82.587

P
0.002
0.030
< 0.001

1
2
2

0.009
0.04
0.007

1.753
7.85
1.383

0.189
< 0.001
0.256

2
93

0.006

1.285

0.281
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3.4.3 Respiration

Respiration rates of larvae were influenced by a significant interaction between
parent treatment and offspring treatment (F(1,

35)

= 25.731; P < 0.001; Table

3.4). Post-hoc analyses indicated that respiration rates were higher in larvae from
parents acclimated to 2100 conditions when they were also raised in 2100
conditions compared to all other treatments, while respiration rates were reduced
in offspring from present-day parents raised in 2100 conditions (Figure 3.7).

pmol O2 larva−1 h−1
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Figure 3 .7 Respiration rates (p mol O2 larva-1 h-1 ) of 5 day old Echinometra sp. A derived from
parents acclimated to present-day and 2100 (+2°C/pH 7.80) conditions. Larvae from both
parental treatment groups were cultured in present-day (26 °C/pH 8.10) and 2100 (28°C/pH7.8)
conditions.
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Table 3 .4 Two-way analysis of variance of larval respiration of Echinometra sp. A larvae derived
from parents acclimated to present-day and 2100 (+2°C/pH 7.80) conditions raised in reciprocal
treatments.

Parent treatment
Offspring treatment
Parent treatment x
Offspring treatment
Residuals

Df
1
1

MS
3.131
0.048

F
18.98
0.434

P
<0.001
0.514

1
35

4.548
6.186

25.731

<0.001
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3.5 Discussion
Contrary to the initial hypothesis, this study found little evidence to suggest that
acclimation of adult Echinometra sp. A to ocean warming and acidification
improved resilience of offspring raised in the same conditions. Although offspring
of parents acclimated to 2100 conditions were larger compared to offspring of
present-day parents during early larval development, these larvae exhibited
higher rates of mortality. By 15 dpf, survival of larvae from 2100 parents declined
to approximately 51% in present-day conditions and 44% in 2100 conditions
compared to approximately 60% and 65% survival in offspring of present-day
parents when raised in present-day and 2100 conditions, respectively.
Additionally, offspring of present-day and 2100 acclimated parents had
contrasting metabolic responses to warming and acidification. Respiration rates
of larvae derived from present-day parents declined by approximately 37% while
respiration increased by 109% in larvae from 2100 parents, suggesting that higher
mortality may be due to increased energetic costs in larvae from 2100 parents.

The environment experienced by both parents and offspring had significant
effects on growth and development of larvae. At both 2 and 8 dpf, offspring from
present-day and 2100 acclimated parents were larger when raised in 2100
conditions compared to present-day conditions. Moderate temperature increase
is known to accelerate development in echinoderms (Byrne et al., 2013c; Karelitz
et al., 2017; Lamare et al., 2018) so this result is not unexpected. Larvae derived
from 2100 parents were also generally larger than larvae derived from presentday parents within each offspring treatment group and at 8 dpf, the ratio of
postoral arm length to body length indicated that when raised in 2100 conditions,
these larvae were more developmentally advanced than larvae from other
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treatment groups. Late stage pluteus larvae typically have larger bodies relative
to postoral arms (Smith et al., 2008; Arnone et al., 2015). Similar responses have
been observed in embryonic stages of the sea urchin S. purpuratus (Wong et al.,
2018, 2019) and in larval stages of the oyster Saccostrea glomerata (Parker et al.,
2012) whose parents had been acclimated to low seawater pH conditions and may
be due to differences in maternal provisioning. Wong et al. (2019) found that
eggs derived from female S. purpuratus acclimated to upwelling conditions (low
pH and low temperature) had higher lipid content compared to those acclimated
to non-upwelling conditions, although much like the present study, parental
acclimation did not significantly influence egg size. Lipids are a major source of
energy for growth and development of embryonic and larval stages of
echinoderms (Villinski et al., 2002; Sewell, 2005; Byrne et al., 2008; Prowse et al.,
2017) and higher energetic content of eggs may explain the larger offspring of
2100 parents. While the experimental design used in the present study does not
allow for the separation of maternal and paternal effects on development of
larvae, paternal effects may have also contributed to differences in growth and
development of larvae. Epigenetic variation can be transmitted from either parent
and recent studies have found that the paternal environment can influence the
phenotype of offspring (Crean et al., 2013; Lane et al., 2015; Guillaume et al.,
2016). For instance, paternal exposure to low seawater pH (pH 7.80) increased
the growth rates of offspring in the tube worm Hydroides elegans (Lane et al.,
2015).

Parental effects can be complex and often vary throughout ontogeny (Lindholm
et al., 2006; Badyaev & Uller, 2009), resulting in improvements in some traits or
developmental stages while adversely affecting others (Heath et al., 1999;
Marshall, 2008). For example, bryozoans exposed to copper produced larger
larvae with greater toxicant resistance compared to copper naïve larvae, although
67

despite performance gains during larval development, the high nutritional
demand associated with copper resistance led to lower post-metamorphic survival
(Marshall, 2008). Here, a similar response was observed in offspring of
Echinometra sp. A. acclimated to warming and acidification. At 2 dpf, larvae
from 2100 acclimated parents were larger than offspring of present-day parents
but suffered from higher mortality downstream. Higher respiration rates in larvae
from 2100 parents may signify an increase in resources/energy used in early
development as parents “prime” their offspring for adverse environments. This
has been observed in other species, most notably the sea urchin S. purpuratus
where larvae originating from parents acclimated to OA upregulate genes related
to ATP production and gene pathways associated with acid-base maintenance
(Evans et al., 2017; Wong et al., 2018). While a stronger or more immediate
response may temporarily improve tolerance to harsh environmental conditions,
the increased energetic demand for regulatory processes may also come at a cost
to other biological functions or life-history stages (carryover effects), as observed
here.

Although mortality in offspring raised in 2100 conditions as well as offspring of
2100 parents is concerning, this may be interpreted as a sign that there is enough
standing genetic diversity within these populations for selection to take place. A
recent study on copepods found that populations raised in high pCO2 conditions
showed changes in allele frequencies and expression of genes associated with
maintenance in OA conditions (De Wit et al., 2016). Similar responses have also
been observed in the sea urchin S. purpuratus, where exposure to OA induced
allelic shifts and changes in gene expression consistent with populations locally
adapted to low pH due to seasonal upwelling events (Pespeni et al., 2013b;
Brennan et al., 2019). In both of these cases, enough genetic variation was present
within populations to facilitate rapid adaptive responses to environmental
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change. In contrast, Uthicke et al. (2019) found that Echinometra sp. C
inhabiting CO2 vents showed little evidence of adaptation to low pH in terms of
genetic responses. In order to determine whether mortality observed in
Echinometra sp. A larvae was in fact due to selection, similar molecular analysis
will be needed. Although, it is still unknown whether evolutionary responses will
be fast enough to save populations from collapse in future ocean conditions, and
it is important to note that selection is likely to reduce overall genetic variation
within populations. Additionally, even if surviving larvae are better equipped to
tolerate warmer, more acidic ocean conditions, mortality of larvae in the plankton
is typically high (Rumrill, 1990; Lamare & Barker, 1999) and any future lowering
of survival rates in larvae under future ocean conditions could have consequences
for persistence of this species.

Previous studies on sea urchins found that long-term parental exposure to ocean
acidification and warming did not adversely affect survival of larvae (Dupont et
al., 2013; Suckling et al., 2015). In contrast, the present study found that offspring
of parents acclimated to 2100 conditions exhibited consistent declines in fitness
and survival following the initial period of positive parental effects seen at 2 dpf.
This

may

suggest

that

carryover

effects

from

parental

exposure

or

stress/energetic costs incurred in early development reduced fitness in later stages
(Ross et al., 2016; Donelson et al., 2018), despite the fact that no differences in
egg size were found. Negative carryover effects following exposure of early
developmental stages to stressful environments have been observed in a number
of marine organisms, including sea urchins, in response to both warming and
acidification (Ross et al., 2016). For instance, Dupont et al. (2013) found that
larval exposure to high pCO2 drastically reduced juvenile survival. Similar
responses have also been observed in oysters, where juveniles which had been
exposed to OA during larval development exhibited lower growth rates and
69

suffered higher mortality than oysters with no prior exposure to OA (Hettinger
et al., 2012, 2013). If in fact mortality was the result of accumulated stress in
2100 conditions it may be expected that the fitness of surviving larvae would
continue to decline and carryover into juveniles, as observed in S. droebachiensis
(Dupont et al., 2013). This effect may be exacerbated by deleterious carryover
effects from parental acclimation in offspring of 2100 parents and may explain
the higher mortality seen in these larvae at 15 days.

Respiration rates of larvae raised in present-day conditions were similar in larvae
derived from present-day and 2100 acclimated parents. However, when larvae
were cultured in 2100 conditions, offspring of present-day acclimated parents
exhibited reduced respiration compared to all of the other treatment groups while
respiration rates of offspring from parents acclimated to 2100 conditions doubled.
Other studies have found that respiration rates (a proxy for metabolic rates)
increase in pluteus larvae under moderate acidification (Stumpp et al., 2011b) as
well as in adult Echinometra sp. A in response to warming and acidification
(Uthicke et al., 2013, 2014). This is likely due to the increasing energetic demand
for maintaining acid-base homeostasis (Pörtner et al., 1998; Martin et al., 2011;
Stumpp et al., 2011a) as well as the well documented stimulating effect of
temperature on metabolism (Enquist et al., 2003; Brown, 2004; Hofmann &
Todgham, 2010). Assuming Q10 values between Q2 and Q3, realistic values for
echinoderm larvae (Strathmann & Strathmann, 1994; Emlet, 1995; DÍaz et al.,
2017), a 2°C increase from 26°C to 28°C would be expected to raise metabolic
rates of larvae by 14.9 to 24.5%. For offspring of 2100 parents, an increase in
respiration of 109.5% was observed when these larvae were raised in 2100
conditions, leaving 85 to 94.6% of the increase in respiration/metabolic rate to
be explained by seawater pH and parental influence as well as increased body
size. Larger larvae have higher oxygen consumption rates, therefore it is likely
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that the larger size of these larvae contributed to higher respiration rates,
although the relationship between respiration and body size cannot be directly
compared in this study.

In contrast, respiration rates of larvae derived from present-day acclimated
parents declined by 36.8% when raised in 2100 conditions. Pluteus larvae of S.
purpuratus also exhibited metabolic depression and reduced respiration when
exposed to the combination of warming and acidification, however on their own,
temperature increase resulted in higher metabolic and respiration rates and
reduced pH had no effect (Padilla-Gamiño et al., 2013). Metabolic depression
may indicate an acute stress response to the combined effects of warming and
acidification where energy allocated to non-essential processes is limited (Pörtner,
2008). The contrasting responses observed here highlight different coping
strategies imprinted on offspring depending upon the parents own environmental
history. Larvae derived from present-day acclimated parents appear to conserve
energy at the expense of growth while larvae derived from 2100 parents appear
to not only compensate for physiological stress but continue to allocate large
amounts of energy toward growth and development.

The findings of this study illustrate a trade-off in offspring derived from parents
acclimated to 2100 conditions, favouring performance in early development.
However, in a laboratory setting, the ecological significance of such a response
can be difficult to interpret. Larger larvae with longer postoral arms, as observed
in early development of offspring of parents acclimated to 2100 conditions,
generally indicates higher fitness. Longer postoral arms in particular can translate
to enhanced feeding and swimming ability (Emlet, 1983; Grünbaum &
Strathmann, 2003), which improves the chances of evading predation (Allen,
2008) and decreases the length of the vulnerable planktonic life-history stage
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(Lamare & Barker, 1999). Emphasis on developmental success in early larval
stages may propel larvae of acclimated parents through a natural bottleneck in
adverse environments, increasing the number of propagules that reach settlement,
which may outweigh slightly higher mortality in late larval development.

Other studies on Echinometra spp. have indicated that parental acclimation may
not alleviate negative effects of OA on offspring development, such as stunted or
abnormal growth (Uthicke et al., 2013; Lamare et al., 2016). Here, larvae raised
in 2100 conditions were generally larger and more developmentally advanced
compared to larvae raised in present-day conditions. This may be due to several
factors: First, the low pH treatment used in this study (pH 7.80) was relatively
moderate compared to other studies which have used pH treatments as low as
pH 7.5 (Uthicke et al., 2013; Lamare et al., 2016). Second, the present study
combined low pH with +2°C temperature increase. Moderate warming can act
as a metabolic stimulant, increasing growth and development rates (HoeghGuldberg & Pearse, 1995; Stanwell-Smith & Peck, 1998; Lamare et al., 2018) and
can counteract the stunting effect of OA on echinoderm larvae (Sheppard
Brennand et al., 2010; Byrne, 2011; Byrne et al., 2013c). End of century
predictions for summer sea surface temperatures during the spawning period of
the study population likely fall within the thermal tolerance range of Echinometra
sp. A as sea surface temperatures in the study area already reach 28°C in late
summer (Lamare et al., 2014). Additionally, adult urchins were collected from
Rib Reef during the 2016 marine heatwave where temperatures in the region
reached nearly 30°C (Bainbridge, 2017); even present-day urchins had some
history of exposure to warming, although it is unlikely that this would have
influenced offspring responses as two gametogenic cycles had been completed
while the urchins were in treatments prior to spawning. While this mid-reef
population may not be as adversely affected by future warming, temperature
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increases of +2°C may exceed the thermal tolerance of northern Great Barrier
Reef populations, which may be living close to their thermal limit.

This study finds that although parental environment played a role in
development and fitness of offspring, there was little evidence to suggest that
offspring of parents acclimated to ocean warming and acidification were more
resilient to these stressors than parents acclimated to present-day conditions.
Although offspring of parents acclimated to 2100 conditions exhibited enhanced
growth rates in early development (2 dpf), this did not persist throughout
development and negative carryover effects resulted in higher mortality in these
larvae by 15 dpf, as larvae were nearing metamorphosis (Uthicke, unpublished
data). Cumulative effects of climate stressors can have important consequences
in the field, where mortality of planktonic larvae is far higher than laboratory
experiments (Rumrill, 1990; Lamare & Barker, 1999) and reduced fitness would
likely result in even lower survival of larvae to settlement. To date, few
multigenerational studies on echinoderms have followed the effects of climate
stressors throughout larval development (but see Dupont et al., 2013 and
Suckling et al., 2014) and as a consequence, many studies may not have detected
carryover effects which may arise in late developmental stages. For instance, here,
negative carryover effects became apparent in larvae after 15 dpf, but this was
not observed in previous studies on Echinometra spp., which only raised larvae
to 2 dpf (Uthicke et al., 2013; Lamare et al., 2016). For many species,
developmental stages represent life-history bottlenecks and understanding the
effects of climate stressors across generations as well as throughout these key
developmental phases will be important in predicting responses of species in
future ocean conditions.
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warming and acidification
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4.1 Abstract
The ability for marine organisms to acclimate to changing environments will play
a critical role in the persistence of many species under future ocean conditions.
However, the mechanisms underlying acclimation to key climate change stressors
are poorly understood. To gain a better understanding of the molecular processes
resulting in acclimation, the morphological and transcriptomic responses to ocean
warming (+2°C/mean = 28°C) and acidification conditions (-0.3 pH/pH 7.80)
predicted for the year 2100 were compared in gastrula and pluteus stages of the
sea urchin Echinometra sp. A which were derived from parents cultured in
ambient, present-day conditions, and parents acclimated to 2100 treatments. The
greatest differences in gene expression among treatments were found at the
gastrula stage and this was primarily influenced by parent treatment. When
raised in 2100 treatments, gastrula derived from parents acclimated to 2100
conditions upregulated genes involved in calcification but downregulated the
histone H3 and genes involved in several key developmental pathways, indicating
that gastrula from 2100 acclimated parents may allocate more energy toward
calcification than gastrula from parents cultured in present-day conditions. Far
fewer genes were differentially expressed in pluteus stage larvae and parental
treatment no longer had a dominant effect. Additionally, when raised in 2100
treatments, pluteus larvae derived from parents acclimated to 2100 conditions
were larger and potentially more developmentally advanced than larvae derived
from parents cultured in present-day conditions. The results of this study indicate
that parental acclimation to ocean warming and ocean acidification may help to
promote growth and calcification during early developmental stages.
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4.2 Introduction
As interest shifts from the acute, short-term effects of climate change on
organisms,

greater emphasis is being placed on the potential for marine

organisms to acclimate and adapt to rapidly changing environments (Torda et
al., 2017; Eirin-Lopez & Putnam, 2019). A number of recent studies have
indicated that phenotypic plasticity and non-genetic inheritance are likely to be
important drivers of acclimation (reviews Ross et al. 2016; Donelson et al. 2018),
however there is still uncertainty surrounding the underlying mechanisms
involved. Understanding the molecular basis for acclimation is an important step
in predicting how species and ecosystems will respond to future ocean conditions,
as well as aid in the identification of species most at risk (Somero, 2010).

Ocean acidification (OA) may impose a range of metabolic costs on many marine
organisms due to the necessity of maintaining acid-base homeostasis (Pörtner et
al., 1998; Langenbuch & Pörtner, 2002; Todgham & Hofmann, 2009; Tomanek,
2010). For developmental stages of sea urchins, exposure to reduced pH seawater
(pH 7.5 to pH 7.80) often results in upregulation of ion transporters and ATP
production (Todgham & Hofmann, 2009; O’Donnell et al., 2010; Martin et al.,
2011; Stumpp et al., 2011a, 2012a; Pan et al., 2015; Wong et al., 2018), which
can be metabolically demanding as ion-pumps already account for a considerable
portion of an individual’s normal energy budget (Leong & Manahan, 1997, 1999).
As a result, ocean acidification is often associated with shifts in the allocation of
resources toward maintaining homeostasis, potentially at the expense of less
essential processes such as growth and development (Stumpp et al., 2011a, 2012a,
2012b). This energetic cost, when coupled with the reduced saturation state of
calcium carbonate, which can impair biomineralisation, may drive the stunting
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effect commonly observed in calcifying sea urchin larvae raised in low pH
conditions (Byrne et al., 2013a).

The effects of temperature on marine organisms have been well characterised,
with moderate increases in temperature generally acting as a metabolic stimulant,
increasing developmental rates and reducing planktonic larval duration (HoeghGuldberg & Pearse, 1995; Stanwell-Smith & Peck, 1998; Brown, 2004; Hofmann
& Todgham, 2010; Karelitz et al., 2017; Lamare et al., 2018). This positive
relationship holds until temperatures reach a thermal tipping point where
performance begins to decline and organisms may experience metabolic
depression and a switch toward anaerobic performance, as well expression of
molecular defences such as the heat-shock response (Lindquist, 1986; Parsell &
Lindquist, 1993; Pörtner, 2001; Runcie et al., 2013; Pörtner et al., 2017). These
responses to acute thermal stress are typically short-term coping mechanisms,
and sustained or elevated temperatures can lead to protein denaturation and will
eventually become lethal (Pörtner, 2001; Pörtner & Farrel, 2008; Hofmann &
Todgham, 2010). Early developmental stages of sea urchins are limited in their
ability to mount a heat-shock response, relying instead on maternal provisioning
of heat-shock proteins (Roccheri et al., 1981; Sconzo et al., 1995; Giudice et al.,
1999). Studies have shown that these stages are particularly sensitive to
temperature increase, with increases of 2° to 4°C above ambient temperatures
resulting in abnormal or arrested development (Byrne & Przeslawski, 2013;
Karelitz et al., 2017), suggesting that these stages may represent life-history
bottlenecks under future ocean warming.

Much of the current understanding of the molecular responses of sea urchin larvae
to climate change stressors comes from studies using the progeny of adults which
had been maintained in ambient conditions (Todgham & Hofmann, 2009;
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O’Donnell et al., 2010; Martin et al., 2011; Stumpp et al., 2011a; Hammond &
Hofmann, 2012; Kurihara et al., 2012; Padilla-Gamiño et al., 2013; Pan et al.,
2015). Although these studies have provided valuable insight into the pathways
involved in compensatory processes, they fail to identify potential avenues for
acclimation. Evidence that parental acclimation can increase resilience of
offspring to the detrimental effects of ocean warming and acidification is
accumulating (Dupont et al., 2013; Suckling et al., 2014, 2015), however the
molecular basis for these responses is still poorly understood.

To date, only a handful of studies have investigated the transcriptomic responses
of larvae derived from parents with a history of exposure to low or variable pH
(Evans et al., 2013, 2017; Wong et al., 2018; Clark et al., 2019). Each of these
studies have found that the parental environment can play an important role in
shaping the timing and degree to which key transcripts are expressed during
offspring development. For instance, gastrula stages of Strongylocentrotus
purpuratus originating from females which had been conditioned in low pH
seawater (pH 7.76) for 4.5 months downregulated genes associated with
epigenetic processes and upregulated genes associated with ion transport and
ATP synthesis compared to offspring of females cultured in ambient conditions
(Wong et al., 2018). Similarly, offspring of adult S. purpuratus inhabiting regions
that experience frequent episodes of low pH seawater due to coastal upwelling
upregulate genes related to ATP production during early development when
compared to larvae derived from parents inhabiting regions that experience low
pH less frequently (Evans et al., 2017). For the sea urchin Psammechinus
miliaris, larvae derived from parents conditioned in low pH treatments (pH 7.72)
for 2 months upregulated antioxidant genes and genes related to immune
responses when exposed to low pH compared to offspring from parents cultured
in ambient conditions (Clark et al., 2019). Collectively, these studies suggest that
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parents exposed to low pH seawater prepare their offspring for similar
environmental conditions by “jump starting” processes such as acid-base
regulation, or by priming offspring with defence mechanisms for potentially
stressful environments.

Little is known about the mechanisms which may drive thermal acclimation in
echinoderms, however studies on other taxa have indicated that increases in
energy production may play a key role in acclimating to elevated temperature.
For example, recent multigenerational studies on the coral reef fish,
Acanthochromis polyacanthus, have reported upregulation of mitochondrial
activity, metabolic genes, and genes associated with energy production in fish
acclimated to temperatures 1.5°C to 3°C above ambient (Veilleux et al., 2015;
Bernal et al., 2018; Ryu et al., 2018). These responses are suggested to provide
more energy for maintaining ion homeostasis and repairing damage due to
thermal stress and align with physiological responses (increased respiration rates)
previously observed in Echinometra sp. A acclimated to temperatures +2°C
above ambient (Karelitz et al., 2020, Chapter 3).

Current literature on the molecular processes involved in acclimation of sea
urchins to climate stressors is limited to studies on responses to ocean
acidification as a single stressor. However, ocean acidification and ocean warming
are occurring simultaneously, and it is important to understand how organisms
respond to the combined effects of both variables. For tropical species in
particular, rising temperatures may be a more immediate threat than acidification
as these organisms may be living close to their upper thermal limits (Somero,
2010). The ability of these organisms to compensate for and acclimate to ocean
warming may have important implications for species persistence under future
ocean conditions. This may be particularly important for sensitive, early life79

history stages which may represent life-history bottlenecks (Byrne, 2011; Byrne
& Przeslawski, 2013).

To gain a better understanding of the capacity for the tropical sea urchin
Echinometra sp. A to acclimate to changing ocean environments, the present
study examined transcriptomic responses to temperature increase (+2°C above
ambient) and low pH (-0.3 pH/pH 7.80) in two developmental stages. These
offspring were derived from parents cultured for 20 months in either ambient
(mean = 26°C/pH 8.10) or predicted near future (mean = 28°C/pH 7.80)
seawater treatments. Sea urchin larvae undergo rapid development and
morphological change (Arnone et al., 2015), and parental acclimation may impart
critical benefits for their survival to changing ocean conditions.
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4.3 Methods
4.3.1 Adult urchin collection, treatment, and larval rearing

Collection and treatment of adult urchins as well as larval rearing was performed
as described in Karelitz et al. (2020) (Chapter 3, sections 3.3.1 and 3.3.2). Briefly,
adult Echinometra sp. A were collected by SCUBA from Trunk Reef in the
central Great Barrier Reef (146° 50’E, 18° 24’S) in March 2016 and transported
to the Australian Institute of Marine Science’s National Sea Simulator facilities,
where they were cultured for 20 months in mesocosms (N=3 per treatment level)
simulating either present-day seawater conditions or those predicted for the year
2100 (+2°C/pH 7.80), with treatments based on the RCP 8.5 emissions scenario
(Meinshausen et al., 2011; Collins et al., 2013). Each mesocosm contained 24
urchins (3 to 4 cm test diameter) and there was no mortality in urchins over the
20 month acclimation period, nor were there differences in growth or fecundity
(Uthicke et al., 2020). Gametes from four females and four males from each
mesocosm were used to generate larval cultures (N=3 cultures per adult
treatment), which were raised in present-day (26°C/pH 8.10) and 2100 (28°C/pH
7.80) seawater treatments (Figure 4.1).
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Figure 4 .1 Experimental design where adult Echinometra sp. A were cultured for 20 months in
either ambient, present-day conditions (P) or predicted future 2100 conditions (F, +2 °C/pH
7.80) and offspring from each parent treatment group were raised in present-day (26 °C/pH 8.10)
and 2100 (28°C/pH 7.80) treatments. Capital letters indicate parental treatment and lowercase
letters indicate offspring rearing conditions.

4.3.2 Larval sample collection and morphometric analysis

Larval samples were collected as part of the experiment described previously by
Karelitz et al. (2020) (Chapter 3, sections 3.3.1 and 3.3.2), during which they
were cultured in 500 mL Schott bottles at an initial concentration of 10 larvae
mL-1. Samples were collected at the gastrula stage (approximately 16 hours postfertilisation (hpf)) and at the four armed pluteus stage which occurred at 5 days
post-fertilisation (dpf). At the first sampling time point (~16 hpf), approximately
2,500 larvae were collected, and Schott bottles were topped up with filtered
treatment seawater leaving a concentration of 5 larvae mL-1 until the remainder
of the larvae (2,500 larvae) were sampled at 5 dpf. At each sampling time point,
larvae were concentrated via filtration through a mesh screen (80 µm) and
transferred to 2 mL Eppendorf tubes. Samples were centrifuged for 30 seconds at
5,000 g and excess seawater was removed from the pellet before fixing in 1 mL
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RNAlater. Samples were stored at 4°C for 24 hours and then kept at -20°C until
use.

For morphometric analysis, an additional subsample of larvae was collected from
each replicate at 5 dpf and photographed using an Olympus BH-2 microscope
fitted with a Pixelink digital camera (model #PL-B623CU) at 4´ magnification.
Postoral arm lengths and total body length of 20 larvae (as available) from each
replicate Schott bottle (N=3) were measured using ImageJ software (Schneider
et al., 2012) (Figure 4.2).

Linear mixed effects models were used to assess the influence of parental
environment and offspring treatment on average postoral arm lengths and body
lengths of larvae. Both models used parent treatment and offspring treatment as
fixed factors and experimental block was considered a random effect. Models were
fitted using the R package lme4 (version 1.1-21) (Bates et al., 2015) and posthoc contrasts were performed using the R package emmeans (version 1.4.1)
(Lenth, 2019).
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Figure 4 .2 Mesocosm outdoor system at the National Sea Simulator at the Australian Institute
of Marine Science, Townsville, QLD, Australia (a). Adult Echinometra sp. A within the coral
rubble inside an environmental mesocosm (b). An illustration of a four-armed pluteus indicating
the morphometric measurements of postoral arms (PO) and body length (BL) (c).

4.3.3 RNA extractions and sequencing

Fixed larval samples were diluted with 700 µl RNase free water and pelleted by
centrifugation for 30 seconds at 10,000 g and the supernatant was removed. Total
RNA was extracted from 24 samples (4 treatment groups, 2 timepoints with 3
replicate pools per timepoint) using a RNeasy Micro Kit (Qiagen, Hilden,
Germany) following the manufacturer’s protocol. RNA concentration was
measured using a Qubit 2.0 fluorometer (Life Technologies, Carlsbad, CA, USA)
and purity was determined using a NanoDrop 2000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). RNA quality was further assessed using an
Agilent 2100 Bioanalyzer with the Agilent RNA 6000 Nano Kit (Santa Clara,
CA, USA). 24 complimentary DNA (cDNA) libraries were prepared using an
Illumina TruSeq Stranded mRNA kit (San Diego, CA, USA) and were sequenced
on an Illumina HiSeq 2500 sequencer (San Diego, CA, USA) with 125 base pair
(bp) paired end reads across two lanes. Library preparation and sequencing were
performed by Otago Genomics, University of Otago, Dunedin, New Zealand.
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4.3.4 De novo transcriptome assembly

Initial read quality was assessed using FastQC (Andrews, 2010). Trimmomatic
(version 0.38) (Bolger et al., 2014) was used to remove adapter contamination
and to trim low quality reads (where the average phred quality score dropped to
less than 20 over a 4 bp window), and remove reads with lengths <25 bp. Four
de novo transcriptomes were assembled via Trinity (version 2.8.5, kmer = 25)
(Grabherr et al., 2011), rnaSPAdes (version 3.13.1, kmers = 55 and 75)
(Bushmanova et al., 2019) and BinPacker (version 1.47.0, kmer = 25) (Liu et al.,
2016), using one trimmed read from each treatment group, limiting bias and
computational resources (Honaas et al., 2016; MacManes, 2016). Assemblies were
then combined using EvidentialGene (Gilbert, 2013), which eliminates
redundancy amongst assemblies by removing duplicate transcripts and selects
“perfect fragments”, or the longest of two or more identical coding sequences
(CDS), to reduce false transcripts. The MCSC decontamination pipeline (LafondLapalme et al., 2017) was used to remove contaminants including algae and
bacteria from the final assembly, retaining only transcripts identified as belonging
to the kingdom Animalia. Transcriptome quality and completeness were assessed
using TransRate (version 1.0.3) (Smith-Unna et al., 2016) and BUSCO (version
3.0.2) (Simão et al., 2015) using the single-copy ortholog reference for metazoans.

4.3.5 Annotation and read alignment

Annotation of the assembly was carried out using the Trinotate software suite
(version 2.8.5) (Grabherr et al., 2011). Transcript coding region predictions were
generated using TransDecoder (version 5.5.0). Transcript sequences and protein
predictions were annotated to the UniProt database (The UniProt Consortium,
2017) using BLASTX and BLASTP (version 2.9.0) with an E-value cut-off of 1085
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. Protein domains were analysed using HMMER (version 3.2.1) (Finn et al.,

2011) and Pfam (version 32.0) (Punta et al., 2012). Transmembrane domains and
signal peptides were analysed with tmHMM (version 2.0) (Krogh et al., 2001)
and signalP (version 4.0) (Peterson et al., 2011). Trinotate also returned
functional annotations by leveraging the GO (The Gene Ontology Consortium,
2000), eggNOG (Powell et al., 2012) and KEGG (Kaneisha et al., 2012)
databases. In addition, contigs were searched against the Strongylocentrotus
purpuratus and Lytechinus variegatus protein sets (www.echinobase.org, Cary et
al., 2018) using BLASTX and BLASTP (BLAST version 2.6.0) with an E-value
cut-off of 1e-3 due to the divergent relationship between speices (>40ma years).
Trimmed reads were aligned to the de novo transcriptome using STAR (version
2.7.0) (Dobin et al., 2013) and read counts per transcript were generated using
Salmon (version 0.14.0) (Patro et al., 2017).
4.3.6 Differential expression analysis

To understand expression changes in response to parental and larval culturing
treatments for gastrula and pluteus stage larvae, the edgeR package (version
3.26.6) (Robinson et al., 2010; McCarthy et al., 2012) was used to apply a
generalised linear model (negative binomial error distribution) to the read count
data. Transcript read counts were first filtered to exclude transcripts with fewer
than 5 reads per sample, leaving 88,229 and 56,159 transcripts for gastrula and
pluteus stages, respectively. Read counts were then normalised using the
weighted trimmed mean of M-values (TMM method) and multi-dimensional
scaling (MDS) plots were generated using the top 500 differentially expressed
genes determined strictly by fold change differences among libraries using log
counts per million. A contrast matrix was generated for pairwise comparisons
within each developmental stage among the treatments to test for differentially
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expressed genes (DEGs) among progeny from the four treatment groups,
including: progeny derived from parents cultured in present-day conditions also
raised in present-day conditions (Pp), progeny from present-day parents raised
in predicted future 2100 conditions (Pf), progeny generated from parents cultured
in 2100 conditions and raised in present-day conditions (Fp), and progeny from
2100 parents which were also raised in predicted 2100 conditions (Ff). Thus, for
each developmental stage there were five contrasts of interest: Pf vs. Pp, Fp vs.
Pp, Ff vs. Pp, Ff vs. Pf and Ff vs. Fp. Statistical significance (p-value < 0.05) of
log fold changes were corrected for multiple testing using the false discovery rates
(FDR) methods described by Benjamini & Hochberg (1995). Heatmaps
comparing log fold change of significantly differentially expressed transcripts
(FDR < 0.05) were generated using the heatmap.2 function of the R package
gplots (version 3.0.1.1) (Warnes et al., 2019). To understand the biological
processes most pertinent to temperature and pH acclimation, enrichment analysis
was performed on differentially expressed transcripts (adjusted p-value < 0.05)
from each pairwise comparison using the PANTHER GO-Slim biological
function, GO-Slim cellular function, and GO-Slim molecular function databases
(Mi et al., 2019).
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4.4 Results
4.4.1 Larval morphology

At 5 dpf, pluteus larvae raised in predicted 2100 conditions had longer body
lengths than larvae raised in present-day conditions (F(1, 213) = 4.892; P = 0.028)
with no effect of parent treatment or an interaction between parent and offspring
treatments (Table 4.1, Figure 4.3). Postoral arm lengths were influenced by an
interaction between parent treatment and offspring treatment (F(1, 213) = 40.049;
P < 0.001, Table 4.1), with larvae having longer postoral arms when they were
raised in the same treatment as their parents (Figure 4.3).
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Figure 4 .3 Body lengths (a) and postoral arm lengths (b) of 5 day old Echinometra sp. A pluteus
larvae derived from parents which were cultured in either present-day or 2100 (+2°C/pH 7.80)
for 20 months prior to spawning. Larvae were raised in both present-day (26 °C/pH 8.10) and
2100 (28°C/pH 7.80) conditions. Boxes not sharing a common letter indicate significant
differences in post-hoc analyses.
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Table 4 .1 Linear mixed effects models of body lengths and postoral arm lengths of Echinometra
sp. A pluteus larvae derived from adults acclimated to either present-day or 2100 (+2°C/pH 7.80)
conditions for 20 months. Larvae were raised in present-day (26 °C/pH 8.10) and predicted 2100
conditions (28°C/pH 7.80).

Body length
Parent treatment
Offspring treatment
Parent x offspring
treatment
Residuals
Postoral arm length
Parent treatment
Offspring treatment
Parent x offspring
treatment
Residuals

Df

MS

F

P

1
1
1

810.18
2726.64
2025.44

1.454
4.892
3.634

0.229
0.028
0.058

6814
179
76155

3.583
0.094
40.049

0.059
0.759
< 0.001

213
1
1
1
213

4.4.2 Summary of transcriptome assembly, alignment, and annotation

mRNA from whole body Echinometra sp. A larvae from two developmental
stages, gastrula and pluteus larvae, were sequenced to characterise gene
expression changes in offspring of parents acclimated to present-day and
predicted 2100 temperature and pH seawater conditions. Sequencing of 24
libraries produced a total of 390,440,123 125 bp paired-end reads, with an average
read count of 15,858,009 per library. After trimming, 293,930,601 high-quality
reads remained (average 12,247,108 per library). The MCSC decontaminated de
novo transcriptome generated using EvidentialGenes from assemblies produced
by Trinity, rnaSPAdes, and BinPacker had 211,866 contigs with an N50 of 957
bp (Table 4.2). BUSCO analysis reported that 97.2% of the metazoan orthologs
were present in the assembly, indicating high transcriptome completeness (Table
4.2). Total reads mapped to the transcriptome averaged 77.12% and ranged from
64.69 to 84.77% per sample. A total of 48,253 contigs (23% of total contigs)
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blasted to proteins in the protein databases, including 11,198 unique proteins in
the UniProt database and 15,103 unique proteins in the S. purpuratus database.
Approximately 52% of S. purpuratus protein sequences were found in the
assembly, and 97% of the annotated contigs matched with proteins from the S.
purpuratus protein set.

Table 4 .2 Statistics of the de novo assembly of Echinometra sp. A larval transcriptome.

Assembly statistics
Number of contigs
Contigs over 1k
Min. contig length (bp)
Mean contig length (bp)
Max. contig length (bp)
N50
GC content
BUSCO complete (%)
BUSCO fragmented (%)
BUSCO missing (%)

Values
211,866
32,648
179
639.01
20,712
957
0.39
97.2
1.4
1.4

4.4.3 Differential gene expression among gastrula stages

Gene expression patterns at the gastrula stage were dependent upon the
environmental conditions experienced by parents, with no effect of the
environment experienced by the larvae themselves (Figure 4.4a). This was
reflected in MDS plots, with gastrula generally clustering according to parental
treatment, with little discernible influence of offspring treatment (Figure 4.4b).
The highest number of DEGs (95) was found when comparing Ff vs. Pf gastrula,
35 of which were upregulated and 60 were downregulated in Ff compared to Pf
gastrula (Figure 4.4c). Upregulated genes included those described as
“calmodulin-like protein 1” and “endonuclease-reverse transcriptase 18”, while
downregulated genes included histone H3, ATP5I, “endonuclease/reverse
90

transcriptase-9”, and genes involved in protein binding, calcium ion binding, and
RNA-dependent DNA replication (Table 4.3). The second highest count of DEGs
was found when comparing Fp vs. Pp gastrula (54 DEGs, 31 upregulated and 23
down regulated in Fp gastrula compared to Pp), which included upregulation of
genes associated with protein binding and downregulation of histone H3 and
“endonuclease/reverse transcriptase-9”. Finally, 25 genes (13 upregulated and 12
downregulated) were found to be differentially expressed when comparing Ff vs.
Pp gastrula, including downregulation of histone H3 and “endonuclease/reverse
transcriptase-9” (Figure 4.4c). There were no differences in gene expression when
comparing gastrula from parents which experienced the same conditions (Pf vs.
Pp and Ff vs. Fp). Enrichment analysis did not find any significantly enriched
pathways in any of the comparisons; however, this was likely due to low
functional annotation of genes.

b.

1.0

1.5

Pp
Pf
Fp
Ff

0.5

*

0.0

*

Leading logFC dim 2

*

−1.5 −1.0

a.

−1.5

−1.0

−0.5

0.0

0.5

Leading logFC dim 1

c.

1.0

1.5

Fp vs. Pp
2

Ff vs. Pp

(2)

2

6

Ff vs. Pf

(2, 3)

(1, 2)

15

(1, 2, 3)

27
(1)

6

(3)

vs
.F
p

f

72

Ff

vs
.P
Ff

vs
.P
p
Ff

vs
.P
p

5

Fp

Log FC

Pf

−5

vs
.P
p

(1, 3)

Figure 4 .4 Gene expression patterns of Echinometra sp. A gastrula derived from parents cultured
for 20 months in present-day conditions or predicted 2100 conditions (+2°C/pH 7.80). Gastrula
from each parental treatment group were raised in present-day (26 °C/pH 8.10) and 2100
conditions (28°C/pH 7.80). Heatmap of differentially expressed genes from pairwise comparisons
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of gastrula from present-day parents raised in present-day (Pp) or 2100 (Pf) conditions and
gastrula derived from parents acclimated to 2100 conditions which were raised in present-day
(Fp) or 2100 conditions (Ff). Orange indicates genes which were upregulated while blue indicates
genes which were downregulated within a given comparison and stars indicate comparisons where
significant differences in gene expression were detected (a). MDS plot showing distances between
samples based on leading log fold changes of transcripts (b). Venn diagram displaying the number
of differentially expressed genes in pairwise comparisons (adjusted p-value < 0.05). Pf vs. Pp and
Ff vs. Fp are excluded as these comparisons did not yield any transcripts that were significantly
differentially expressed. Numbers in brackets indicate comparisons which share differentially
expressed genes (c).

4.4.4 Differential gene expression among pluteus larvae

At the 5 day old pluteus stage, there were few differences in gene expression
among larvae, and MDS showed very little differentiation among the four
treatment groups (Figure 4.5b). Parental environment no longer had a dominant
effect on gene expression patterns (Figure 4.5a), and the highest counts of DEGs
were found when comparing Pf vs. Pp (13 DEGs, all upregulated in Pf compared
to Pp larvae) and Ff vs. Fp larvae (7 DEGs, all upregulated in Ff compared to
Fp larvae) (Figure 4.5c). For the comparison between Pf vs. Pp larvae,
upregulated genes were functionally annotated to signal transduction and protein
binding, while DEGs found when comparing Ff vs. Fp larvae included those
involved in calcium ion binding and endonuclease-reverse transcriptase (Table
4.3). There were only 2 DEGs found when comparing Fp vs. Pp larvae (1
upregulated and 1 downregulated) and only 1 DEG detected in comparisons of
both Ff vs. Pp and Ff vs. Pf and these were downregulated. None of the genes in
these groups were functionally annotated so enrichment analysis was not
performed.
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Figure 4 .5 Gene expression patterns of 5 day old Echinometra sp. A pluteus larvae derived from
parents cultured for 20 months in present-day conditions or predicted 2100 conditions (+2°C/pH
7.80). Larvae from each parental treatment group were raised in present-day (26 °C/pH 8.10) and
2100 conditions (28°C/pH 7.80). Heatmap of differentially expressed genes from pairwise
comparisons of larvae from present-day parents raised in present-day (Pp) or 2100 (Pf) conditions
and larvae derived from parents acclimated to 2100 conditions which were raised in present-day
(Fp) or 2100 conditions (Ff). Orange indicates genes which were upregulated while blue indicates
genes which were downregulated within a given comparison and stars indicate comparisons where
significant differences in gene expression were detected (a). MDS plot showing distances between
samples based on leading log fold changes of transcripts (b). Venn diagram displaying the number
of differentially expressed genes in pairwise comparisons (adjusted p-value < 0.05). Numbers in
brackets indicate comparisons which share differentially expressed genes (c).
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Table 4 .3 Differentially expressed genes from pairwise comparisons of gastrula and pluteus stage Echinometra sp. A raised in either present-day (26 °C/ pH 8.10)
or 2100 (28°C/ pH 7.80) treatments. Progeny were derived from parents cultured in present-day or 2100 (+2°C/ pH 7.80) conditions for 20 months. Log fold
change indicates the difference in gene expression in the first treatment group compared to the second.

Gastrula

Comparison SPU_ID

Description

Fold Change

Fp vs. Pp

001463
020742
024592
028062

Adhesion protein, protein binding
Structural maintenance of chromosomes flexible hinge domain containing 1-9
Endonuclease/reverse transcriptase-9
Histone H3

5.917
-3.411
-3.584
-2.741

Ff vs. Pp

024592
028062

Endonuclease/reverse transcriptase-9
Histone H3

-4.368
-3.107

Ff vs. Pf

005032
028159
016325
028062
028880
010412
009264
016869
014252
017814
025680
013189

Calmodulin-like protein 1
Harmonin, Ush1c, protein binding
Reverse transcriptase-like-42
Histone H3
ATP5I, ATP synthesis coupled proton transport
RNA-dependent DNA replication
Endonuclease-reverse transcriptase 18
Potassium channel tetramerisation-domain containing 1-1
N/A
Calcium ion binding
NACHT and LRR containing protein
N/A

4.545
-7.092
-3.128
-3.114
-1.959
-4.039
3.569
-4.757
-5.738
-3.940
-3.055
-6.852
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Pluteus

007327
024592

Mitochondrial ribosomal protein L2
Endonuclease/reverse transcriptase-9

Fp vs. Pp

023388
027513
019156

Hypothetical protein-2669
NACHT and LRR containing protein
Hypothetical protein-148; retinoic acid induced 1-like

7.259
3.224
3.848

Ff vs. Fp

019367
026818
024181

Endonuclease-reverse transcriptase
Melanocyte proliferating gene 1 homolog (partial), Sp-C12orf10L
Calcium ion binding

5.329
4.940
6.290

95

3.989
-3.943

4.5 Discussion
This study aimed to determine whether parental acclimation to predicted future
ocean warming and acidification would convey resilience in offspring of the
tropical sea urchin Echinometra sp. A, using RNA-seq to identify molecular
mechanisms driving acclimation the combined effects of temperature and low pH.
Results indicated that the environment experienced by parents played a major
role in determining both the morphological and molecular responses of larvae,
and there was evidence that parental acclimation did in fact improve responses
of offspring to ocean warming and acidification. At the gastrula stage, parental
environment was the primary driver of differences in gene expression patterns
among larvae, with little effect of the offspring environment on morphology. This
response was no longer evident in 5 day old larvae and very few differences in
gene expression were observed at this stage. Morphometric analysis found that
when raised in 2100 conditions, larvae derived from parents acclimated to 2100
conditions (Ff) were generally larger and likely more developed compared to
larvae derived from parents acclimated to present-day conditions (Pf).

Overall, the greatest changes in gene expression amongst treatments were
observed during the gastrula stage and were largely explained by parental
treatment. In general, genes associated with protein binding and reversetranscriptase were downregulated in offspring derived from 2100 parents
compared to larvae derived from present-day parents, regardless of larval
culturing conditions. In particular, a gene described as “endonuclease/reverse
transcriptase-9” was downregulated in gastrula derived from 2100 acclimated
parents in each comparison with gastrula from present-day parents. Reverse
transcriptase genes are common in marine planktonic organisms and can have a
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wide range of biological and molecular functions, but are most commonly
associated with retroviruses and DNA polymerase activity (Lescot et al., 2016).
Sea urchins undergo periods of high DNA polymerase activity during
embryogenesis as cells undergo rapid cell division (Fansler & Loeb, 1969; Loeb et
al., 1969). Changes in these pathways may indicate shifts in developmental
processes, potentially contributing to morphological differences observed here in
pluteus larvae as well as faster developmental progression in offspring of 2100
parents reported in a study using the same larvae (Karelitz et al., 2020, Chapter
3).

Another common observation seen in gastrula derived from 2100 parents was
downregulation of the histone H3 protein, which plays an important role in gene
expression during development as well as epigenetic modification (Hansen et al.,
2008; Zhou et al., 2011). Post-translational histone modification can influence
transcription and in some cases, have lasting effects on gene expression
throughout development (Strahl & Allis, 2000). Recent studies have found that
environmental factors including temperature increases can initiate histone
modification (Feil & Fraga, 2012; Talbert & Henikoff, 2014; Fellous et al., 2015)
and for some mammals, acetylation of histone H3 appears to be involved in
thermal acclimation (Tetievsky & Horowitz, 2010). At least one other study on
sea urchins has reported down regulation of genes associated with histones in
offspring of parents exposed to low pH seawater. In that study, Wong et al.
(2018) reported down regulation of pathways related to histone binding and
histone modification in gastrula stage S. purpuratus derived from mothers
conditioned in low pH (pH 7.7). Although these results may point to epigenetic
responses to environmental conditions, current understanding of epigenetic
transmission in marine organisms, and the role of histone modification in
particular, is still in its infancy (Hofmann, 2017; Eirin-Lopez & Putnam, 2019)
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making these findings difficult to interpret. Further investigation is necessary to
determine whether downregulation of histone H3 translates to histone
modification and how this may influence responses to environmental factors.

Several interesting shifts in expression patterns were observed when comparing
responses of gastrula from 2100 acclimated parents and those from present-day
parents to warming and acidification (Ff vs. Pf). Increased ATP production is
often observed in sea urchin larvae in response to acidification and is hypothesised
to be due to the increased energetic demand for maintaining cellular homeostasis
(Todgham & Hofmann, 2009; O’Donnell et al., 2010; Martin et al., 2011; Stumpp
et al., 2011a, 2012a; Pan et al., 2015). However in this study, the gene ATP5I, a
catalyst for ATP synthesis, was downregulated in offspring of 2100 parents, a
somewhat surprising result given that studies on developmental stages of low-pH
acclimated populations of the sea urchin S. purpuratus have demonstrated
upregulation of ATP pathways (Evans et al., 2017; Wong et al., 2018). This
response may however suggest that offspring of 2100 parents require less energy
to maintain homeostasis under acidification conditions compared to offspring of
parents cultured in ambient, present-day conditions. Another important
consideration is that the present study coupled low pH with temperature increase
and interactions between these two factors are likely to play a role in gene
expression patterns.

Shifts in expression of calcium binding proteins, including upregulation of
“calmodulin-like protein 1”, were also observed in gastrula derived from 2100
acclimated parents in response to warming and acidification. Calcium binding
proteins are involved in an array of cellular processes, including calcium pathway
signalling and calcium homeostasis (Yáñez et al., 2012). Calmodulin and
calmodulin-like proteins have been recognised for their role in calcium uptake
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and transport during the biomineralisation process (Zayzafoon et al., 2005).
Changes in expression of calmodulin have been observed in a range of marine
calcifying organisms in response to ocean acidification, including corals
(Kaniewska et al., 2012), molluscs (Liu et al., 2012; Dineshram et al., 2015; Koh
et al., 2015), echinoderms (Evans et al., 2013), and crustaceans (Li et al., 2014).
In sea urchins, upregulation of calmodulin-like proteins is believed to aid
calcification in environments where availability of calcium carbonate is low,
representing a potential avenue for adaptation to ocean acidification (Evans et
al., 2013, 2015; Evans & Watson-Wynn, 2014).

Far fewer differences in gene expression were observed among treatments at the
5 day old pluteus stage which may have been due to high mortality of larvae
during this developmental stage. Karelitz et al. (2020) (Chapter 3) reported a
large survival bottleneck in these larvae between 2 and 8 dpf. Although an effort
was made to remove dead larvae, it is likely that there was a large amount of
dead or dying larvae present within the samples at this time point. This may
have resulted in an overwhelming and homogenising signal of mortality and likely
explains the lack of response observed at this timepoint. Still, some differences in
gene expression were found and in contrast to the gastrula stage, the larval
culturing treatment had a greater influence on gene expression patterns than
parental environment in 5 day old pluteus larvae. Early developmental stages are
reliant on maternal provisioning so it may be expected that environmental
conditions would have a greater effect on larval stages. However, the maternal to
zygotic transition generally occurs around the blastula stage in sea urchins
(Tadros & Lipshitz, 2009) so large differences in responses between gastrula and
5 day old pluteus larvae are difficult to reconcile. Similar expression profiles in
larvae from both present-day and 2100 conditions when raised in 2100 conditions
(Pf and Ff) is surprising given the morphological differences seen here as well as
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differences in respiration observed in these larvae in (Karelitz et al., 2020,
Chapter 3), where respiration rates declined in offspring of present-day parents
but doubled in offspring of 2100 parents. Such dramatic differences in
physiological responses should have been reflected in molecular analysis and the
lack of response suggests that the results at 5 dpf may not be reliable.

With regards to morphological differences, larvae from 2100 parents had similar
body lengths, but longer postoral arms than larvae derived from present-day
acclimated parents. Skeletal rods in postoral arms are made of calcium carbonate,
specifically calcite, and reductions in postoral arm lengths are often observed in
pluteus larvae of sea urchin in response to low pH seawater, which may be due
to low calcium carbonate availability (Dupont et al., 2010; Byrne et al., 2013a).
Although seawater was saturated with respect to calcite, saturation levels were
still below ambient levels and may inhibit calcification in the absence of
acclimation. Changes in calcium ion binding pathways and upregulation of
“calmodulin-like protein 1” during early development in offspring of 2100 parents
may have helped to promote calcium ion homeostasis and calcification, leading
to positive carryover effects in later developmental stages.

Other studies have indicated that parental acclimation to ocean acidification can
facilitate changes in molecular processes associated with biomineralisation and
cellular homeostasis during early development. For instance, early developmental
stages of S. purpuratus originating from populations which experience frequent
episodes of low pH seawater in their natural environment express genes associated
with ATP-production and acid-base homeostasis at higher levels compared to
those originating from populations which experience low pH less frequently
(Evans et al., 2017). Several other studies have found that early developmental
stages of urchins derived from parents with a history of exposure to low pH
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express genes associated with cellular homeostasis, calcification, and defence
mechanisms at higher levels in early developmental stages compared to offspring
of urchins with little or no history of low pH exposure, effectively “priming”
offspring for stressful environments (Evans et al., 2013; Wong et al., 2018; Clark
et al., 2019).

The lack of differences in expression among treatments at 5 dpf is surprising and
as previously discussed, these samples were taken during a survival bottleneck
suggesting that this result was likely influenced by an overwhelming signal of
mortality due to a high proportion of dead and/or dying larvae present within
the samples. However, teasing these responses out would be difficult given the
number of unidentified transcripts. This highlights one of the greatest challenges
of genomics studies using non-model species. Many of the current transcriptomic
studies on sea urchins have used S. purpuratus (Evans et al., 2013, 2017; Pespeni
et al., 2013b, 2013a, 2013c; Wong et al., 2018), a species for which a fully
annotated genome is available. A handful of studies on non-model species have
been performed, which rely on de novo transcriptome assembly using various
databases, including that of S. purpuratus, for annotation of transcripts (Clark
et al., 2019; Uthicke et al., 2019). Although the S. purpuratus genome is an
invaluable resource, novel genes and isoforms will be present in the
transcriptomes of other species that are not characterised in the S. purpuratus
gene bank, limiting the conclusions that can be drawn from these studies.

An interesting next step would be to determine whether the survival bottleneck
reported in the study by Karelitz et al. (2020) (Chapter 3) resulted in selection
of adaptive alleles. This may represent another potential avenue for adaptation
to future ocean conditions for Echinometra sp. A. Shifts toward putative low pH
adapted alleles have been observed in larvae of the sea urchin S. purpuratus
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raised in low pH treatments (Pespeni et al., 2013b, 2013a). Although recent
studies on Echinometra sp. C, a close relative of Echinometra sp. A, originating
from control sites and pCO2 vent systems in Papua New Guinea, found little
evidence of selection for low pH tolerance in developmental stages (Lamare et al.,
2016; Uthicke et al., 2019). However, the results of the present study appear to
indicate that Echinometra sp. A may harbour greater potential for acclimation
and selection to changing environmental conditions.

This study provides a unique overview of the morphological and molecular
responses of Echinometra sp. A to the combined effects of ocean warming and
acidification. The results of this study support the hypothesis that parental
acclimation to ocean warming and acidification result in progeny that are better
suited to these environmental conditions than progeny of parents cultured in
ambient conditions. Larvae derived from parents acclimated to 2100 conditions
were larger with longer postoral arm lengths when raised in 2100 conditions than
larvae generated from present-day parents. Longer postoral arm lengths can
enhance feeding and swimming ability (Strathmann, 1975; Emlet, 1983), which
can in turn enhance developmental rates and reduce the chances of predation
(Allen, 2008), improving the chances of reaching settlement. Differential
expression analysis shed some light on potential modes of acclimation during
early development, including changes in genes involved in cell division and
development as well as key proteins involved in calcium ion homeostasis and
biomineralisation, although this was only observed during the gastrula stage and
not 5 day old larvae. Another study which followed the development of the same
larvae used in this study to near settlement found that offspring of 2100 parents
suffered higher mortality by 15 dpf compared to offspring of present-day parents,
with up to 39% fewer larvae surviving in 2100 treatments (Karelitz et al., 2020,
Chapter 3). Thus, for Echinometra sp. A acclimation to ocean warming and
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acidification may result in trade-offs, where improvements in certain traits (i.e.
growth and calcification) may come at the expense of reduced fitness and survival
in a proportion of the larval population.
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Chapter 5

5. General discussio n
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5.1 Overview
This

thesis

examines

the

roles

of

both

parental

conditioning

and

transgenerational plasticity in facilitating acclimation to rapidly changing marine
environments in the tropical sea urchins Tripneustes gratilla and Echinometra
sp. A. An increasing number of studies have provided evidence to suggest that
for some marine organisms, exposure and acclimation of previous generations to
ocean warming and acidification can improve the fitness of subsequent
generations when exposed to similar environmental conditions (Ross et al., 2016;
Donelson et al., 2018). However, for echinoderms, responses have been varied
(Dupont et al., 2013; Uthicke et al., 2013; Suckling et al., 2014, 2015; Lamare et
al., 2016), with stronger responses generally being observed in offspring when
parental conditioning occurs throughout a full gametogenesis cycle (Dupont et
al., 2013; Suckling et al., 2015). Here, long-term parental conditioning, from the
outset of gonadogenesis (T. gratilla) or over two full reproductive cycles
(Echinometra sp. A), was undertaken to determine whether offspring of parents
acclimated to ocean warming and acidification conditions predicted for the end
of the century (Magnan et al., 2016; IPCC, 2019) would be better suited to these
environments than offspring of parents acclimated to ambient conditions and to
identify molecular pathways contributing to acclimation.

While the overarching hypothesis of this thesis was that parental acclimation
climate change stressors would convey resilience in offspring, this is only partially
supported by the results presented here T. gratilla and Echinometra sp. A. The
principle finding of this thesis and perhaps the most important finding, was that
acclimation to climate stressors resulted in fitness trade-offs for offspring of both
T. gratilla and Echinometra sp. A. For T. gratilla, larvae were most fit when
they were raised in the same conditions as their parents and although offspring
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derived from parents acclimated to ocean warming and/or acidification
treatments were resilient to the direct effects of these stressors, there was no size
benefit when compared with offspring of larvae derived from control parents
raised in the same conditions. When raised in ambient conditions larvae from
parents acclimated to warming and/or acidification treatments were smaller than
larvae derived from control parents. In terms of growth and development,
Echinometra sp. A derived from parents acclimated to warming and acidification
treatments were larger and more developmentally advanced than larvae derived
from parents acclimated to ambient conditions when they were raised in warming
and acidification treatments, however survival of these larvae was considerably
lower. Further investigation revealed increases in respiration rates and expression
of genes involved in biomineralisation in offspring of parents acclimated to
warming and acidification treatments. These responses may suggest higher
energetic consumption in offspring of parents acclimated to ocean warming and
acidification may have driven both increases in growth and development as well
as mortality in a proportion of the population.

Fitness trade-offs may be an important outcome for many organisms under future
climate change as environmental stress and limitation of resources, such as
calcium carbonate, drive alterations in key biological processes (McCoy &
Ragazzola, 2014; Munday, 2014; Schade et al., 2014; Pörtner et al., 2017). In
terms of energy budgets, environmental stress may require energy to be shifted
from non-essential processes such as growth or reproduction, in favour of
compensatory processes or maintenance (Stumpp et al., 2011a, 2012b). This was
observed here as well as in studies on a range of other taxa. For example, in
response to warming and acidification, offspring of the coral Pacillopora
damicornis which had been acclimated to these conditions had higher respiration
rates but were smaller compared to offspring of parents maintained in ambient
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conditions (Putnam & Gates, 2015). Transgenerational exposure of the
polychaete Ophryotrocha labronica to warming and acidification (+3°C/pH 7.6)
increased juvenile developmental rates but reduced fecundity (Gibbin et al.,
2017). Thermal acclimation in the tropical fish species, Acanthochromis
polyacanthus, is associated with upregulation of metabolic genes but down
regulation of a number of genes associated with DNA replication and RNA
processing, suggesting that energy is diverted toward metabolic processes to
compensate for thermal stress (Bernal et al., 2018).

In response to acidification, reduced larval size in sea urchins is believed to be
due to the increased costs of acid-base homeostasis and calcification at the
expense of growth (Todgham & Hofmann, 2009; Stumpp et al., 2011a, 2012a;
Evans et al., 2013). While it was expected that parental acclimation and
transgenerational plasticity (TGP) would ameliorate the stunting effect of
warming and acidification on larvae, for T. gratilla larval stunting was evident
in offspring of acclimated parents even when larvae were raised in ambient
conditions. This may indicate that the costs of acclimation in the F0 generation
reduced the energy invested into reproduction, or perhaps that offspring of
acclimated parents were “primed” to experience similar environmental conditions
as their parents and therefore mounted compensatory responses regardless of the
environment they experienced.

The results presented here would suggest that it is unlikely that parental
acclimation and/or TGP will resolve the energetic costs incurred by ocean
warming and acidification. Instead, they indicate a change in the prioritisation
and timing of certain biological processes. For instance, gastrula larvae of
Echinometra sp A. derived from parents acclimated to warming and acidification
showed some shifts in gene expression patterns, including greater expression of
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calmodulin, a key protein involved in biomineralisation, compared to larvae from
parents acclimated to ambient present-day conditions. Similar responses have
also been reported in larval stages of Strongylocentrotus purpuratus, where larvae
derived from parents acclimated to low pH seawater upregulated genes involved
in acid-base regulation earlier in development than larvae from parents which
were not acclimated to low pH seawater (Evans et al., 2017). These responses
may indicate a more immediate response to environmental conditions in larvae
from acclimatised parents, giving larvae a head start on compensatory responses
and calcification. In the case of Echinometra sp. A, this early response may have
facilitated increased growth and development rates but also appears to have come
at a metabolic cost as respiration rates in these larvae were increased and may
have resulted in higher mortality.

Putting these findings into an ecological perspective can be difficult. For
Echinometra sp. A, greater larval size and faster progression through vulnerable
planktonic phases may result in a higher proportion of larvae reaching settlement,
counteracting the higher larval mortality that was observed here in a laboratory
study. Predicating downstream effects can also be a challenge as fitness gains or
losses at one stage may or may not carryover to subsequent developmental stages
(Ross et al., 2016). The study in Chapter 2 on T. gratilla only followed larvae up
to 48 hours post-fertilisation and so it is not known whether the stunting effect
observed in offspring of acclimated parents would persist throughout
development, which could have important implications for survival in the natural
environment. Smaller larvae are more vulnerable to predation (Allen, 2008) and
mortality of planktonic stages of larvae is already high (Rumrill, 1990; Lamare
& Barker, 1999).
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Sea urchins are part of a delicate balance between algae and coral on many coral
reefs. Overgrowth of algae can smother corals and inhibit recruitment (Leong et
al., 2018; Roth et al., 2018), particularly after disturbances such cyclones and
bleaching events (Stuart-Smith et al., 2018). Urchin grazing can help maintain
algal levels and promote growth and settlement of corals (Mapstone et al., 2007).
Declines in urchin populations due to the inability to acclimate to changing ocean
conditions could have negative consequences for coral reef habitats including the
Great Barrier Reef, which has experienced historic mass bleaching events over
the past several years (Hughes et al., 2017, 2018). On the other hand, if predators
are unable to acclimate to new conditions, urchins may overpopulate reefs,
leading to overgrazing and excessive bioerosion. Echinometra spp. in particular
have been known to reach high population densities to the detriment of reefs
where populations are left unchecked (McClanahan & Muthiga, 2013).
Ecosystems rely on complex relationships between many species and the future
of ecosystems, such as coral reefs, will likely depend on the responses of a number
of species to climate change.

5.2 Experimental designs and considerations
Multigenerational studies are complex and can present a number of obstacles,
particularly for long lived species with multiple life-history stages, such as
echinoderms. Most studies on echinoderms have conditioned the parental
generation as reproductively mature adults, and some of these studies have
indicated that responses of offspring are often influenced by the duration and
timing of parental conditioning (Uthicke et al., 2013; Suckling et al., 2014, 2015;
Wong et al., 2018; Clark et al., 2019). The environment experienced by parents
at the time of gametogenesis is known to influence the phenotype of offspring,
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however the environment experience by parents in early life can also have
important implications for development of offspring (Burton & Metcalfe, 2014).
The study presented here in Chapter 2 (Karelitz et al., 2019) represents the first
transgenerational study on sea urchins to raise a parental/F0 generation from
juveniles to mature adults, throughout the entirety of gonad development, in
experimental treatments. This is a major milestone for transgenerational studies
on echinoderms, and the fast maturation time of T. gratilla (7-8 months) makes
it an ideal model organism for future studies on transgenerational plasticity in
echinoderms.

Negative carryover effects have been documented in a range of marine
invertebrates as a result of exposure of previous generations and early
development stages to thermal stress and/or acidification (Hettinger et al., 2012,
2013; Dupont et al., 2013; Ross et al., 2016). A short coming of the study on T.
gratilla (Karelitz et al., 2019, Chapter 2) was that larvae were only raised to the
two-arm pluteus stage (48 hours post-fertilisation) and any potential carryover
effects are unknown. This was a major consideration for subsequent experiments
on Echinometra sp. A (Karelitz et al., 2020) (Chapters 3 and 4) in which larvae
were reared to near settlement (Figure 5.1). One of the most important responses
documented during these experiments was higher mortality in larvae derived from
parents acclimated to warming and acidification during late larval development
as larvae approached competency. This response would not have been discovered
had the experiments not followed larvae throughout the early developmental
stages to near settlement. To date, only two other multigenerational studies on
sea urchins have reared offspring to settlement (Dupont et al., 2013; Suckling et
al., 2014), one of which also found higher mortality in offspring derived from
parents which had been conditioned in low pH treatments (Dupont et al., 2013).
Persistence of marine organisms under ocean warming and acidification will rely
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on successful completion of each developmental stage and future studies should
incorporate the entirety of larval development into experimental designs as
developmental stages may represent survival bottlenecks and negative carryover
effects appear to be a realistic consequence of parental acclimation.

Figure 5.1 Timeline and description of samples taken during experiments on Echinomentra sp. A
(Chapters 3 and 4).

Another important consideration for experimental designs is the examination of
multiple biological processes and life-history traits. Not only can this help to
identify potential fitness trade-offs, as previously discussed, but it can also
provide a more complete understanding of how organisms respond to future ocean
conditions, and importantly, some of the factors which may drive these changes.
Here, morphometric analysis showed that under predicted ocean warming and
acidification conditions, larvae derived from Echinometra sp. A acclimated to
similar conditions were larger and developed faster than larvae from parents
cultured in ambient, present-day conditions. Molecular analysis indicated that
there were shifts in gene expression associated with developmental processes such
as polymerase activity as well as upregulation of proteins involved with
biomineralisation, which may have accelerated development and promoted
calcification. However, measurement of larval respiration rates indicated that
these positive effects came at a high metabolic cost which may have contributed
to higher mortality in these larvae.
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5.3 Future directions
Much of the current research is focused on phenotypic plasticity and short-term
acclimation due to the concern that climate change may outpace genetic
adaptation for some species (Parmesan, 2006; Bell, 2013). However genetic
adaptation may be possible for populations with high genetic diversity (Lande &
Shannon, 1996; Chevin et al., 2010; Whiteley et al., 2015). Standing genetic
variation can allow for selection of adaptive alleles in changing environments,
which can occur more rapidly than adaptation via new gene mutations
(Hermisson & Pennings, 2005; Barrett & Schluter, 2008; Messer & Petrov, 2013).
In the short-term, genetic adaptation may only be detectable following a
mortality event and the survival bottleneck observed in Echinometra sp. A in
Chapter 3 offers an opportunity to examine potential selection of adaptive alleles
in these larvae.

One of the greatest obstacles for researchers seeking to understand the responses
of marine organisms to future ocean conditions is that for most organism, these
changes will occur over many generations and for long lived species such as
echinoderms, raising multiple generations in experimental treatments can be
difficult. Thus far, the study on T. gratilla presented in Chapter 2 is the only
study to examine responses to ocean warming and acidification in offspring of
urchins raised from the outset of gonad development in experimental conditions.
However, the remaining larvae from the F1 generation of Echinometra sp. A used
in experiments presented in Chapters 3 and 4 have been maintained in
experimental conditions (Uthicke et al., in review) and further experiments are
planned to examine responses of the F2 generation of these urchins, representing
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the first study to examine TGP in an F2 generation of sea urchins in response to
future ocean conditions.
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7.1 Appendix 1

Figure 1 Flow through system used for larval rearing experiments on Tripneustes gratilla larvae.
Treatment seawater was supplied to falcon tubes fitted with mesh screens from header tanks via
drip valves.
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7.2 Appendix 2
Table 1 Results of logistic regression of the effects of parental and offspring exposure to control
(27°C/pH 8.0), ocean acidification (OA, 27°C/pH 7.77), ocean warming (OW, 29 °C/pH 8.0), and
ocean acidification and warming (OAW, 29 °C/pH 7.77) treatments on survival of 12 h old
Tripneustes gratilla larvae.

Estimate

Std. Error

z value

p
<2e-16

(Intercept)

2.96808

0.2186

13.577

***

ParentOA

-0.3642

0.28711

-1.268

0.205

ParentOW

-0.46376

0.28214

-1.644

0.1

ParentOAW

-0.4315

0.28371

-1.521

0.128

OffspringOA

-0.29274

0.29094

-1.006

0.314

OffspringOAW

-0.21982

0.29785

-0.738

0.46

OffspringOW

-0.29274

0.29094

-1.006

0.314

ParentOA:OffspringOA

0.22544

0.38986

0.578

0.563

ParentOW: OffspringOA

0.01367

0.37713

0.036

0.971

ParentOAW: OffspringOA

0.08344

0.38051

0.219

0.826

ParentOA:OffspringOAW

0.255

0.39884

0.639

0.523

ParentOW: OffspringOAW

0.25208

0.39144

0.644

0.52

ParentOAW:OffspringOAW

0.28713

0.39504

0.727

0.467

ParentOA:OffspringOW

0.25861

0.39106

0.661

0.508

ParentOW:OffspringOW

0.46376

0.39155

1.184

0.236

ParentOAW:OffspringOW

0.32591

0.38857

0.839

0.402
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7.3 Appendix 3
Offspring treatment
Control

OA

OW

OAW

Parental treatment

Control

OA

OW

OAW

100 µm
Control: 27°C / 8.0

OA: 27°C / 7.77

OW: 29°C / 8.0

OAW: 29°C / 7.77

Figure 2 The effects of temperature, pH, and parental acclimation on the morphology of 48 h old
Tripneustes gratilla larvae. Photos depict representative larvae derived from parents acclimated
in control (27°C/pH 8.0), OA (27°C/pH 7.77), OW (29 °C/pH 8.0), or OAW (29 °C/pH 7.77)
conditions for six months through the life history transition from the juvenile to the mature adult
(Y axis). Larvae were reared in all treatments (X-axis) and in all possible treatment combinations.
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7.4 Appendix 4
Table 2 Significant pairwise contrasts following two-way ANOVA of postoral arm lengths of 48
h Tripneustes gratilla larvae.

Treatments
C-OA
C-OW
C-OAW
C-OA
OA-OW
OW-OAW
C-OW
C-OAW
OA-OW
OA-OAW
Residuals

Parent
Control
Control
Control
OW
OW
OW
OAW
OAW
OAW
OAW

Value
22.025
13.7572
23.6341
14.2581
-19.0404
14.2475
-14.1006
-12.314
-12.2325
-10.4459

Df
1
1
1
1
1
1
1
1
1
1
123

149

Sum of
Sq
2183
851.7
2513.6
914.8
1165.3
652.5
894.7
682.4
673.4
491
10338.8

F-value
25.9705
10.1322
29.9038
10.8836
13.8635
7.7624
10.6445
8.118
8.0109
5.8417

P-value
<0.001
0.007
<0.001
0.007
0.002
0.016
0.007
0.016
0.016
0.041

7.5 Appendix 5
Table 3 Seawater conditions of mesocosms over 20 months from March 2016 to November 2017,
including mean (± SD) temperature, pHT, partial pressure of CO2 (pCO2), calcite saturation state
(Wc), dissolved inorganic carbon (DIC) and total alkalinity (TA). Values were calculated in
CO2SYS software using pCO2, salinity (35.56 ± 0.66), temperature and total alkalinity.

Mesocosm
Present-day

2100

N

Replicate
#

Temperature (°C)

pHT

pCO2 (µatm)

Wc

1

26.16 (1.63)

8.00 (0.02)

441.14 (19.55)

4.83 (0.31)

1966.2

2
3

26.17 (1.64)
26.15 (1.63)

7.99 (0.02)
8.00 (0.01)

445.7 (24.63)
433.49 (17.23)

4.79 (0.32)
4.87 (0.27)

1967.5
1962.0

1

28.09 (1.58)

7.74 (0.04)

900.77 (78.24)

3.22 (0.37)

2105.1

2

28.07 (1.58)

7.74 (0.04)

901.78 (80.21)

3.21 (0.37)

2103.0

3

28.08 (1.58)
630

7.75 (0.04)
625 -628

899.61 (79.95)
625 -628

3.23 (0.37)
625 -628

2104.7
625
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7.6 Appendix 6
Table 4 Mean egg size (diameter) and standard error (N = 100 eggs per female) of female
Echinometra sp. A cultured in present-day or 2100 (+2°C/pH7.8) conditions for 20 months.

Treatment
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
Present-Day
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100

Female
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12
#1
#2
#3
#4
#5
#6
#7
#8
#9
#10
#11
#12

Diameter
115.35
115.69
111.23
113.14
127.22
115.41
117.55
111.00
118.31
114.21
115.11
115.79
112.06
111.26
110.59
118.48
116.80
112.84
113.56
116.38
111.67
110.57
109.73
108.15
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SE
0.378
0.785
0.337
0.393
0.689
0.353
0.260
0.225
0.345
0.295
0.390
0.332
0.265
0.257
0.367
0.315
0.334
0.306
0.293
0.300
0.317
0.239
0.310
0.316

7.7 Appendix 7
Table 5 Post-hoc interaction contrasts of analysis of co-variance of Echinometra sp. A larvae
(dpf).

Contrast
Presentday/Present-day
Presentday/Present-day
Presentday/Present-day
Presentday/2100
Presentday/2100
2100/Presentday

Presentday/2100
2100/Presentday

Estimate

SE

Df

T-ratio

p

0.6293

0.172

333

3.668

0.0016

0.0865

0.198

331

0.438

0.9719

2100/2100
2100/Presentday

0.4301

0.16

332

2.682

0.0383

-0.5428

0.185

333

-2.941

0.0183

2100/2100

-0.1993

0.141

333

-1.414

0.4914

2100/2100

0.3435

0.174

333

1.976

0.199
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7.8 Appendix 8
Table 6 Echinometra sp. A RNA-seq statistics including read counts before and after quality trimming and average fragment sizes.

Sample ID

Raw read

Trimmed read

Ave. fragment size (bp)

CDWA0ANXX-4295-01-49-01

13484037

11495808

370

CDWA0ANXX-4295-02-49-01

12987389

10859495

365

CDWA0ANXX-4295-03-49-01

13515062

11265711

375

CDWA0ANXX-4295-04-49-01

10697716

8130317

311

CDWA0ANXX-4295-05-49-01

11553758

9063076

337

CDWA0ANXX-4295-06-49-01

12679889

9984811

354

CDWA0ANXX-4659-01-49-01

20767407

15909161

397

CDWA0ANXX-4659-02-49-01

15761238

12891499

352

CDWA0ANXX-4659-03-49-01

17901752

14350139

376

CDWA0ANXX-4659-04-49-01

18288873

14723702

377

CDWA0ANXX-4659-05-49-01

17606805

13785194

367

CDWA0ANXX-4659-06-49-01

20887467

16355500

385

CDWA0ANXX-4659-07-49-01

17380327

13719602

343
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CDWA0ANXX-4659-08-49-01

22434013

17792286

384

CDWA0ANXX-4659-09-49-01

15248394

12074612

368

CDWA0ANXX-4659-10-49-01

16400833

12130849

317

CDWA0ANXX-4659-11-49-01

13964531

10356278

318

CDWA0ANXX-4659-12-49-01

15356836

11123189

322

CDWA0ANXX-4659-13-49-01

16223183

11625417

318

CDWA0ANXX-4659-14-49-01

14792171

10821954

322

CDWA0ANXX-4659-15-49-01

16830286

12414951

322

CDWA0ANXX-4659-16-49-01

16303985

11468952

312

CDWA0ANXX-4659-17-49-01

13486074

10027517

329

CDWA0ANXX-4659-18-49-01

16040205

11560581

320
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