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Abstract

Atmospheric CO2 enrichment is a key factor contributing to global climate
change. Major consequences of climate change include increasing sea surface
temperature and decreasing seawater pH (ocean acidification) — both of which are
predicted to lead to an increase in ocean hypoxic events. Early ontogenetic stages of
invertebrates have shown sensitivity to these environmental changes. Previous research
has focused on short-term exposure to these environmental factors; however, the long-
term and multi-generational effects of ocean acidification on organismal reproduction
and development have received little attention. The aim of this thesis is to address this
shortcoming for reproduction and early embryonic development of the economically-
and ecologically-important sea urchin, Paracentrotus lividus (Lamark, 1816) and the

reef-forming invasive polychaete, Ficopomatus enigmaticus (Fauvel, 1923).

Fertilisation success and early embryogenesis of P. lividus were negatively
impacted under conditions of increased pCOz, at ambient temperature and ambient
+2°C after 12 months exposure. Sperm motility — determined by computer assisted
sperm analysis (CASA) — showed a significant increase in average swimming speed
measured as curvilinear velocity (VCL) at increased pCO- levels after 6 months but by
12 months VVCL values had decreased. There was no overall significant effect of pCO>
on VCL but there was a significant reduction in fertilisation success under hypoxic
conditions. Increasing pCO:2 levels appeared to buffer the effects of hypoxia, however,
with significantly lower fertilisation success observed only under hypoxic conditions at

ambient pCO..

Multi-generational experiments examined the effects of increased pCOz on
F.enigmaticus. Both percentage sperm motility and sperm VVCL were similar between
experimental treatments, but there was a significant difference between generations 0
and 2. In contrast, fertilisation success was negatively affected by both pH and
generation, with a significant reduction seen with pH at all generations and a significant
reduction seen between generation 0 and generation 2. Oocyte diameter was also
significantly affected by pH and generation, with a significant increase in egg diameter
seen at generation 1 in all pH treatments except pH 7.95, which shows a significant

increase and generation 2, which suggests differing levels of maternal investment.

This research suggests that in the long term, ocean acidification, temperature and
hypoxia may seriously impact the reproduction and development of two important



marine invertebrate species. This research highlights the need for further long-term
investigation involving multiple stressors to provide a more comprehensive

understanding of the long-term effects arising from changing oceanic chemistry.
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Chapter 1

1.1 Introduction

1.1.1 The global oceans and climate change

Atmospheric carbon dioxide mixing ratios (parts per million by volume) have
risen from 280ppm in pre-industrial times (1750-1800) to the present day values of
380ppm-390ppm (Denman et al., 2007). This increase in CO2 is primarily as a result of
burning fossil fuels, deforestation and the production of cement (Worrell et al., 2001;
IPCC, 2007). Almost half (48%) of the anthropogenically derived CO> produced to date
has been absorbed by the oceans (Sabine et al., 2004). Owing to increasing global levels
of CO> there have already been numerous changes in oceanic processes including heat
budget, ocean circulation, tropical storms, storage and transfer of CO, climate and
ocean acidification (Reid et al., 2009). The oceans function as a biological pump; this
term describes a variety of separate processes, many of which revolve around carbon
and its storage (Riebesell et al., 2007). The biological carbon pump is crucial in
maintaining atmospheric CO2 s. This is achieved by the fixation of COz by
phytoplankton. This biomass then sinks and is oxidised thereby helping to maintain a
vertical gradient of dissolved inorganic carbon with the higher values found at depth
(Hofmann and Schellnhuber, 2009). The long-term effects of increasing temperature are
not yet known. The oceans have acted to buffer the effects of increasing levels of CO;
however the oceans ability to store excess CO> is not limitless and the consequences of
decreased absorption rates may lead to major effects for organisms and ecosystems as
well as climate change itself, by increasing the rate at which climate change is occurring
(Reid et al., 2009).
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1.1.1 Ocean acidification

Ocean acidification (OA) can be defined as the change in ocean chemistry
driven by the oceanic uptake of chemical inputs to the atmosphere, including carbon
nitrogen and sulphur compounds (Guinotte and Fabry, 2008). For 650,000 years prior to
the Industrial Revolution, atmospheric CO> fluctuated between 180ppmv and 300ppmv.
Since the Industrial Revolution (during the last 250 years), however, approximately one
third of the CO> produced has been absorbed by the oceans and during this time CO>
levels have risen by almost 40% to 380ppmv (Sabine et al., 2004; Fabry et al.,2008).
Levels of CO; have already seen increases with the average atmospheric CO> for 2012

being recorded at 393ppm (http://www.esrl.noaa.gov/gmd/ccgg/trends/). This rapid

increase in atmospheric CO> has been previously attributed to increased
industrialisation, fossil fuel consumption and modern agriculture (Raven et al., 2005;
Doney et al., 2009). Atmospheric CO; levels are still rising at an estimated rate of 0.5%
a year, which is more than 100 times faster than has been recorded in the 650,000 years
prior to the Industrial Revolution (Raven et al., 2005; IPCC, 2007; Fabry et al., 2008;
Portner, 2008; Turley, 2008; Doney et al., 2009). By 2100 it is estimated that there will
be an increase in CO2 to between 800ppmv and 1000ppmv (Calderia and Wickett 2003;
2005; Orr et al 2005; Raven et al., 2005; IPCC, 2007).

Currently ~38,000Gt (gigatonnes) of carbon is stored in the world’s oceans
which is estimated to be 95% of the global carbon budget, with the atmosphere storing
approximately 700Gt and the terrestrial biosphere storing approximately 200Gt (Raven
et al., 2005;Turley, 2008). For its ability to sequester carbon, the marine environment is
referred to as a reservoir for CO,. Approximately 6Gt of CO- are produced every year,
2Gt (net of CO2 per annum) of which is absorbed by the oceans. Without the reservoir
effect of the marine environment mitigating the anthropogenic sources, the atmospheric
CO2would be 55% higher than it is currently (Sabine et al., 2004; Fabry et al., 2008b;
Turley, 2008; Reid et al., 2009)

The ocean’s surface waters are naturally alkaline with a pH of ¢. 8.1 t0 8.2
which can vary by +/- 0.3 units depending on the geographical location, temperature
variations and areas with upwelling’s of CO; rich water. (Raven et al., 2005; IPCC,
2007). CO2is naturally important in defining the pH of surface waters. Any acidity
entering the ocean is often buffered by the natural alkalinity of sea water; this is referred
to as a carbonate buffer. Beyond natural buffering capacity, CO; acts to increase the

acidity of sea water. The current decline in the pH of the global surface oceans is an
11
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important consequence of surface water and atmosphere interchange, due to the
increasing concentrations of anthropogenically generated atmospheric CO, (Calderia
and Wickett, 2003; Raven et al., 2005; McDonald et al., 2009; Wohlers et., 2009).

The increasing levels of atmospheric CO: are leading to an increase in oceanic
CO, via thermodynamic equilibrium. When CO; enters the ocean system there is a

series of reactions which occur, as shown below:

CO2 + Ho0 2 H,CO3 = HCO3 +H" & COs% + 2H* (2)

Equation 1.1; the above reaction controls ocean pH and therefore acidity. An increase in
CO,, causes the equation equilibrium to shift to the right favouring bicarbonate and
releasing more hydrogen ions (H+) in to the sea water (Brown et al., 1995; Bates and
Peters, 2007).

Atmospheric carbon diffuses into the oceans and forms carbonic acid (H.CO3);
this weak acid then rapidly dissociates to produce hydrogen and dissolved inorganic
carbon (DIC). There are three main forms of inorganic carbon in seawater; two of these
are electrically charged forms, bicarbonate (hydrogen carbonate) and carbonate, and the
third is agueous CO2. Once the carbonic acid dissociates, it loses protons and forms
bicarbonate (HCOs") and carbonate (COs%) (Raven et al., 2005; Widdicombe and
Spicer, 2008; Doney et al., 2009). When CO: is added to sea water it increases the
dissolved CO,, bicarbonate and hydrogen ion concentrations. When the surface pH of
sea water is around 8.2 , approximately 90% of the dissolved inorganic carbon is
present as bicarbonate, with only 9% as carbonate and 1% as dissolved CO> (Raven et
al., 2005; Milero et al., 2006; Doney et al., 2009). Biological processes, including
photosynthesis by marine algae and the production of calcium carbonate by organisms,
rely on all three forms of DIC. With decreasing pH there is a decrease in saturation
states of aragonite and calcite, two crystalline forms of biogenic calcium carbonate , that
are also important for calcifying organisms (Havenhand and Schlegel, 2009). These
processes concerning DIC and hydrogen play an important role in the ability of the
ocean to act as a carbon sink. Organisms are also important to the ocean carbon cycle as
once they are consumed or die they release carbon back to the environment. This carbon
can remain in the surface water, be released back in to the environment or can fall as
particulate calcium carbonate to the deep ocean. This process of the carbonate moving

12



from the surface waters to the deep ocean is known as a biological pump (see section
1.1), and allows for the surface water to absorb further anthropogenic CO, (Raven et al.,
2005)

It is hypothesised that increasing levels of oceanic CO, and H* ions will have
detrimental effects on marine organisms (Fabry et al., 2008; Hoffmann et al., 2010,
Kroeker et al., 2010; Byrne et al., 2011a). Marine organisms regulate intra-cellular pH
by the metabolic inter-conversion of acids and bases, active ion transport and the
passive chemical buffering of intra- and extra-cellular fluids (P6rtner et al., 2004;
McNeil and Matear, 2006). Imbalances of these factors can lead to dissolution of
exoskeletal components such as calcareous shells, reduce protein synthesis and activity
and act to suppress metabolism (McNeil and Matear, 2006). This increase in hydrogen
ions (H*) causes a decrease in pH (= -Log10 [H*]). So far the increased atmospheric
CO, emissions have caused the surface pH of the oceans to decrease by 0.1 units,

representing an approximate 25-30% increase in hydrogen ions (Figure 1.1).
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Figure 1.1 Taken from Doney et al, (2009) showing a time series of a) atmospheric CO at
Mauna Loa (ppmv), surface ocean pH (cyan) and pCO; (uatm) b) aragonite saturation (dark
blue) and c) calcite saturation (gray) at oceanic station ALOHA (Doney et al., 2009).

It is thought that the current rate of pH reduction is one of the fastest to have been
experienced, as previous OA events happened over much longer timescales, i.e. several
thousand years (Zachos et al., 2005; Turley et al., 2008). A further decrease of 0.3-0.5
pH units is predicted by the year 2100 (Caldeira and Wickett 2003; 2005). This
predicted drop is equivalent to a 150% increase in H* ions and each decrease of a full
pH unit is equal to a 10 fold increase in acidity. The increasing hydrogen ion
concentration acts to decrease the carbonate ion concentration which alters the
saturation states of biologically important calcium carbonate building materials. Many

marine organisms, including sea urchins, molluscs and crustaceans, require carbonate
14



ions to form their calcareous skeleton or shells, a process known as calcification.
Carbonate ion concentration within the ocean largely determines if there is precipitation
or dissolution of calcite and aragonite, which are the two natural polymorphs of calcium
carbonate (CaCO:s) (Orr et al., 2005). Assuming that the predicted pH unit drop is
realised the carbonate ion concentration will be reduced by 50%. The current rate of OA
is likely to have dramatic biological effects on the ocean system throughout the 21%
century, with an expected increase of 0.5% CO, concentration per year (Guniotte and
Fabry, 2008). Calcifyng organisms which have a greater dependence on arganoite for
shell building, e.g. corals and pterapods, may be at greater risk that those using calcite,
because aragonite saturation is predicted to decrease faster with increasing pCO>
concentration (Feely et al., 2004; Fabry et al., 2008; Doney et al., 2009)

1.1.2 The importance of effects of OA on reproduction and development

Ocean acidification is one of the major threats to the marine ecosystem; however
the effect it may have on the marine environment and the organisms therein is largely
unknown. For many marine invertebrates, their gametes are directly exposed to the
external environment through broadcast spawning. This could potentially impair the
capacity to repair cellular damage, which is vital for gametes which are single cells and

an embryo’s which are rapidly dividing collections of cells (Adiyodi, 1985).

It has been widely hypothesised that the reproductive and developmental stages
of marine invertebrate’s life cycles are especially sensitive to increasing levels of OA.
The processes incorporated in the terms of reproduction and development encompasses
a wide variety of reproductive endpoints including gametogenesis, embryogenesis,
sperm motility, egg development, fertilisation success, and larval development
(Adiyodi, 1985). Fertilisation success has been used in a wide range of previous studies
concerning OA effects, and there are a variety of methodologies employed. Broadcast
spawning, seen in many echinoderms and polychaetes, involves the release of gametes
in to the marine environment which may have a negative impact on the gametes as they
can be sensitive to changes in environmental conditions including pH (Havenhand et al.,
2008; Byrne 2011). It is possible that organisms relying on this method of fertilisation
may be more severely affected by changing oceanic chemistry than those utilising other
methods. Organisms reproduce only if there is sufficient energy available to do so
(Yoneda and Wright, 2005; Petes et al., 2008), and under stressful conditions, where
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there is little surplus energy, the organisms may postpone reproduction until a more
favourable time (Yoneda and Wright, 2005), or may produce more, smaller progeny
(Schreck et al., 2001). Some organisms e.g. sea anemones have the ability to utilise both
sexual and asexual reproduction, and it is possible that in times of environmental stress
they may choose to reproduce asexually, which is energetically less expensive (Hand
and Uhlinger, 1992). However, if asexual reproduction is continued for prolonged
periods there may be consequences for genetic variability, leaving the population as a
whole vulnerable (Hand and Uhlinger, 1992). Internal fertilisation may help to buffer
the effects of increasing OA on reproductive success as the gametes are not directly
exposed to the environment but egg development and juveniles will still be exposed and
these life stages are also particularly sensitive to environmental change (Fabry et al.,
2008; Kurihara et al., 2008)

To date 78 studies have been carried out on the effects of ocean acidification on
the reproduction and development of marine invertebrates, with 67 species being used.
Echinoderms are the most studied making up 45% of the published studies, followed by
Mollusca which account for 27% of all studies (Figure 1.1). The majority of previous
work has utilised growth and development as endpoints (45) (Figurer 1.2), and this is
followed by survival and mortality of larvae (30). There have also been a large number
of studies on the effects of OA on larval abnormalities (29) and fertilisation success
(23). Only two previous studies (Kurihara and Ishimatsu, 2008; Fitzer et al., 2012) have
examined multi-generational effects of OA and these both focus on copepods. There are
an increasing number of studies on combined stressors, including temperature, salinity,
metal contamination and UV irradiation (Table 1.2). These multiple stressor studies are
relatively recent, appearing since 2009 and with 47 % having been published since
2012. There are also very few studies on long term (30 days and over) exposure to
environmental stressors (17). Of these, only four have looked at the effects of parental
exposure/acclimation on subsequent offspring (Dupont et al., 2012; Parker et al., 2012;
Uthicke et al.2012; McConville et al., 2013).
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Table 1.1: Showing the reproductive endpoints and phyla examined throughout OA research

Percentage of
studies using
the phyla (%)
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Table 1.2 Showing the effects of OA (significant reduction -SR, no significant effect - NSE, Significant increase — Sl, significant effect - SE) on
various reproductive endpoints, across a range of species.

PH .
Species adjust PH/ pCO2 Combined Duration | Endpoints and General effects Reference
(ppm/ patm) stressor
method
Annelida
e Sperm VCL - SR
7.20,7.40 e Sperm VSL — NSE
7.45, 7.60 e Fertilisation — SR
7.75,7.8 e Larval size - NSE
8.0 8.18 e Asymmetry - SI
Arthropoda
Amphibalanus co .4 a 190 hours | © Cyprid size - NSE McDonald et al.,
amphitrite ? 8. e Survival - NSE 2009
e Egg production - NSE
6.84, 7.40
) e Hatching rate — SR at 10,000ppm Kurihara et al.,
Acartia erythraea CO; 8.1, 6.86 n/a 24 hours |, Nauplius mortality — SI after 2004b
7.02, 8.20 5000ppm
6.8,7.0 Kurihara et al
Acartia steueri CO: n/a 4- 6 days S B
74.7.6 e Egg production - SR 2004a
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7.8,8.0

Multigenerational

. . 7.3 3 e Survival — NSE Kurihara and
Acartia tsuensis CO2 n/a . ) )
8.2 generations | ¢ Egg production — NSE Ishimatsu, 2008
e Hatching rate — NSE
e Development - NSE
I 6.95 .
. ca anhu.s CO, n/a 72 hours | ® Egg production — NSE Mayor et al., 2007
Inmarchicus 8.2 e Hatching — SR
6.9
L : W I,
calanus glacialis CO: 7.6 n/a 9days |* Eggproduction—SR edyr;g;; eta
e Hatching — SR
8.2
380, 480
Centropages | oo, | 620, 750 n/a 4days | * Eggproduction - NSE McCony e et
typicus e Hatching success - NSE
9830
Echinogammarus 7.5 - * Hatching — NSE Egilsdorrit et al.,
marinus CO; 8.0 Salmlty 18 days (] DEVE|Opment time — SR 2009
' e O uptake - NSE
o 7.7 e Growth rate — SR Findlay et al.
Elminius modestus CO2 - Temperature 30 days e Calcium content — NSE ZOIOb

e Survival - NSE
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Homarus o 8.1 s 28 days Larval growth — NSE Arnold et al.,
gammarus 2 8.4 Larval mass - SR 2009
Mineral content - SR
Pandalus borealis CO2 o1 n/a 35 days Accumulated mortality - SI (day 35) 2011
' Development - SR
Hatching — NSE
. 79 Survival — NSE
PeFroItl_sthes CO, ' n/a 10 days Cardiac performance — NSE Caballlosé(gjgna et
cinctipes 7.6 Yolk consumption — NSE al.
Larval activity — NSE
Morphometrics - NSE
Semibalanus 346 Findlay et al.,
balanoides 0 922 n/a 104 days Developmental rate — SR 2009
_ 7.3 Survival — NSE _
Semibalanus CO; 7.7 Temperature 20 days Developmental rate — SR Findlay etal,
balanoides Growth — SR 2010a
8.1 Mineral content - NSE
i 1.7 Growth rate — NSE i
Semibalanus Findlay et al.,
balanoides CO2 50 Temperature 30 days Calcium content — NSE 2010b
Survival - NSE
Temora CO, | 380,480 n/a 4 days Egg production — NSE McConville etal.
longicornis 2013

Hatching success - NSE
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620,750
9830
7.67,7.82 Multi-
Tisbe battagliai CO, n/a ional Growth — SR Fitzer et al., 2012
7.95,8.06 generational | o cuticle oxygen — SR
Cnidaria
8.05
A Survivorship — NSE Nak l.
_cr_o_pora CO2 7.57 n/a 7 days S akamura et al.,
digitifera Oxygen consumption — NSE 2011
733 Metamorphosis - SR
Acropora co 300, 400 a a Nakamura and
digitifera ? 1000ppm Sperm motility - SR Morita, 2012
Acropora 8.12 Fertilisation success- NSE
millepora CO2 08 Temperature 7 days survival - NSE Chua et al., 2013a
Metamorphosis - NSE
400
Fertilisation success — SR Albright et al.
Acropora palmata CO2 560 n/a 11 days Settlement — SR 2010
800uatm Growth - SR
Acropora tenuis CO2 8.17 Temperature 7 days Fertilisation success- NSE Chuaet al., 2013b
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8.06

Survival - NSE
Metamorphosis - NSE

Protein content — NSE

i 7.98 i
I;ocn_lopora CO: Temperature 5 days Respiration — NSE Cum2boolgt al.,
amicornis 7.76 Survivorship — SR
Symbiodinium densities - NSE
7.95,7.88 ] _ :
Porites astreoides | HCL n/a 7 days Aragonite saturation state — NSE Albrf&; 8e tal.
7.80 Growth rate - SR
_ _ 380, 560 Larval metabolism — SR Albright and
Porites astreoides CO2 800yt n/a 48 hours Settlement assay — NSE Langdon, 2011
Juvenile growth - SR
Echinodermata
7.40, 7.69 -
Arbacia dufresnei | CO; n/a 5 days Developmental delay- SI Catar;gclJzet al.,
7.95 Abnormalities - NSE
6.8 73 Regeneration rate — Sl
Amphi 8, 7. e .
frlnf ura CO; n/a 40 days Calcification — SI Wood et al., 2008
irrormis 7.7,8.0 Metabolism — Sl
Survival - NSE
6.8 73 Regeneration rate — Sl
Ambphi 8, 7. I
frlnf ura CO; n/a 40 days Calcification — SI Wood et al., 2009
Hitormis 7.7,8.0 Metabolism — Sl
Survival - NSE
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Centrostephanus 7.6,7.8 Byrne et al.,
rodgersii COZ 79 82 Temperature nfa Fertilisation — NSE 2010b
7.6,7.8
Centr%stephz_;mus CO; n/a 5 day Normal Development — SR Doo et al., 2011
rodgersi 8.01 Growth — SR
Centrostephanus 76,78 Cleavage - SR
rodgersii CO2 61 Temperature 24 hours Gastrulation — NSE Foo et al., 2012
Crossaster 7.7 Growth rate — SI Dupont et al.,
papposus co- 81 n/a 38 days Survival — NSE 2010a
Skeletogenesis - NSE
380 .
Dendr[a_ster CO, n/a Morphometric — SE Chan et al., 2011
excentricus 1000ppm Swimming performance - NSE
7.6,8.0
Evechinus 2781 Survival — NSE - NSE until pH 6.0
Chloroticus CO; S n/a 9-13 days Size - SE Clark et al., 2009
7.7,8.1 Calcification — SR
7.8,8.2 Skeletal integrity — SR
Echinometra 6.8,7.0 Fertilisation success — SR _
mathaei CO2 7.4,7.6 n/a 3 days Growth rate — SR K”“gg(r;et al.
Size — SR a
7.8,8.0
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6.8, 7.0

Echinometra COzand Fertilisation - SR Kurihara and
. 74,76 n/a 3 days cl _SR .
mathaei HCI eavage Shirayama, 2004
7.8, 8.0 Pluteus larvae - SR
7 weeks Egg size - NSE
Male gamete production — SR
i 75,77 parent ;
ECh'“tcr’]me.tra CO, n/a acclimation |® Hatching - NSE Uticke et al., 2012
mathaei 7.9,8.1 and 48 Normal larvae — SR
hours Larval size — SR
Arm symmetry - SR
S Sperm motility - SR
Heliocidaris 7.7 )
CO, a 24 hours Sperm velocity - SR Havenhand et al.,
erythrogramma 8.1 Fertilisation - SR 2008
Normal development - SR
.. . 7.6,7.8 . Byrne et aI., 2009
H(;Iloudarls CO, Temperature | 19-20hours | ® Fertilisation — NSE
erythrogramma 7.9,8.2 Normal development- NSE
Heliocidaris 7.6,7.8 Byrne et al.,
erythrogramma CO2 - Temperature n/a Fertilisation — NSE 20108
Heliocidaris 7.6,7.8 Byrne et al.
Temperatur n et ’
erythrogramma CO; 79 82 empe ature la Fertilisation — NSE 2010b
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Heliocidaris 76,78 21 hours Ab lities — S| Byrne et al.,
co Temperature normalities
erythrogramma ? 8.2 P and 5 days 2011a
erythrogramma €0 8.1 na Sperm VCL - NSE 2012
' Fertilisation - NSE
Heliocidaris 76,78 Byrne etal.,
CO Temperature n/a i aati
tuberculata ? 7.9, 8.2 P Fertilisation — NSE 2010b
o670 Fertilisati SR
1 ertiisation success — Kurihara et a|
Hemicentrotus :
. @) 4, 7. n/a 3 days _
pulcherrimus co- 74,76 y Growth rate — SR 2004a
7.8, 8.0 Size - SR
_ 6.8, 7.0 O
Hemicentrotus | ¢, and Fertilisation - SR Kurihara and
: I 74,76 n/a 3 days Cleavage - SR Shirayama, 2004
pulcherrimus HC
7.8, 8.0 Pluteus larvae - SR
6.6,7.3
™~ Morita et al.,
Holothuria CO: 7.6,7.7 n/a n/a Sperm flagella motility - SR 2010
7.8,8.0
7.78 142 hours O’Donnell et al.,
Lytechinus pictus CO2 n/a Size — SR 2010
7.87
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7.93

Down regulation in gene expression
in genes central to energy metabolism

and bio-mineralisation — SR
Up regulation in some genes

concerned with ion regulation and

acid-base balance pathways- Sl

Cleavage — NSE

Meridiastra calcar | CO; 208 Temperature 3and5 Hatching — SR Nguyen etal.
568 days Larval mortality — NSE 2012
Percentage normal larvae — NSE
7.0.7.6 Fertilisation success — SR
Odontaster o, - a 58 days Survival - SR Gonzalez-Bernat
validus : Developmental rate — SR etal., 2013
8.1 Abnormal development — SI
Morphometrics - SR
Ophiothrix fragilis | CO; 7';’ 17'9 n/a 8 Days Zl:)rrvn:\;?ldevsjopmem SR D“pggggt al,
' Size - SR
7.0, 7.25 Fertilisation — NSE
Paracentrotus co, i " 3 days Survival -NSE Martin et al.,
lividus o Larval Length — SR 2011
7.9 8.1 Symmetry index — SR

Gene expression - SE
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6.8, 7.0

Fertilisation - SR

72,74 i
Par?c?(rjltrotus CO, a 72 hours Cleavage - SR Mouzllonlit al.,
Iviaus 76,78 Rod size — SR
80 Abnormal pluteus — Sl
Patiriella 76,78 Byrne etal.,
regularis CO2 20 82 Temperature n/a Fertilisation — NSE 2010b
Fertilisation - NSE
Embryo development 4 h - NSE
o 20.76 Embryo development 15 h—SR
Patlrllel!a CO, o Temperature 28 days Embryo development 24 h - SR Byrne et al., 2013
regulans 7.8,8.15 Mortality - SI
Normal larvae — NSE
Larval density — SR
Larval length - SR
- 7.67,7.82 "
Psam_r:w_ect_unus CO, Temperature na Sperm motility - SI Caldwell et al.,
miliaris 7.95, 8.02 Sperm VCL - S 2011
Pseudechinus 7.6,8.0 Survival — NSE until pH 6.5
huttoni, CO2 7.7,8.1 n/a 9-13days |® Size—NSE Clark et al., 2009
Calcification — SR
7.7,8.1

Skeletal integrity - SR
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7.8,8.2

7.6, 8.0
Sterechinus 27 81 e Survival — NSE until pH 6.0
neumayeri, CO; S n/a 7days | ® Size-SR Clark et al., 2009
7.7,8.1 o Calcification — NSE
7.8,8.2 e Skeletal integrity - NSE
e Fertilisation — SR at low sperm _
Sterechinus o, 7.0,7.3 a a density Ericson et al,
neumayer 7.7,8.01 e Cleavage — NSE 2010
e Abnormal embryos - NSE
Sterechinus CO, 75,71 Temperature 70hours | Fertilisation success - SR Ericson et al.,
neumayeri 8.0 e Embryonic development - SR 2012
i 8.0,7.8 . _
Sterechlnu_s CO, Temperature 21days | * Larval morphometrics - SE Byrne etbal , 2013
neumayeri 7.6 e Normal development - NSE
Sterechinus 410, 510 e Developmental delay - NSE
neumayer COz 70 n/a 30 days « Larval length — SR Yuetal., 2013
e Pleuteus length - SR
4 Months
Strongylocentrotus 1.7 4 and 16 _ Dupont et al.,
L n/a -
droebachiensis 0 8.1 months * Egg fecundity - SR 2012

e Eggsize - NSE
e Settlement, - NSE
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e Larval daily mortality - Sl
16 months

e Egg fecundity - NSE

e Eggsize - NSE

e Settlement, - NSE

e Larval daily mortality - NSE

380, 540 . )
Strongylocentrotus CO, n/a 4 days o Down regulation of hsp70 after heat | O Donnell etal.,
franciscanus 970ppm shock (250C) 2009
I 400, 800
Strongy f)centrotus CO. n/a n/a Fertilisati SR Reuter et al., 2011
franciscanus 1800ppm o Fertilisation —
Strongylocentrotus
franciscanus 7 dayS and Sunday et al.,
380, 540 . :
Strongylocentrotus | n/a Z0hours | ® Down regulation of gene expression | 1°odgham, and
purpuratus 1020 ppm _SE Hofmann, 2009
Strongyloce?trotus CO, 7.60. 8.02 site 5 days e Size—SR Kelly et al., 2013
purpuratus e Larval respiration - NSE
Tripneustes 7.6,7.8 Byre etal.,
gratilla, CO2 20 82 Temperature n/a e Fertilisation — NSE 2010b
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7.6,8.0
_ 27 81 e Survival — NSE until pH 7.0
Trlpnﬁnstes CO, o n/a 4 days e Size - SR Clark et al., 2009
gratifia. 7.7,8.1 e Calcification — SR
78 8.2 o Skeletal integrity — NSE
Tripneustes 7.6,7.8 e Normal larvae — SR Sheppard
gratilla CO2 o1t Temperature 5 days o Arm asymmetry — NSE Brennand et
' e Larval growth - SR al.,2010
Mollusca
Argopecten 7.50, 7.85, ’ Surv_lval _-SR Talmage and
cO, n/a 21 davs | ® Survivorship - SR 9
irradians 8.07 Bl Metamorphosis — SR Gobler, 2009
e Length - SR
Bembicium nanum Temperature )
CO: 7.6,8.2 72 hours | ® Mortality — Sl Davis et al., 2013
UV radiation e Development rate - Sl
Crassostrea coo 74,76 | Temperature and 5 davs Ambient temp and salinity Thiyagarajan and
angulate 79 81 salinity y e Survivorship - NSE Ko, 2012
R e Shell growth - NSE
7.76,7.91
Crassostrea co2 o179 nfa 30and 32 | 4 shell area - NSE Miller et al., 2009
ariakensis 8.06, 8.16 days |4 calcification — NSE
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Larval development

Crassostrea gigas 7.4 2,3,8,24 | ¢ ghell length — SR after 24 and 48 Kurihara et al.
CO2 n/a and 48 hours ’
8.2 hours . . 2007
o Shell mineralisation - SR after 24 and
48 hours
Crassostrea gigas Havenhand and
CO2 7.8,8.15 n/a n/a e Fertilisation - NSE Schlegel, 2009
o Fertilisation — SR
) 375, 600
Crassostrea gigas | CO2 Temperature 24 hours | ® Development — SR Parker et al., 2010
750, 1000 e Abnormality - Sl
e Larval size — SR
) e Fertilisation — SR
Ambient e Hatching rate — SR
Crassostrea gigas CcO2 (0.0) n/a 144 hours | , Mortality — S Barros et al., 2013
(-0.4), (-0.7) e Abnormal D shaped larvae — SI
e Larval Growth — SR
7.76,7.91 e Shell area— SR
Crassostrea co2 n/a 30 and 32 S Miller et al., 2009
virginica, 8.06.8.16 days e Calcification — SR
7.48, e Survival — SR
Crassostrea CcO2 7.83, n/a 21 days | *® Survivorship—NSE Talmage and
virginica « Metamorphosis — SR Gobler, 2009
8.08

e Length - SR
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Mortality — Sl

400
Crassostrea . Shell mass - NSE Dickinson et al.,
virginica CO2 700-800 Salinity 11 weeks Body mass - NSE 2012
Hatm Shell hardness — NSE
CA activity — NSE
; Temperature ]
Dzlabr'fe.ra co2 7.6,8.2 72hours | ® Mortality — S| Davis et al., 2013
razieri UV radiation Development rate — NSE
Haliotis
7.6,7.8
coccoradiata ’ Byrne et al.,
CO2 T0 82 Temperature n/a Fertilisation — NSE 2010b
Haliotis 7.6, 7.8 Percentage calcification — SR
: 6, 7. ercentage calcification —
coccoradiata co?2 Temperature 21 hours N Byl’ne et al.,
8. and 5 days Abnormalities — Sl 2011a
' Absence of shell - SI
- 1800, 800 _
) Halt:mf CO2 n/a 8 days Survival - SR Crim et al., 2011
amtschatkana 400ppm Larval shell deformities - SI
230. 350 Mortality — SI " |
. . .. ' . Li "
Limacina helicina | CO2 Temperature 29 days Shell degradation — SD Isczoi;t a
750, 1100 Shell growth — SR
Littorina obtusata Cco2 7.6 n/a 30 days Ellis et al., 2009

Embryo viability — SR
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8.1

Embryo activity - SR
Hatching success — SR
Development time - SI
Larval hear rate - NSE
Shell length — SR

Shell height — Sl
Mercenaria 7.49, Survival — SR
mercenaria, CO2 7.84, n/a 21 days Survivorship — SR ;a't:'l’agzggg
Metamorphosis — SR obler,
8.02 Length - SR
Mytilus coo 380, 540 " 8 davs Shell strength - SR Gaylord et al.,
californianus 970ppm y Shell area - SR 2011
Shell thickness - SR
76 Fertilisation — NSE
Mytilus edulis co2 ' n/a 64 days Percentage deformed larvae - NSE Becmggqq etal.,
8.1 Shell size — SR
Feeding - NSE
Percentage distribution — NSE
Percentage d veliger larvae after 54
Mytilus co? 7.4 a 2’1‘;’022’”24’ hours — SD Kurihara et al.,
inciali : Developmental delay at 120 and 144
galloprovincialis 8.1 144 hours Y y 2008

hours
Abnormal development — Si
Shell length — SR

33




o Shell height - SR

. 7 days and Sunday et al.,
Mytilus trossulus CO2 79,683 n/a 60 hours e Larval size - SR 2011
_ 78,79 o Larval shell growth — SR Hettinger et al.
Ostrea lurida CO2 50 n/a 52 days e Shell area— SR 2012
' e Growth rate — SR
5 ) 375, 600 e Fertilisation — SR
?CCOS rfa HCI 250, 1000 Temperature 48 hours | ® Percentage D veliger - SR Parker et al., 2009
glomerata p’pm e Size— SR
e Abnormalities - Sl
Saccostrea e Fertilisation — SR
375, 600 e Development — SR
glomerata CO2 Temperature 24hours |, Apnormality - S| Parker et al., 2010
750, 1000
e Larval size - SR
7.89 Adult 1o Syrvival - SR
Saccostrea urviva
glomerata CO2 510 Oyster source eXposure | o Rate of development — SR Parker et al., 2012
| and 19.days | ., gpe|| jength - SR
7.6 e Egg weight — SI
e 17 and 27 | ® Weight at hatching — NSE Lacoue-Labarthe
Sepia officinalis CO2 7.9 Temperature days o 110mAG accumulation in eggs — Sl et al., 2009
81 e 109Cd accumulation in eggs — SD

e 65 Zn accumulation in eggs - SE
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Nemertea

Parborlasia
corrugatus

CO,

7.0,7.3
7.7,8.01

n/a

8 days

e Fertilisation — NSE
e Cleavage — SR
e Abnormal larvae — SI

Ericson et al,
2010
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1.2 Reproductive end points

The effect of ocean acidification on differing reproductive endpoints has been
examined in much of the previous literature (Table 1.2). To date, results have been
varied, with species and life history stages differences. For example, the copepod
Calanus finmarchicus showed a reduction in egg development under acidified
conditions of pH 6.95, with only 4% of eggs yielding nauplii after 72 hours, however
there was no negative effect seen at later developmental stages (Mayor et al., 2007).
Similarly, Littorina obtusata after being exposed to acidified conditions (pH7.67) for 6
days experienced decreased egg viability to 94% and after 7 days it reduced further to
88% (Ellis et al., 2009). The latter study utilised a more ecologically relevant pH which
may explain the reduction in viability. It was also found that Littorina obtusata
produced fewer hatchlings under acidified conditions (n=449) when compared to
control treatments (n=575) (Ellis et al., 2009). There has been a variety of reproductive
endpoints used in ocean acidification (Table 1.2) and eco-toxicological studies, and
there has been much ambiguity as to what constitutes a particular endpoint. To date,
several endpoints have been considered and these include sperm motility (1.4.1),

fertilisation success (1.4.2), and larval development (1.4.3).

1.2.1 Sperm motility

If the sperm lose the ability to locate eggs in the marine environment, for
broadcast spawning species possessing motile sperm, the reproductive ability will be
severely limited (Morita et al., 2010). Motility is essential to establish successful
fertilisation. Sperm flagellum motility is regulated by an elevation of intracellular sperm
pH. If the external pH is low it is likely to cause acidification of the body fluids as well
as changes in ion balances within marine organisms (Christen et al 1983; Lee et al.,
1983; Nakajima et al., 2005; Raven et al., 2005; Morita et al., 2010). There have been
few studies to determine the effects that increasing OA has on sperm motility, and it has
been studied under several different classifications in the previous literature. These
include percentage motility, sperm swimming speed and flagella motility ( Havenhand
et al., 2008; Havenhand and Schlegel 2009; Morita et al., 2009; Caldwell et al., 2011;

Lewis et al., 2012).
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Much of the published literature to date has reported a reduction in sperm
motility with increasing OA conditions over a range of species including; sea urchins,
sea cucumbers, and corals (Havenhand et al., 2008; Havenhand and Schlegel 2009;
Morita et al., 2009). Havenhand et al., (2008) observed a significant reduction in sperm
motility at pH 7.7 which had a direct impact on fertilisation success in the sea urchin
Heliocidaris erythrogramma. Havenhand et al., (2008) noted that both sperm swimming
speed and sperm motility were significantly affected. Fertilisation kinetics models
utilising these data predicted a 24.9% decrease in fertilisation success under future
increased OA conditions and this corresponded closely to the 20.4-25.9% observed
decrease in fertilisation success during the study. This study highlighted the significant
effect that sperm motility can have on fertilisation success. Equally Morita et al., (2009)
found that there was a significant decrease in flagellar motility in two broadcast
spawning marine organisms, the coral Acropora digitifera and the sea cucumber
Holothurian spp. Acropora digitifera highlighted that a small decrease in pH (0.2 to 0.4
pH units) showed a significant reduction in flagellar motility to 49% at pH 7.8 and after
this it decreased to 20%, whilst the Holothurian spp showed that as pH drops below 7.8
there was a maximum of 30% motility. In contrast, studies utilising the oyster
Crassostrea gigas found no significant effect of OA on sperm motility and sperm
swimming speed (pH 8.15=92.1+4.8ums™, pH 7.8= 94.3+ 5.5ums™") (Havenhand and
Schlegel 2009).

In more recent studies (Caldwell et al., 2011), the sea urchin Psammechinus
miliaris showed that under near future levels of predicted OA (pH 7.95) there was a
significant increase in both percentage motility and sperm swimming speed and this
increase was consistent across temperature treatments (14, 17 and 20°C). Sperm
motility and swimming speed remained higher than the control in all decreased pH
treatments (pH 7.95, 7.82 and 7.67) at both 14 and 17 °C; however at 20 °C pH 7.82
showed a reduction in both sperm motility and sperm VCL. Conversely Lewis et al.,
(2012) found that when the polychaete Pomatoceros lamarckii was subjected to pH 8.1-
7.4 and a more extreme pH condition (pH 7.2) there was a significant reduction in
sperm swimming speed but with a peak at pH 7.75. The percentage of sperm retaining
some extent of motility also showed a reduction with reducing pH but this was not a
linear relationship as there were increases at pH 7.7 and 7.45. In contrast, Frommel el
at., (2010) found that OA did not significantly affect average swimming speed or
percentage motility in the Baltic code Gadus morhua; it was however noted that both
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differed significantly between males. A recent study by Schlegel et al. (2012) also noted
a significant decrease in sperm motility (%) under elevated CO> (pH 7.8, and 7.6)
conditions, but found that there was no significant effect of CO2 on average sperm
swimming speed (um/s™?) (p=0.710). This particular study looked at variations between
males and found that the response of different males differed significantly for both

sperm motility (%) and swimming speed (um/s).

It has previously been suggested that activation pH plays an integral role in
sperm motility with the connection between intracellular sperm pH and sperm activation
and longevity being well studied (Christen et al., 1983b; Caldwell et al., 2011). It has
previously been suggested that activation pH varies between species with early studies
by Christen et al., (1983Db) reporting an activation pH of 7.6 in the sea urchin
Strongylocentrotus purpuratus. Similarly, Pacey et al. (1994) reported that there was an
activation pH of 7.6 in the polychaete Arenicola marina. However Nakajima et al,
(2005) reported the activation pH of the starfish Asterina pectinifera was higher than the
previously mentioned species with the activation pH being reported as pH 7.8. It is
possible that these variations in activation pH could explain some of the reported

variation in sperm motility and swimming speed seen between studies.

Activation pH alone does not explain all of the differences seen between studies.
There has been a wide variety of methodologies used for sperm motility analysis, some
of these variations may help to explain the other differences seen. One of the principal
variations is sperm densities used, with the majority of studies choosing to use high
sperm densities (10°-10’sperm ml™) (Morita et al., 2009; Caldwell et al., 2011; Lewis et
al., 2012) however some studies have chosen to use lower sperm densities (103-10*
sperm plIt) (Havenhand and Schlegel, 2009). It is possible that variations seen in sperm
motility could be attributed to these variations in sperm densities, as it has been
hypothesised that high sperm concentrations may have an effect on sperm motility due

to an increase in the frequency of collisions (Wilson-Leedy and Ingermann, 2006).

It is also possible that variations seen could be attributed to the duration of the
motility analysis. There is little unification across sperm motility methodologies with
tracking times ranging from two seconds (Schlegel et al., 2012) to 30 minutes (Caldwell
etal., 2011). Two of the reported studies above utilised the CASA (computer assisted
sperm analysis) sperm tracking system which allowed for tracking for 30 minutes. The
results from the studies using the CASA sperm tracking system differed from other
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sperm motility studies which utilised other experimental techniques including different
tracking times. For example Caldwell et al. (2011) saw a significant increase in sperm
motility at a pH of 7.95 in the sea urchin Psammechinus miliaris which differs from
previous studies by Havenhand et al, (2008) and Havenhand and Schlegel, (2009) which
reported a reduction in sperm motility at reduced pH in the sea urchin Heliocidaris
erythrogramma and the oyster Crassostrea gigas. The latter studies tracked sperm only
for two seconds and tracking was started immediately. It is therefore possible that sperm
were not completely activated. In contrast Caldwell et al, (2011) started tracking 1
minute after activation and continued at 10, 20 and 30 minutes, found an increase in

sperm swimming speed.

It is apparent from previous literature that it is important to have a unified
methodology for sperm motility analysis. The majority of variations seen throughout the
results can be attributed to variations in methodology and differences in activation pHs
of the sperm. The aforementioned studies have concentrated only on short term
exposure of gametes and it is unclear what the long term impacts of decreased pH will
be. There is a necessity for further long term and multigenerational exposure to try and
determine the long term impacts on sperm viability and consequently fertilisation

success and larval development.

1.2.2 Fertilisation success

Fertilisation can be defined as the production of a diploid zygote through the
amalgamation of two sexually different haploid gametes. Fertilisation can be split in to
two main categories: 1) internal where the sperm is transferred directly to the female
from the male and fertilisation occurs within the female; and 2) external fertilisation,
where the gametes are released directly in to the environment and fertilisation occurs in
the external environment (Caldwell, 2009). There are examples of marine invertebrates
that utilise either of these strategies through internal copulation and broadcast spawning.
These variations in reproductive strategies cause difficulties when trying to distinguish
how best to assess fertilisation success. It has been suggested that fertilisation
experiments should be standardised to allow for easy comparison across studies.
Marshall, (2006) described three recommendations to standardise fertilisation
experiments: 1) sperm egg contact time being 1 hour; 2) sperm from multiple males are

used in each assay to reduce variation between experimental runs; and, 3) the use of
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serial sperm dilutions to create a fertilisation curve, and maximum fertilisation
concentrations used for experiments. These guidelines, however, do not take into
account many external factors such as temperature. It also suggests that the highest
sperm concentrations should be used; however, it is possible that this could affect
results as the experiments would represent highly unnatural sperm densities. It is also
apparent that these guidelines do not standardise how fertilisation success is defined.
The majority of the studies concerning fertilisation success in broadcast spawning
marine invertebrates have measured fertilisation in two ways: 1) elevation of the
fertilisation envelope/membrane (Kurihara et al., 2004; Kurihara and Shirayama, 2004;
Moulin et al., 2011 Ericson et al., 2012) ; or, 2) beginnings of polar body formation and
cleavage and therefore early embryonic development (Kurihara et al., 2007; Havenhand
et al., 2008; Havenhand and Schlegel, 2009; Parker et al., 2009; Parker et al., 2010;
Moulin et al., 2011; Lewis et al., 2012; Schlegel et al., 2012). Both methods are valid
but they represent different fertilisation events and have different sensitivities to eco-
toxicants. It is therefore important to differentiate between the stages (Byrne, 2012). A
number of studies have used both stages to represent the same endpoint of fertilisation
success (Byrne et al., 2009; Byrne et al., 2010a; Byrne et al., 2010b; Ericson et al.,
2010; Martin et al., 2011; Reuter et al., 2011; Gonzalez-Bernat et al., 2012). By utilising
both elevation of the fertilisation membrane and cleavage, the results achieved will not
accurately represent either stage and make comparison between studies difficult. It
would be beneficial for future research to use both elevation of the fertilisation envelope
membrane and first polar body cleavage but not to represent a single endpoint as
fertilisation success can be seen as elevation of the fertilisation envelope whereas early
polar body cleavage can be used to look at the effects of OA on early embryonic

development.

It is also possible that differing percentages of fertilisation success could be as a
result of differential compatibility of male and female gametes or naturally variable
gamete quality (Kurihara and Isimatsu, 2008). It is difficult to assess the impact of
individual gamete quality on fertilisation success, however, as the majority of
fertilisation studies rely on pooled gametes. The use of this methodology has been
justified previously as being representative of a population of spawners. Recent studies
(Sunday et al., 2011; Foo et al., 2012; Schlegel et al., 2012) have found, however, that
parental mating significantly affects the outcome of fertilisation success. By using

single dam-sire interactions it is possible to determine individual response to ocean
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acidification. When pooled gametes are utilised it can cause a skew in results, as certain
samples are stronger than others and when mixed will out compete weaker sperm
samples; this in turn may create unrealistic levels of fertilisation success. By using
single dam-sire interactions it is possible to see the effects that fertilisation success will
have on an individual. This is important as it has been clearly shown that individuals
react differently to increased acidification and thermal stress, and group spawning
studies negate individual effects as individuals all contribute differently to the next
generation (Foo et al., 2011; Schlegel et al., 2012).

There are many factors affecting fertilisation success in broadcast spawning
marine invertebrates including gamete dilution, sperm-egg contact time, adult
aggregation, and sperm longevity. All of these factors have roles in determining
fertilisation success (Pennington, 1985; Levitan et al., 1991).

One of the major discrepancies in experimental protocols for assessing
fertilisation success is the use of different sperm densities. Sperm densities have
previously been well documented as playing an important role in fertilisation success
and Kkinetics (Pennington, 1985; Levitan et al., 1991). There is little consistency between
studies for sperm concentration or sperm: egg ratios. Sperm densities used in OA
studies have ranged from 10 sperm ml* to 10° sperm mlI*}(Byrne et al., 2010).
Previously, it has been shown that sperm density has a significant impact on fertilisation
success regardless of treatment pH or temperature. Studies by Byrne et al., (2010a)
utilised a variety of sperm densities, and concluded that fertilisation success is not
significantly impacted by decreased pH but it is negatively impacted by reduced sperm
concentration. Similarly, Havenhand and Schlegel et al., (2009) showed no significant
difference in fertilisation success of the oyster Crassostrea gigas at varying CO,
treatments (pH 8.15= 63.4%; pH7.8= 64.1%). This study also reported that there was
no significant difference between the sperm concentration at which maximum
fertilisation (Smax) occurred (10864 and 10941 sperm pl-* in pH 8.15 and pH 7.8,
respectively). In contrast, studies concerning H.erythrogramma found that sperm
density had a significant effect on fertilisation success, with lower sperm densities

(01.1) showing a significant reduction in fertilisation success (Byrne et al., 2010a)

Adult aggregation is another important factor determining fertilisation success
because gametes dilute rapidly when released to the environment. Previous studies

have shown that fertilisation success decreases significantly when sperm travels more
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than 10 cm from the source, meaning that if there a sparse community of spawning
adults the chances of fertilisation are reduced (Pennington, 1985; Levitan et al., 1991).
In broadcast spawning events larger aggregations allow for greater numbers of
individuals to contribute to the next generation, which allows for greater genetic
diversity. In OA studies there has been much variation in the number of adults that
gametes are collected from. Recent studies have collected gametes from large numbers
of individuals, for example 18 males and 18 females (Schlegel et al., 2012); however,
many studies have used single males and females in fertilisation success experiments
(Kurihara et al., 2007; Havenhand and Schlegel, 2009; Ericson et al., 2010; Reuter et
al., 2011; Ericson et al., 2012). This is not ideal as there is high natural variability in
sperm performance, and not all gametes are compatible and gamete compatibility
dictates fertilisation success (Palumbi, 1999; Boundry et al., 2002; Levitan and Ferrell,
2006; Byrne, 2012), and there is high variability between individuals (Foo et al., 2012;
Schlegel et al., 2012)

Sperm longevity also plays a vital role in fertilisation success in broadcast
spawning marine invertebrates, as sperm may have to stay active for long periods of
time for successful fertilisation to occur. Williams and Bentley (2002) found that sperm
longevity had a marked impact on its viability in the polychaetes Arenicola marina and
Nereis virens and the asteroid Asterias rubens. Similar results have been found in the
sea urchin Strongylocentrotus franciscanus (Levitan et al., 1991). Studies concerning
the effects of OA on fertilisation success use varied time scales for egg: sperm contact
time. Many allow fertilisation to occur for a relatively short time period (12 — 15
minutes) and the eggs are rinsed to remove excess sperm (Kurihara et al., 2007;
Kurihara et al., 2008; Byrne et al., 2009; Byrne et al., 2010a; Byrne et al., 2010b; Lewis
et al., 2012). Some have used far shorter time periods (30 seconds; Reuter et al.,2011)
while others did not rinse excess sperm from eggs (Kurihara et al., 2004; Parker et al.,
2010). Previously egg-sperm contact time has been shown to significantly affect
fertilisation success with greater fertilisation occurring with increasing time (Levitan et
al., 1991). By removing excess sperm from experiments after a set time period it is
possible that the true fertilisation success is not being seen, as fertilisation may have
continued past the point of sperm removal which means the percentage fertilisation

success may not provide an accurate result.

Acidification methodology has also differed between studies. Two major

variations of acidification have been used within OA experiments 1) the addition of
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gaseous CO2 and 2) the addition of HCI. The addition of CO2 has been used more
frequently (For a review see Byrne, 2012, and see Table 1.2) than HCI (Kikkawa et al.,
2004; Kurihara and Shirayama, 2004; Parker et al., 2009). Although the vast majority of
studies achieve acidified conditions through CO: injection ( see table 1.2), an early
study carried out by Kurihara and Shirayama (2004) on two sea urchins (Hemicentrotus
pulcherrimus and Echinometra mathaei) acidified sea water using two methodologies;
1) bubbling with COy, or; 2) the addition of 1N HCI. A significant decrease in
fertilisation success was seen for both species under both acidification methods. The
reduction in fertilisation success showed a more linear relationship in H. pulcherrimus
with a dramatic decrease occurring at pH 6.8 (<10%) under CO> acidification. There
was still a significant result, but not as dramatic a decrease as using HCI (pH 6.8, 77%
fertilisation success). There was a significant difference between acidification
methodologies seen in E. mathaei. There have also been comparative studies between
the two methodologies (Kikkawa et al., 2004; Kurihara and Shirayama, 2004) and these
studies found that there was a less severe effect on reproduction and development with
the addition of HCI. In contrast, Parker et al. (2009) choose to use HCI addition, after an
unpublished study found no significant difference in results between the two methods;
however, later studies by the same author used only CO> bubbling to manipulate sea
water pH (Parker et al., 2010; Parker et al., 2012).

A considerable body of literature has been published on the effects of ocean
acidification on fertilisation success (Table 1.2), and as seen for sperm motility
literature (section 1.4.1) the response of fertilisation success to OA appears to be largely
species specific with contrasting results found throughout. For example, with literature
related to echinoderms 61% of studies show a negative effect of OA, 5% show a
positive response, and 34% show no measurable response (Dupont et al., 2010b; Dupont
et al., 2012). Early studies by Kurihara et al, (2004), showed a significant reduction in
fertilisation success of the sea urchins H. pulcherrimus and E. mathaei at the lowest pHs
(10,000ppm; pH 6.8) measured (H. pulcherrimus 44% ; E. mathaei 7.6%). However a
more recent study by Uticke et al. (2012) found that with increased levels of CO, there
was no significant effect on egg size or hatching but there was a significant reduction in
male gamete production. Between these particular studies discrepancies in results can
be attributed to differing levels of acidification with Uticke et al. (2012), utilising more
ecologically relevant pH values than Kurihara et al, (2004) (see Table 1.2). Similarly,
Havenhand et al, (2008) used Heliocidaris erythrogramma, and found that with
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increasing CO., there was a 30.4% reduction in fertilisation success at pH7.7; the study
also estimated fertilisation success reduction of 25% through use of fertilisation kinetics
models, which was in keeping with the observed data. In contrast to the previous study,
Byrne et al., (2009) showed no significant effects of decreased pH on fertilisation
success in the same sea urchin species. In contrast to Havenhand et al, (2008) Byrne et
al, (2009) utilised 4 experimental pH treatments (pH 7.6, 7.8, 7.9 and 8.2) whereas the
initial study utilised only 2 (pH 7.7, and 8.1), which overlapped with the study
conducted by Byrne et al, (2009). There was a discrepancy in sperm densities used by
Byrne et al, (2009) utilising 10° sperm mlI* and Havenhand et al, (2008) using 10°
sperm ml, However, the main difference between the two studies is the use of single
dam —sire crosses (Havenhand et al., 2008) and pooled gametes (Byrne et al., 2009), and
as mentioned above, there is a significant difference between the two methodologies.
There were also differences in the stage used as fertilisations success with Havenhand et
al., (2008) using 2-cell cleavage and Byrne et al., (2009) using both elevation of the
fertilisation envelope and cleavage. There have also been discrepancies in results for the
sea urchin Paracentrotus lividus. For example Moulin et al. (2011) showed a significant
reduction in fertilisation success under OA scenarios. Conversely, Martin et al. (2011)
found that there was no effect of decreasing pH on fertilisation success. There are
several differences between the studies in terms of methodologies with Moulin et al,
(2011) treating elevation of the fertilisation envelope and cleavage as separate endpoints
as opposed to Martin et al., (2011) which used both to score fertilisation success. This
difference is similar to that seen between Havenhand et al. (2008) and Byrne et al,
(2009) and highlights the need for a more standardised fertilisation success protocol. It
also supports the idea that fertilisation success and cleavage should not be used to
represent the same endpoint as they show different things, with fertilisation success
showing the elevation of the vitelline envelope, and cleavage success showing early
embryonic development, and are differently affected by OA. By combining the two
endpoints, the studies have found that there is no significant effect of CO; on
fertilisations success (Byrne et al., 2009; Martin et al., 2011). However when viewed

separately there was a significant effect (Havenhand et al., 2008; Moulin et al., 2011).

1.2.3 Larval development
Larval growth and development is by far the most studied area of reproductive

and developmental studies within the field of ocean acidification. This particular
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developmental stage encompasses a wide range of reproductive endpoints including
growth, larval morphometrics and survival. Through the course of larval development
research a large variety of species from a wide range of habitats have been used and
contrasting results found (see table 1.2). During marine invertebrate development, the
larval stages of an organism often have different modes of life (e.g. planktonic versus
benthic) than the adult stages (Portner, 2008), and it is suggested that different life
stages are able to cope differently with a changing environment. It has been largely
predicted that early developmental stages of an organism’s life cycle are the most
sensitive to environmental changes such as CO> (Dupont and Thorndyke, 2008). Larval
stages are vital to marine organisms; larval development is reliant on normal
development from embryos. If there is an increased incidence of larval abnormalities,
this could be significantly impacted and lead to a reduction in recruitment success.
There is a varied response in larval response to increased OA conditions leading to the

hypothesis that the effects of OA are going to be species specific.

A seen above for sperm motility (section 1.2.1) and fertilisation success (section
1.2.2), there are contradictory results pertaining to the positive or negative effects of
increased OA conditions. For example a significant reduction in larval survival rate was
seen in the hard clams Mercenaria mercenaria , the bay scallop Argopecten irradians,
and the eastern oyster Crassostrea virginica (Talmage and Gobler, 2009). Conversely
the barnacle Semibalanus balanoides exhibited no significant impact of OA on larval
survival (Findlay et al., 2010). Research concerning the effects of OA on growth varied,
with the majority showing a reduction in growth (Kurihara et al., 2004; Clark et al.,
2009; Findlay et al., 2009; Parker et al., 2009; Talmage and Gobler, 2009) and others
reporting an increase in growth after increased OA exposure (Kurihara et al., 2007;
Kurihara and Ishimatsu, 2008; Miller et al., 2009; Dupont et al., 2010a). As mentioned
previously it has been suggested that calcifying organisms will be especially affected by
increased CO2 and this is supported by the majority of studies (Kurihara et al., 2007;
Clark et al., 2009; Miller et al., 2009).

1.2.4 Larval mortality
Survival or mortality has been reported from several studies in a variety of
species. Changes to individual survival could significantly affect species survival and

recruitment. The vast majority of OA studies concerned with larval survival or mortality
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have found that with increasing p CO: there is a significant reduction in larval survival.
Dupont et al., (2008) saw that survival rates were significantly decreased in the brittle
star Ophiothrix fragilis when exposed to increased pCOx. It was reported that there was
a <0.1% survival in treatment pH conditions which at pH 7.95 equates to a mortality
rate of 35+/- 10.5% d*, and at pH 7.7 mortality rate was increased further to 50.4 +/-
10.5% d . Significant increases in mortality at decreased pH treatments were first
observed after 7 days at pH 7.95 and after 5 days for pH 7.7 Similarly studies by Crim
etal., (2011) saw a 40% reduction in the survival of the Abalone Haliotis
kamtschatkana when exposed to increased p CO, (800ppm and 1800ppm). Davis et al.,
(2013) also showed a significant reduction in survival in the Opisthobranch’s
Dolabrifera brazieri, Bembibium nanum at decreased pH (p<0.0001) and this was
further exacerbated at lower temperatures. In contrast Clark et al., (2009) looked at the
effects of increased pCO: on the survival of 4 sea urchin species, a tropical species,
Tripneustes gratilla, two temperate species Pseudechinus huttoni, and Evechinus
chloroticus and a polar species Sterechinus neumayeri. In all species, pH had a
significant effect on larval survival which presented as a decrease. However in all
treatments significant reductions were only seen at pH 7.0 and below. The effects of pH
were seen first in T. gratilla which showed a significant reduction in survival at pH 7.0
and below (p<0.00001). S. neumayeri and E. Chloroticus showed the greatest
resilience to decreasing pH with a significant reduction only being seen at pH 6.0 (S.
neumayeri , p<0.00001; E. Chloroticus, p<0.00001) after 22 days and 13 days exposure
respectively. Similarly Nguyen et al., (2012) saw no significant difference in survival of
the sea star Meridiastra calcar when exposed to increased pCO2; however there was a

significant effect of temperature.

Although the majority of variations in larval mortality can be attributed to
species specific responses it is possible that some variations could be attributed to
differing experimental methodology with some studies immersing the larvae in acidified
conditions from fertilisation (Kurihara et al., 2007; Byrne et al., 2011a) and others only
after development has already begun (Dupont et al., 2008). Previously, increases in
mortality have also been suggested as a knock on effect caused by developmental delay
and increased time to metamorphosis (Byrne, 2012) It is important for future research to
become more long term and encompass more than one endpoint to see how reproductive

endpoints link to one another
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1.2.5 Larval Growth

Similar to the results seen in larval mortality, the results for effects of OA on
growth and size vary greatly dependant on species. Many of the species studied
previously showed a reduction in growth rate. For example Martin et al. (2011) showed
a slowed larval growth rate in the sea urchin P. lividus, when exposed to decreased pH.
Similarly Gaylord et al., (2011) showed that when the larvae of M. californianus are
exposed to increased pCO2 (970ppm) there is a reduction in shell area. After 5 days
shell area was 5% smaller when compared to control and after 8 days there was a 5%
reduction. Hettinger et al., (2013) also reported that decreased pH significantly affected
larval shell growth rate at 9 days post larval release. Larvae reared at the lowest pH
conditions exhibited a 15% reduction in shell growth rate when compared to the control.
This decrease in size at increased pCO2 was seen through to the settlement stage where
larvae reared in pH 7.8 were 7% smaller, and further to 7 days post settlement where
pCO: significantly reduced growth exhibited as a 41% decrease in shell growth rates.
Barros et al., (2013) showed a reduction in the shell length and height of D-shaped
veliger’s in the oyster C. gigas when exposed to decreased pH conditions (Length
p<0.001; Height p<0.001). However growth rate was similar in each treatment.
Similarly Byrne et al., (2013) showed that after 3 days exposure to decreased pH
treatments there was no significant effect of pH on larval growth in the sea star
Patiriella regularis. There was however a significant impact of temperature (p=0.0002).
In contrast to previous studies Dupont et al, (2010) showed that when the sea star
Crossaster papposus was exposed to decreased pH conditions there was an increase in
larval and juvenile growth and this increase did not significantly impact larval survival

or skelotogenesis.

The majority of studies concerned with larval growth have seen a reduction when
exposed to decreased pH, with species showing varying sensitivities. For example Clark
et al. (2009) reported varying sensitivities of echinopleutus skeletal growth when
exposed to varying pCO treatments in a variety of echinoderm species (see Table 1.2)
Variations seen within and between studies highlight the variations in tolerance
thresholds of different organisms when exposed to ocean acidification. The reduction in
size seen throughout the studies may lead to problems associated with survival by

increasing time to metamorphosis and increasing the risk of predation.
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1.2.6 Larval morphometrics and abnormalities

One of the most studied areas of larval growth and development is larval
abnormality. This is a particularly important endpoint as changes seen in early
development can have serious ramifications on future developmental stages. Therefore
if there is an increase in larval abnormalities it may have knock on consequences for

further development and populations.

Many of the previous studies concerned with larval morphometrics have seen
that with decreasing pH there is a significant increase in larval abnormalities and
asymmetry in a variety of species. Early studies by Kurihara et al., (2008) showed that
when the larvae of the mussel Mytilus galloprovincialis were subjected to reduced
seawater pH there was a significant effect on larval development at 120 and 144 hours.
At the control pH there was less than 1% larval abnormality seen, however under
decreased pH (pH7.42) nearly all (>99%) had abnormal morphology. The abnormal
morphologies exhibited included indentation of the shell margin protrusion of the
mantle from the shell, convexation of the hinge, and a combination of the latter 2
conditions. Similarly studies concerning the oyster Saccostrea glomerata showed that
when exposed to increased pCOz the percentage of abnormal D veligers increased, with
the greatest amount exhibited at 2000ppm when compared to ambient (375ppm). There
was also a significant effect of temperature which led to increases in abnormal
development. The study found that the as experimental time increases the less abnormal
veligers developed with the exception of 12000ppm where the amounts of abnormal
veligers were close to 100% (Parker et al., 2009). Similarly studies by Lewis et al.,
(2012) utilised the tube worm Pomatoceros lamarckii. It was found that asymmetry in
larval stages became significantly more variable with decreasing pH (p=0.002). There
was also a significant increase in the mean asymmetry index for 7 day old larvae at the

lower pH treatments (pH 7.6 and 7.4).

Echinoderms are one of the most studied phyla in terms of effects of OA on
larval development. Studies also encompass a wide range of species from a variety of
habitats including temperate, tropical and polar species. Studies using the temperate
brittle star Ophiothrix fragilis showed that a large proportion of the larvae raised under
decreased pH (pH 7.9 and 7.7) treatments were either asymmetric or abnormally
developed. The frequency of abnormal larvae through time followed a normal
distribution with the highest proportion of abnormal larvae being observed after 3.7

+0.09 days at pH 7.7 and after 4.92+0.07 days at pH 7.9. However abnormalities were
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completely absent in control larvae. After 2 days a significant proportion of larvae
showed asymmetry at reduced pHs, with percentage asymmetry at pH 7.9 being 25 %
and 32% at a pH of 7.7 (Dupont et al., 2008). Similarly studies concerning the
Antarctic sea star Odontaster validus saw reductions in developmental rate and
differences in larval morphology with larvae appearing less developed in treatment pH
conditions (pH 7.6). There was also the presence of larval abnormality, specifically in
the form of a poorly formed oral hood and smaller stomach and with the left and right
enterocoels showing small extensions both anteriorly and posteriorly at pH 7.0
(Gonzalez-Bernat et al., 2013). Similarly studies by Doo et al, (2011) looked at the
effects of decreasing pH on the sea urchin Centrostephanus rodgersii. The study
showed that with increasing pCO- there was a decrease in percentage normal prism
larvae at pH 7.8 and 7.6 (p=0.001). After 3 days arrested and abnormal prism stage
larvae were present in acidified treatments and at day 5 larval arm length was
significantly lower in pH 7.6 (p=0.006). In contrast however there was no significant
effect on pH on the percentage larvae with arm length asymmetry among the three pH
treatments (p= 0.052)

Whilst the majority of species have shown a significant decrease in larval
asymmetry and a significant increase in larval abnormalities with decreasing pH, certain
species have shown a degree of resistance to the effects of OA. For example studies by
Martin et al. (2011) utilising the sea urchin Paracentrotus lividus showed that symmetry
index was high regardless of pH treatment with a mean ratio of the left to right overall
length close to 1. There was, however, a significant effect of pH on symmetry index.
However the lower symmetry index values were seen only at the lower pH treatments
used (pH 7.25 and pH 7.0). Similarly studies by Moulin et al. (2011) also concerned
with the sea urchin P.lividus reported that symmetry index for body rod was
significantly lower at decreased pH treatments and there was also a significant effect of
pH on larval form. The percentage of pluteus larvae showing abnormality was also

increased with decreased pH but this was only significant at pH 7.0.

In contrast to much previous research some species have shown a high tolerance
to decreasing pH. For example in the sea urchin Tripneustes gratilla larval
abnormalities were reported due to increased temperatures but pH was found to have no
significant effect (Temperature, p=<0.003; pH p=0.04). There was a reduction in larval
symmetry at pH 7.8 at 27°C. However, this reduction is thought to have occurred as this

temperature was at the thermal limit of the species. Overall larval arm asymmetry was
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not significantly affected by pCO, (Sheppard- Brennand et al., 2010). Similarly studies
concerned with the sea star Meridiastra calcar saw no significant effect of pH on
percentage normal larvae after 5 days development (p>0.05). However temperature was
seen to have a significant negative effect on percentage normal larvae (Nguyen et al.,
2012).

A large proportion of studies have considered the effects of OA on larval
morphometrics with variations in results being seen. However the majority of results
indicate an increase in larval abnormality with decreasing pH. Variations in results can
not only be attributed to species specific response but also to variations in
methodologies. Similar to methodologies for larval mortality experiments there are
variations in experimental protocols in terms of juvenile submersion with some studies
incubating from fertilisation (Kurihara et al., 2008; Byrne et al., 2009; Parker et al.,
2010; Byrne et al., 2011a) and others from later developmental stages (Dupont et al.,
2008; Ericson et al., 2010; Crim et al., 2011; Moulin et al., 2011). It is likely that
increases in larval abnormality will have consequences for future development and

survival.

Previous studies concerned with larval growth and development have considered
a wide variety of endpoints and found a wide variety of results. It is clear from these
results that response to the increasing oceanic pCOz is likely to be varied and species
specific. It is important for future research to increase the variety of species used to
gauge the whole ecosystem response to changing oceanic pH. It is also important to
think about larval development in terms of longer studies and parental acclimation to
see if these factors significantly impact larval growth and development. Another area of
research which deserves attention is the effect that increased larval abnormalities will

have when grown through to maturity.

1.2.7 Ocean acidification and multiple stressors

As mentioned in section (1.1) the acidification of the world’s oceans is not likely
to happen as a singular event. Along with increasing partial pressures of carbon dioxide
there is also an estimated increase in average global temperature of between 1.1-6.4°C
by the year 2100 (IPCC, 2007). Temperature is not the only stressor that is set to
increase with increasing pCOs, it has been predicted that there will be an increase in

salinity (Salma et al., 2012), and pollutants (Lewis et al., 2012). It has also been
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hypothesised that with increasing pCO2 and temperature the marine environment will
suffer from reduced oxygen solubility, and this in turn will lead to an increase in the
frequency of hypoxic events (Portner and langenbuch, 2005; Portner, 2008; Oschlies et
al., 2008; Hofmann and Schellnhuber, 2009).

The interacting effects of temperature and OA have received the most attention
of all combined stressors in previous literature (see Table 1.2), as temperature is known
to be a key factor in many stages of organism development. Previous studies concerning
the combined effects of increasing temperature and pCO> have been carried out on a
variety of invertebrates including echinoderms, (Byrne et al., 2009; Byrne et al., 2010a;
Byrne et al., 2010b; Sheppard-Bernard et al., 2010; Caldwell et al., 2011; Wood et al.,
2011;Ericson et al., 2012; Nguyen et al., 2012), molluscs (Parker et al., 2009; Byrne et
al., 2010b; Talmage and Gobler 2012; Thiyagarajan and Ko, 2012), including
cephalopods (Lacoue-Labarthe et al., 2009) and gastropods (Byrne et al., 2011a;
Lischka et al., 2011), and crustaceans (Findlay et al, 2010a; 2010b; 2010 c; Walther et
al., 2010; Pansch et al., 2012),

There have been varying results shown for the effects of increasing pCO; and
temperature, for example Byrne et al. (2009) found that there was a significant effect of
temperature on fertilisation success, and development in the sea urchin Heliocidaris
erythrogramm, with no significant effect of pH and no significant interacting effect
between pH and temperature. However later studies by the same (Byrne et al., 2010a;
Byrne et al., 2010b) authors using the same species showed no significant effect of
temperature or pH and similar to previous studies no significant interacting effect.
Further to these experiments further work with echinoderms showed no significant
effect on the species Centrostephanus rodgersii, Heliocidaris erythrogramma,
Heliocidaris tuberculata, Patiriella regularis and Tripneustes gratilla. The results
achieved in these studies suggest that echinoderm reproduction will be robust to near
future pCO- and temperature conditions. In contrast the abalone Haliotis coccoradiata
showed that increased temperature and decreased pH had a significant effect on
percentage normal juveniles. (Temperature — p<0.001; pH- p<0.001) and there was a
significant interaction between the two factors (— p<0.005). Spine number also showed
a significant effect when subjected to decreased pH and increased temperature (temp —
p<0.001; pH- p<0.001) with juveniles reared at +2°C pH 7.6 and 7.8 having more
spines than those reared in ambient temperature at equivalent pH values. A significant

interaction (—=p<0.001) between the two factors also occurred (Byrne et al., 2011a).
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Similarly studies concerning the oyster Saccostrea glomerata found a reduction in
fertilisation success under increased pCO- and temperature conditions, with fertilisation
being significantly reduced at suboptimal temperature and increased pCO.. The lowest
rate of fertilisation success occurred at 18°C and 1000ppm with a mean of 39%
cleavage. There was also a significant effect of the two factors on embryonic
development and larval abnormality, with larval abnormalities increasing with pCO>
and temperature (between 600-1000ppm and 18-30°C) with lowest abnormality
happening at ambient pH under optimal temperature. These increased abnormalities
were combined with a decrease in size (Parker et al., 2009). Later studies also showed a
significant interaction of pH, temperature and species on fertilisation success,
percentage development and larval abnormalities in the oysters Saccostrea glomerata,
and Crassostrea gigas, as well as a significant effect of temperature and pCO. (Parker
etal., 2010).

Effects of increased temperature and pCO: have also had varied effects on polar
species, with the pterapod Limacina helicina, showing that neither factor had a
significant effect on shell diameter and no significant interaction occurring between the
two factors. There was however a significant effect of temperature and pCO2 on
mortality. There were no significant interacting effects but temperature had a stronger
effect than pH (Lischka et al., 2011). A more recent study by Ericson et al. (2012)
using the Antarctic echinoid Sterechinus neumayeri showed that fertilisation success
was significantly reduced with increasing temperature and pCO; (Temperature =
P<0.05; pH p<0.001) and a significant interaction occurred between both factors (p<
0.005). Embryonic development showed that temperature had no significant effect on
cleavage success but did significantly negatively affect the blastula stage (p< 0.001). pH
showed a significant effect on cleavage but not on development to the blastula stage;
however at +3°C there was a 10-11% decrease in normal embryos across all pH

treatments

This combined and interacting effect of temperature and pCO. could have
further ramifications on organisms. Previous studies have shown that in response to
thermal stress there is often an up regulation in the transcription of heat shock proteins
which are molecular chaperones involved in cellular defence, and have previously been
used as an indication of an organism’s ability to tolerate environmental stress
(O’Donnell et al. 2009). Studies carried out by O’Donnell et al. (2009) examined the

effect of increasing pCO2 and temperature on the expression of hsp70. It was found that
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when Strongylocentrotus francisanus larvae were raised under increased pCO; there
was a change in the expression profile of hsp70. Larvae from all treatment pCO>
conditions showed an up regulation of hsp70 in response to 1 hour of exposure to
temperature increases; however the expression levels of hsp70 and peak expression
differed. There was a significant effect of both temperature and pCO. (Temperature
p<0.0001; pCO- p= 0.0037). This study shows that increased pCO- has a significant
effect on the expression of hsp70 in the urchin S.francisanus and this suggests that in a

changing ocean the ability of organisms to cope with thermal stress may be decreased.

Temperature is by far the most studied synergistic factor associated with
increasing OA. However recent studies have begun to consider the effects of three
abiotic factors in multiple stressor experiments. Thiyagarajan and Ko, (2012) have
considered the effect of pCOz, salinity and temperature, on larval growth in the
Portuguese oyster crassostrea angulate. As an individual factor pCO2 did not have a
significant effect on survival (p >0.05) or larval shell growth (p =0.41), however when
combined with low salinity there was a significant reduction a pH 7.4 (p<0.05). When
this increase in pCO:2 and decrease in salinity was coupled with an increase in
temperature there was no significant effect of temperature or pH on larval shell growth:
however larvae raised at low salinity had significantly larger shells than those raised in
ambient salinity. There was also a combined effect of salinity and temperature with
larvae that were raised at low salinity and higher temperature showed increase growth
(>8mm?). Davis et al. (2013) looked at the combined effects of temperature, pCO2 and
UV radiation on mortality and developmental rate in Bembicium nanum and
Dolabrifera brazier. Both species showed mortality was driven by temperature and pH,
with mortality being greatest at lower temperatures (22°C) and in acidified water (pH
7.6), and there was a significant interacting effect between the two factors (B.nanum,
P=0.0263; D.brazier, P= 0.0471). There was however no effect of UV radiation on
mortality. There was however a significant interaction of temperature and pH on
developmental rate in both species (B.nanum, P= 0.0007; D.brazier, P= 0.0169), Full
spectrum light also influenced developmental rate with development being slower when
present for B.nanum (p=0.0125). These two studies indicate the need for further work
on a greater range of combined multiple stressors as they show interactions not

previously seen.

From previous studies it is clear that there needs to be an increase in the number

of studies concerned with combined multiple factors and their effects on larval
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development. There needs to be diversification of the factors studied and the species
that are used because as mentioned previously ocean acidification is a phenomenon not

likely to happen in isolation.

1.2.8 Long term and multigenerational studies

There is an increasing need to see the long term and multigenerational effects that
changing oceanic chemistry has on reproduction and development of marine
invertebrates (Ross et al., 2011). The majority of OA studies concerned with
reproduction and development have looked at the short term effects that OA will have
on reproductive endpoints. In terms of fertilisation success past studies have utilised
differing levels of gamete incubation prior to fertilisation success with several studies
not placing gametes in to experimental conditions until fertilisation (Albright et al.,
2010; Parker et al., 2010; Moulin et al., 2011). Of the studies that have incubated
gametes prior to fertilisation the longest acclimation period was 30 minutes, and the
sperm was not acclimated at all (Havenhand et al., 2008). However there are an
increasing number of studies concerned with longer term exposure to decreased oceanic

pH, and parental exposure.

As mentioned above there have been relatively few long term exposure studies. Of
these the majority have seen a negative effect of long term exposure on reproductive
and developmental processes. For example Yu et al., (2013) saw that during a 30 day
development period, larval growth of the sea urchin Sterechinus neumayeri showed a
significant reduction. After 7 days the spicule of urchins grown under increased pCO>
(730 patm) showed a significant decrease and between days 15 and 30 unfed larvae at
730 patm were significantly smaller than unfed control urchins. Hettinger et al., (2012)
also saw a significant effect of decreasing pH on the oyster Ostrea lurida during a 52
day exposure period. The oysters were cultured through platonic larval period to
metamorphosis and in to early juvenile life. When larvae were reared at pH 7.8 there
was a decrease in larval shell growth of 15 % and in shell area of 7%. This decrease
continued, as data attained from one week post settlement exhibited a 41% decrease in
shell growth rate. This study suggested a persistent carry over effect from larvae to
juvenile. This persistent carry over effect has also been suggested in studies concerned

with parental exposure.

Recent studies concerned with the effects of OA on marine organisms have taken
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an approach of parental exposure. Parker et al. (2012) found that when parents of the
oyster S glomerata were exposed to increased pCO> (856ppm) for 6 months prior to
spawning there was a significant effect on their progeny. After 19 days of exposure,
larval survival from pCO2 conditioned adults showed a significant reduction. There was
also a significant effect on larval development with significant reduction being seen
from adult exposure and increased pCO- conditions. Uticke et al., (2012) found that
when adult sea urchins Echinometra mathaei was exposed to increased pCO> for 7
weeks gonad conditioning prior to spawning there was a significant reduction in males
spawning ability, but not in females spawning ability. There was also a significant
decrease in larval survival and percentage of normal larvae produced from pre
conditioned sea urchins. There was also an increase in arm asymmetry at increased
pCOs.. In contrast to previous literature Dupont et al., (2012) found variations in the
response of the sea urchin Strongylocentrotus droebachiensis when exposed for 4
months and 16 months prior to spawning at increased pCO> (1200uatm). After 4 months
exposure a significant decrease in female fecundity (4.5 fold when compared to control)
and a decrease in larval settlement success was recorded, with 5-9 times fewer larvae
reaching the juvenile stage. However in contrast after 16 months exposure there was no

significant effect of increased pCO. on larval or juvenile survival.

From the aforementioned studies it is clear that long term exposure is likely to
significantly impact larval reproduction and development. The studies by Dupont et al.,
(2012) do suggest that organisms may be able to adapt if given long enough. It does

however highlight the need for further research and increased species variety.

The previous two multi-generational studies have looked at copepods and found
contrasting results. Early studies by Kurihara and Ishimatsu (2008) saw that there was
no significant effect of increasing pCO> conditions (+2000ppm) on survival (p>0.05),
development, egg production (p>0.05), and hatching rate (p>0.05), in the copepod
Acartia tsuensis. In contrast more recent studies by Fitzer et al. (2012) saw a significant
decreased in nauplii number at pH 7.82 (p=<0.001), however there was no significant
decrease seen at pH 7.67 (p=0.229). There was also a significant reduction in growth
when compared to the control (pH 7.82 p=0.008; pH 7.67 p-<0.001) in the copepod
Tisbe battagliai. There are differences between studies, for example the species
generation time (A. tsuensis — 9 days, T. battagliai — 14 days) as well as the pH’s used.
Kurihara and Ishimatsu (2008) used only a control and treatment pH, whereas Fitzer et

al, (2012) looked at a control and three pH treatments. It is possible that the reason for
55



differing results is due to the treatments used as Fitzer et al., (2012) saw contrasting
increases and decreases between pH conditions, however as Kurihara and Ishimatsu
(2008) only used one treatment (+2000ppm).

The contrasting results seen throughout long term, parental acclimation and
multigenerational studies supports the need for further research in to the effects that OA
is likely to have over long time periods and multiple generations, as well as in a greater
range of species. Previous long term and mutigenerational studies have generally
concentrated on larval survival and growth and have left a gap in knowledge for
reproductive process such as sperm motility and fertilisation success which are
fundamental aspects of reproduction. The current thesis aims to fill some of the
knowledge gaps left by previous studies by looking at long term parental exposure and
the effects it may have on sea urchins as well as the multigenerational effects on an

important polychaete species.

1.3 Marine organisms and acidification

Benthic marine organisms are a popular choice of study animal when
researching OA effects. They are ecologically very important and make up 98% of all
marine species, and they have living relatives in all but 1 of the 29 non symbiotic
animal phyla (Widdicombe and Spicer, 2008). These organisms are chosen as test
species due to their diversity and this is important as it is widely accepted that OA will
affect all organisms differently, i.e. it is species specific, in that tolerance to a changing
environment is going to change dependant on the organisms ability to adapt, and some
organisms will have a higher adaptive capacity than others. Ocean acidification is likely
to cause a diverse range of problems, and reduce marine biodiversity in a number of
ways, including the loss of organisms that show sensitivity to specific environmental
conditions (Widdicombe and Spicer, 2008; Dupont and Thorndyke, 2009). There has

been much research considering impacts on organisms and biological processes.

Echinoderms are one of the most studied taxa in terms of ocean acidification
research in terms of reproduction and development (see Figure 1.1). The early
developmental stages of Echinoderms, especially sea urchins, have been seen to be
particularly vulnerable to decreasing pH (see table 1.2). Paracentrotus lividus is a well

characterised and well documented model species with a broad geographic distribution
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in the Mediterranean Sea and along the Atlantic coast from southern Morocco up to the
west coast of Ireland (Byrne et al., 1990; Martin et al., 2011; Moulin et al., 2011). This
equates to an Atlantic thermal range of 9-24°C .However due to wide geographical
distribution of P. lividus the thermal and pH tolerances are likely to vary between
different populations depending on habitat, for example those inhabiting rock pools may
be better equipped to deal with wide variations in pH and temperature than those from
sub-tidal habitats. Animals collect from Irish populations for this experiment have an
optimum breeding temperature of between 11-16°C, although the possible synergistic
effects of pH and temperature remain to be investigated. P.lividus reproduction has been
previously well documented and the gametes used extensively in embryological
research. They are also an important species both economically, in sea urchin fisheries,
and ecologically as a key stone ecosystem engineer. P. lividus is an important grazer
species, and one of the dominant grazer in many shallow benthic communities. P.lividus
has previously been described as a model organism and used in many studies concerned
with embryonic development (Carata et al., 2012). The well documented lifecycle of
P.lividus as well as its role as keystone species in many benthic marine communities

make it an ideal model species for use in the current studies.

As a group polychaetes have previously received little attention in terms of
ocean acidification research, especially in the field of reproduction and development.
Polychaetes represent a key group of ecologically important marine invertebrates with
non-calcifying larvae (Lewis et al., 2012). Ficopomatus enigmaticus is a reef building
serpulid tubeworm with a broad distribution throughout temperate and subtropical
waters in the northern and southern hemisphere (Obenat and Pezzani, 1994, Obenat et
al., 2006). Reefs of F.enigmaticus have been reported with sizes up to 7 metres in
diameter and 0.5 metres in height and are comprised of thousands of individuals and
calcareous tubes (Obenat et al., 2006). F.enigmaticus is an invasive species as well as a
problematic fouling species. It is also an ecosystem engineer and has been seen
previously to strongly modify estuarine ecosystems by increasing species richness in
structurally simple environments as well as modifying bed load sediment transport and
patterns of water flow (Obenat et al., 2006). The reproductive biology of serpulid
polychaetes has been previously well documented (Obenat and Pezzani, 1994;
Kupriyanova et al., 2001; Obenat et al., 2006). In general sexes are separate with some
reports of hermaphroditic populations (Straughan, 1972; Dixon, 1981). Gametes are
maintained free in the coelom until they reach maturity. Fertilisation is external and
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gametes are expelled through ducts or ruptures in the body wall (Obenat et al., 2006). F
.enigmaticus have previously shown to be resilient to abiotic factors including salinities
(from 6 to 35; Straughan, 1972; Fornos et al., 1997) and temperatures (Fornos et al.,
1997). When coupled with its ability to have short generation times (3 months; Current
study) and its well documented reproductive cycles it provides an excellent model
species. As F .enigmaticus is a polychaete, it also represents a previously understudied
taxa with only one previously study looking at the effects of ocean acidification on

reproduction and development (Lewis et al., 2012).

1.4 Conclusion and hypotheses for this study

The effects that ocean acidification has on the reproductive processes of marine
invertebrates is far from clear. From the current review it is clear that marine
invertebrate’s exhibit variations in response to climate change in terms of variations in
ocean chemistry and temperatures dependant on species and reproductive endpoint (see
table 1.2). Previous research has left knowledge gaps in terms of the long term and
multigenerational effects that these stressors will have on reproductive and
developmental processes. There are also relatively few studies regarding combined
multiple stressors. The most studied has been the effects of increasing temperature but

all previous studies have been concerned with only short term exposure.

The present thesis aims to fill previous knowledge gaps by examining the long
term combined effect that decreasing pH and increasing temperature has on
reproduction and development in a keystone echinoderm species, as well as addressing
the effects of parental acclimation. The present thesis is the first to consider long term
exposure to combine multiple stressors. It is also one of the first studies to look at the
effects of long term exposure and how it affects larval development. The current thesis
is also the first to look at the multigenerational effects of decreased pH on sperm

motility and fertilisation success in an ecosystem engineering polychaete.

Understanding the long-term and multigenerational effects that decreasing pH
will have on reproductive and developmental processes may help to explain how
benthic marine communities will be affected in the future under decreasing pH levels
predicted for the year 2100. This may help to explain the effect that a changing ocean
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will have not only on juveniles but also on adult organisms as well as the impacts on an

ecosystem level.
The hypotheses for the current thesis are;

1. long term exposure to decreased oceanic pH will negatively impact sperm
motility and fertilisation success

2. Fertilisation success and sperm motility will be significantly negatively affected
when subjected to long term exposure of the combined multiple stressors of
increasing oceanic pCO2 and increasing temperature.

3. If a hypoxic event were to occur after long term exposure to increased pCO-
conditions it will cause a significant reduction in both fertilisation success and
sperm motility

4. Larval development, of larva derived from acclimated adults, will be
significantly impacted by decreasing oceanic pH and increasing temperature,
manifested as an increase in larval asymmetry and a reduction in growth.

5. Multi-generational exposure to decreasing oceanic pH will inhibit sperm

motility and fertilisation success.
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Chapter 2: The effect of OA and temperature on reproductive capacity
of the sea urchin Paracentrotus lividus over a 12-month exposure

period

2.1 Introduction

Early life history stages of echinoderms are especially sensitive to
environmental change. Development of the echinopleutus larva is negatively impacted
by ocean acidification (OA) consistent with this trend (Parker et al., 2009; Dupont and
Thorndyke 2009; Gonzalez-Bernat et al., 2013). Echinoderms generally employ
broadcast spawning followed by external fertilisation, which has inherent risks as the
gametes are exposed directly to the environment. The effects of OA on gametes appear
to be varied. Negative (Havenhand et al., 2008; Havenhand and Schlegel, 2009;
Frommel et al., 2010; Morita et al., 2010; Lewis et al., 2012), positive (Caldwell et al.,
2011) and no (Schlegel et al., 2012) effects of OA on sperm swimming speed have all
been found. Conversely eggs appear robust to near future ocean acidification scenarios.
Wood et al. (2008) reported no significant effect on eggs size or structure when exposed
to increased pCO>. Previous research has also shown the robust nature of eggs to
decreased pH conditions through the routine use of low pH (pH 5.0) solutions to strip
the jelly coat prior to fertilisation assays (Byrne, 2011). It has also been suggested,
however, that pH have may have a negative effect on sperm-egg binding compatibility
(Palumbi, 1999; Levitan and Ferrell, 2006; Schlegel et al., 2012).

During past OA research there has been a large variety of phyla used and this
has highlighted the species specific responses to increasing levels of OA. One of the
most highly studied phyla is Echinodermata (See chapter one Table 1.2, and Figure 1.1),
which include sea urchins. Sea urchins are marine calcifiers and have varied life stages
including a marine planktonic life stage. As well as being ecologically important some

species of sea urchin, such as Paracentrotus lividus, are also economically important as
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a food source. Previous research has shown various responses to increasing OA on a

variety of factors including calcification, reproduction, and metabolism.

Table 2. 1: Duration of mid and long term studies concerned with the effect of
increasing OA on marine invertebrates.

Duration Reference
7 weeks Michaelidis et al., 2005
7 weeks Shirayama and Thornton, 2005
7 weeks Dashfield et al., 2008

15 and 30 weeks Kurihara et al., 2008
40 days Wood et al., 2008
28 days Arnold et al., 2009
30 days Ellis et al., 2009

1 month and 1 year Rodolfo-Metalpa et al., 2010

6 months Hernroth et al., 2011

4 and 16 months Dupont et al,. 2012
178 days Form and Rieebsell, 2012

52 days post settlement Hettinger et al., 2012

5 weeks adult exposure and experiments at 9 and
Parker et al., 2012

19 days
7 weeks Uthicke et al., 2012
70 days Navarro et al., 2012

To date there have been very few mid-term (8-30 days) and long-term (30 days
and above) studies on the effects of OA on marine invertebrates (see Table 2.1) and of
these only three consider the possible effect of parental exposure on reproduction and
development (Dupont et al., 2012; Parker et al., 2012; Uthicke et al 2012) . Most of the
aforementioned studies have concentrated on larval growth, development and survival,
with contrasting results compared to short-term studies. For example, Dupont et al.
(2012) reported a 4.5-fold decrease in fecundity in the sea urchin Strongylocentrotus
droebachiensis after 4 months exposure as well as a negative impact of adult exposure
(4 months) on larval settlement and survival to the juvenile stage. Conversely, there was

no significant negative effect on the aforementioned factors after 16 months exposure.

61



Conversely, a 7-week exposure to increased pCO> did not have a significant effect on
egg fecundity of Echinometra mathaei , though there was a negative impact on sperm
production (Uthicke et al., 2012).

The majority of previous research has centred on short term (6 days and below)
exposure to environmental stressors. This short term exposure has often meant that
adults or gametes are placed directly in to pH adjusted water which has not allowed an
acclimation period prior to experimentation. The majority of short term studies has
utilised an exposure period of less than two weeks (Dupont et al., 2010b; Dupont et al.,
2012). This short exposure time has not taken in to account a stress response due to their
rapidly changing environment, and results of short-term studies may not reflect true

effects of increasing OA.

The studies reported here aim to determine the effects that an increase in both
pCO. and temperature will have on the reproductive and developmental capacity of
P.lividus (sperm motility, and fertilisation and cleavage success), after 3, 6 and 12
months of exposure. P. lividus, is an important grazing species with a wide distribution
between the Mediterranean and the North East Atlantic between Southern Morocco and
Ireland. It inhabits rocky scores (intertidal and sub-tidal) and sea grass meadows. It acts
as bio-turbator and is an important part of the food chain, as part of the grazing
community as well as prey source. This species is not only ecologically important, but
also economically important in sea urchin fisheries. It has well defined reproductive
endpoints which have been studied in detail (Byrne et al., 1990; Martin et al., 2011,
Moulin et al., 2011.
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2.2 Methods

2.2.1 Animal husbandry

In order assess the effects of long-term parental exposure to elevated temperature and
pCO:2 on developmental stability, larvae and adult Paracentrotus lividus (supplied by
Dunmanus Seafoods Ltd, Durrus, Bantry, Co. Cork, Ireland), were exposed for 3, 6 and
12 months to mean temperature and pCO> conditions predicted to occur by the end of
this century (Caldeira and Wickett, 2003; Orr et al., 2005). These were the five nominal

treatments were:

Table 2.2: Referenceing the different pH conditions used.

Nominal treatment pCO: level (patm)
Ambient 380 patm and ambient seasonal temperature cycle
Elevated pCO- 750 patm and ambient seasonal temperature cycle

Extreme elevated pCO2 | 1000 patm and ambient seasonal temperature cycle

380 patm and 2°C added to the ambient seasonal
Elevated temperature
temperature cycle

Combined Combined

Within each of these nominal treatments urchins were haphazardly assigned to one of
four tanks (tank volume 1 m®). Within each of these separate tanks urchins were further
divided into three baskets (30 cm x 20 cm x 20 cm) with original stocking densities of
six urchins per basket (18 per tank). pCO2 and temperature were maintained separately
for each tank. Ambient pCO; treatments were maintained by bubbling untreated air
through the water in each tank. Elevated pCO> treatments were maintained by enriching
the air with CO- before bubbling (after Findlay et al., 2008). CO> levels (ppm) of both
the untreated and CO> enriched air were monitored using a CO2 Analyser and pH was
monitored 3 times a week (L1-820, Li- Cor , Lincoln, USA) and converted through
calculation to pCO2 (natm). The temperature of each tank was maintained using
aquarium heaters (Aqua One, 150W, Kong’s (UK) Limited, Romsey, UK.) and chillers
(BOYU L-350) which were used to heat or cool the water as necessary. To prevent
pCO:2 and temperature gradients forming within the tanks, the water was circulated
using pumps (Aquael 1000 filter, Aquael, Warszawa, Poland). Natural seasonal
variation in temperature and photoperiod is known to impact on gametogenesis and
spawning condition. Consequently these cycles were recreated in the laboratory by

monthly adjustments in temperature appropriate to replicate the mean ambient monthly
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seasonal temperature of Plymouth Sound (as work carried out at Plymouth Marine
Laboratory). Photoperiod was also adjusted monthly by changing the length of time the
lighting was on each day, using T8 triphosphor fluorescent tubes, (which are designed
to meet saltwater aquarium lighting requirements) to match natural seasonal changes in
day length. Each tank received a one-third by volume water change every three weeks
or if nitrate levels, which were monitored weekly using a nutrient auto analyser (Branne
and Luebbe Ltd. AAIII) (Brewer and Riley, 1965) exceeded 25 mg L. Urchins were
fed ad libitum for 48 h once every week with fresh macroalgae (Ulva lactuca and
Laminaria sp; approx. 500 g per basket) collected from Plymouth Sound. Following
feeding the remaining macro-algae and any faecal pellets were removed to prevent
nitrate build up.

2.2.2 Carbonate chemistry

Sea water temperature, salinity (using a WTW LF197 multi-meter with a tetra con 325
electrode) and pH (using a Metrohm 826 pH meter and Metrohm 6.0228.000 pH
electrode) were measured 3 times a week, and pH measurements were measured to 0.01
of a pH unit. Total alkalinity was measured once a week. 100ml of water per microcosm
were stored in borosilicate glass bottles preserved with 100ul HgCl» for total alkalinity
analysis, following analytical procedures by Dickson et al. (2007). Total alkalinity (TA)
was determined using the open cell potentiometric titration method on 12 ml sample
volumes using an automated titrator (Apollo SciTech Alkalinity Titrator Model AS-
ALK?2). Calibration was made using Certified Reference Materials (Dickson, Batch
119). Total alkalinity (TA) was corrected with calibration factor and for additional
mercuric chloride. Carbonate system parameters that were not directly measured were
calculated from temperature, salinity, pH and TA using CO2SYS (Pierrot et al., 2006),
employing constants from Mehrbach et al. (1973) refitted to by Dickson and Milero
(1987) and the KSO dissociation constant from Dickson (1990) (Table 2).

2.2.3  Spawning induction

Over all time points and treatments, 203 sea urchins were induced to spawn through
intra-coelomic injection of 0.5 M 0.5-1.0ml KCI. Sperm was collected dry (i.e.
undiluted) and stored on ice for no more than 1 hour. Females were left to express eggs
in to 200ml of pCO; adjusted filtered sea water (FSW) (0.22 pum) for 1 hour after which

time the females were removed. Gametes were collected from three males and three
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females where possible at each treatment; eggs from females were spawned into
relevant pCO. adjusted sea water. Gametes were not mixed as this may have had a

negative effect on overall gamete quality.

2.2.4  Sperm motility

Sperm samples were taken from at least two males for all treatments and all time points.
Sperm densities were determined by haemocytometer and adjusted to 108 sperm ml™.
Sperm were held at 9°C (3 and 12 month ambient), 11°C (3 and 12 month ambient
+2°C), 15°C (6 months ambient), and 17°C (6 months ambient +2 °C). Subsamples
were taken at 10-min intervals (from 0 to 60 min) and immediately transferred to a glass
slide. Sperm motility was determined as percentage motility and swimming speed
(curvilinear velocity, VCL) was measured by computer-assisted sperm analysis (CASA)
at 20°C according to Caldwell et al. (2011). In brief, CASA sperm tracking was
performed by a Microptic sperm class analyser® (Microm UK), which incorporated a
Nikon Eclipse 50i negative phase contrast microscope (200x magnification) fitted with
a Peltier cooled stage. Image capture was by a Basler A602F camera at a rate of 100
frames s™*. Multiple fields were captured each for duration of 0.5 seconds until a

minimum of 200 sperm were scored per treatment.

2.2.5 Fertilisation success

Egg densities were determined by counting 3 x 50 pL aliquots of eggs from 2-3
females. Between 450 and 500 eggs were added to individual wells of 6-well
multiplates containing 10ml of FSW and mixed with sperm from 2-3 males at a range of
concentrations: 2. 5 x 10%, 10%, 10° and 10° sperm ml™. Fertilisation assays were
conducted at varying CO, treatments. Temperature treatments varied depending on time
of year as natural/ seasonal variations were used throughout the experiments (380patm
and 750 patm, and 1000patm, at 9°C (3 and 12 month ambient), 11°C (3 and 12 month
ambient +2°C), 15°C (6 months ambient), 17°C (6 months ambient +2 °C). Fertilisation
success was determined after 2 hours (3 and 12 months) and 1 hour (6 months) as
presence of the fertilisation membrane. Cleavage success was assessed after 4 hours (3
and 12 months) and 2 hours (6 months) as the presence of two to four cell cleavage
stages (see figure 2.1). Fertilisation success and cleavage success were treated as

separate reproductive endpoints as they represent different stages of development.
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2.2.6 Statistical analysis

Motility data from sperm with a head area lower than 5 um? and exceeding 35 um? were
discounted from analysis to eliminate false negatives attributable to sperm clumping. A
test for normality (Kolmogorov-Smirnov) was carried out and data logged using a
natural log, when not normally distributed. A two-way ANOVA was conducted on the
log VCL data to determine significant factors and interactions. For percentage sperm
motility data were arcsine transformed prior to statistical analysis and a test for
normality (Kolmogorov-Smirnov) was carried out. A two-way ANOVA was conducted
using time as a covariate. Two-way ANOVAs were carried out separately for each time-

point due to variations in temperature.

Fertilisation success and cleavage success data were arcsine transformed, a test
for normality was carried out (Kolmogorov-Smirnov) and a two-way ANOVA was
performed using sperm density as a covariate. Further statistical analysis of the effects
of sperm density on fertilisation success under elevated temperature and pCO2 were
performed on normally distributed data (Kolmogorov-Smirnov) using a one way
ANOVA.

A univariate analysis was carried out for fertilisation success, cleavage success
and sperm VCL measurements over all treatments to determine the impact of long-term
exposure. Each treatment was classed as a single event and assigned a number and a

univariate analysis was performed to determine where significant interactions occurred.

Figure 2.1: Elevation of the fertilisation envelope (a) and the 2-cell stage of cleavage

(b).
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2.3 Results

Long-term exposure to elevated pCO- and temperature both individually and in
combination showed complex and interactive effects on sperm motility and fertilisation
success. In general, sperm motility was significantly greater under increased pCOa. In
contrast, fertilisation and cleavage success showed in general a significant reduction
under increased pCO-, as well as significant interacting effects between pCO- and

temperature.

2.2.7 Sperm motility

After three months exposure to increased pCO2, both the pCO> (p=0.004) and time
(p=<0.005) had a significant effect on sperm VCL (see figure 2.2), with the value
at1000 uatm being significantly higher than ambient (p=<0.005). Similarly after 6
months exposure there was a significant effect of both pCO> (p=<0.005) and time
(p=<0.005) on sperm VCL, with the value for 380 patm ambient significantly lower
than 750 patm (p=0.001), 1000 patm (p=<0.005) and 750 patm plus 2°C (p=0.036.
After 12 months exposure to increased pCO2, pH was no longer a significant factor
(p=0.132), but temperature (p=0.021) and time (p=<0.005) had a significant impact on
sperm VCL. Sperm motility was not affected significantly by CO, (p==0.485),
temperature (p=0.643) or time (p=0.118) (see figure 2.3). After 6 months of exposure
there was a significant impact of pCO: (p=<0.005), time (p=0.013) as well as a
significant interaction between pCO, and temperature (p=0.002). Under increasing
acidification there was a significant increase in percentage sperm motility when
compared to ambient at 750 patm (p= 0.047), 1000 patm (P=<0.005), and 380 patm
plus 2 °C (p=0.003). After 12 months exposure there was no significant effect of pCO>
(p=0.826), and no significant interaction between pCO, and temperature (p=0.389),

there was however a significant effect of temperature (p=0.049) and time (p=<0.005).

2.2.8 Fertilisation and cleavage success

After three months exposure to increased CO, there was a significant effect of
pCO:2 (p=0.006) sperm density (p=0.002), on fertilisation success, however temperature
was not a significant factor (p=0.244). There was also a significant interaction between
temperature and pCO- (p=<0.005) (see figure 2.4). A similar pattern was observed in

cleavage success after 3 months with pCO., and sperm density significantly impacting
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cleavage success (p=0.006; p=0.00). Temperature did not have a significant effect on
cleavage success (p=0.070) (see figure 2.5) but there was a significant interaction
between temperature and pCO- (p=<0.005). After six months there was a significant
impact of pCO; (p=<0.005), temperature (p=<0.005) and sperm density (p=<0.005), as
well as a significant interaction between pCO, and temperature (p=0.034) (see figure
2.5). The fertilisation success at 380 patm ambient treatment was significantly higher
than at 750 patm (p=0.005) and 1000 patm (p=<0.005), and significantly lower than
at380 patm ambient + 2 °C (p=<0.005). Cleavage success shows an impact of pCO>
(p=<0.005), sperm density (p=<0.005) as well as a significant interaction between pCO;
and temperature (p=0.009) (see figure 2.5), with 380 patm being significantly higher
than 750 patm (p=0.001), 1000 patm (p=<0.005), and 750 patm plus 2 °C (p=<0.005),

with 380 patm plus 2 °C showing a significant increase in cleavage success (p=0.004).

After 12 months exposure there was a significant impact of pCO2 (p=<0.005),
temperature (p=0.029), and sperm density (p=<0.005) on fertilisation success as well as
a significant interaction between pCO; and temperature (p=0.002) (see figure 2.4).
There was a significant decrease in fertilisation success at 750 patm (p=<0.005), and
750 patm plus 2 °C (p=<0.005) when compared to control. There was also a significant
impact of pCO; (p=<0.005), temperature (p=<0.005), and sperm density (p=<0.005) on
cleavage success as well as a significant interaction between pCO, and temperature
(p=0.007) (see figure 2.5). Cleavage success was significantly lower at 750 patm
(p=<0.005) and 750 patm plus 2 °C (p=0.023) when compared to ambient. At the 12
month time point data for fertilisation and cleavage success for 1000 patm were unable
to be collected. Upon later inspection of the gonads they were found to be black and
shrivelled indicating no egg mass.

2.2.9 Sperm density, and fertilisation success,

After 3 months parental exposure to increased pCO- there was a significant
effect of sperm density on fertilisation success. At lower sperm densities (10° and 10*
sperm ml™?) there was a significant reduction in fertilisation success at 750 patm (103
sperm ml, p=0.003; 10* sperm ml?, p= <0.005), 1000 patm (10° sperm ml, p= 0.002;
10* sperm ml%, p= <0.005) and 380 patm ambient + 2 °C (102 sperm ml%, p= <0.005;
10* sperm ml?, p= <0.005), when compared to ambient pCO; and temperature

conditions. At higher sperm densities (10° sperm ml™?) there was a significant difference
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between fertilisation success at 1000 patm (p=0.001) and 380 patm ambient + 2 °C
(p=0.038) when compared to ambient pCO>. In contrast to the other sperm densities, at
the largest sperm density (10° sperm mlIt) there was only a significant decrease seen
between ambient and 1000 patm (p=0.007) (see figure 2.6).

After six months exposure the effects of sperm densities on fertilisation success
under differing pCO- conditions showed that at a sperm density of 10 sperm ml there
is a significantly lower fertilisation success at 1000 patm (p=0.00) and 380 patm
ambient + 2 °C (p=0.001) when compared to ambient, however at 10* sperm ml™ there
was a significant reduction in fertilisation success at 750 patm (p=0.003), 1000 patm
(p=0.002) and 750 patm ambient + 2 °C (p=0.033). At sperm densities of 10° and 10°
there was a significant reduction in fertilisation success when compared to ambient at
1000 patm (10° sperm mi, p=<0.005; 10° sperm mlI, p=<0.005) and 380 patm plus 2
°C (10° sperm ml, p=0.019; 108 sperm ml?, p=0.001) (see figure 2.6).

After 12 months exposure to increased pCO2 sperm density showed a significant
effect on fertilisation success (<0.005). There was a significant reduction in fertilisation
success at 750 patm at all sperm densities when compared to ambient (10% sperm ml?,
p=<0.005; 10* sperm ml p=<0.005; 10° sperm mlI* p=0.001; 10°® sperm mlI p=0.002).
At the higher sperm densities (10° and 108 sperm ml?), there was also a significant
reduction in fertilisation success at 750 patm plus 2 °C (10° sperm ml%, p=0.007; 10°

sperm mlt, p=0.003) (see figure2. 6).

2.2.10 Comparison of fertilisation and cleavage success

At treatment 1000 pCO- there was a significant difference between fertilisation
success and cleavage success (6months p=0.000) both showing there is a significant
increase from fertilisation success to cleavage success (3 months p=0.004; fertilisation =
63%, cleavage =69%; 6months p=0.000; fertilisation=66. %, cleavage= 73. %), (see
table 2.2). These results suggest it is important to treat fertilisation and cleavage
success as separate reproductive endpoints. This trend was also seen at 750 patm high 3
months (p=0.001; fertilisation= 79%, cleavage=87%) however when looking at 750
patm high 6 months there was a decrease in percentage success from fertilisation
success to cleavage success (p=0.044; fertilisation=81%, cleavage=78%) and this result
is repeated at 380 patm 12 months (p=0.009; fertilisation=86% cleavage=79%) and 380
patm high 12 months (p=0.034;fertilisation=84%,cleavage=83%)
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2.2.11 Treatment analysis

There was no significant effect of exposure time on VCL under ambient (380
patm) conditions (6 months, p=0.810; 12 months, p=0.082). There was a significant
increase in sperm motility at 1000 patm after 3 months exposure (p=0.022). After 6
months exposure 750 patm, 1000 patm and 750 patm ambient +2°C showed a
significant increase in sperm motility when compared to 380 patm after 3 months
exposure (750 patm, p=0.001; 1000 patm, p=0.000; 750 patm high, p=0.026). There
was no significant difference in mean VCL after 12 months when compared to 380
patm 3 months ambient (750 patm, p =0.074; 1000 patm, p=0.092; 380 patm high,
p=0.116; 750 patm high, p=0.290). After 12 months exposure all VCL values differed
significantly from the values attained after 3 months except for control treatment and
750 patm ambient +2°C (750 patm, P=0.015;1000 patm, P=0.000; 380 patm ambient
+2°C, P=0.000)

Exposure time did not significantly affect fertilisation success at ambient
temperature and pCO> (380 patm) (6 months, p=0.649; 12 months, p=0.086). There
was a significant decrease in fertilisation success after 6 months exposure at the most
extreme pCO> (1000 patm, p=0.000). Also after six months there was a significant
increase in fertilisation success at higher temperatures under ambient pCO2 (380 patm
high. P=0.020). After 12 months exposure there was a significant reduction in
fertilisation success at 7500 patm ambient temperature and 750 patm increased
temperature (p=0.000;p=0.000). There was a significant increase in cleavage success
under ambient conditions after 6 months exposure when compared to 3 months
exposure under ambient conditions but after 12 months exposure there was no
significant difference (p=0.004;.p=0.379). After 6 months exposure there was a
significant increase in fertilisation success at ambient pCOz and increased temperatures
(p=0.000). After 12 months exposure there was a significant decrease in fertilisation
success at increased pCO2 when compared to 380pm ambient 3months (750 patm
ambient, p=0.000; p=0.044). There was also a significant increase in fertilisation
success at 380 patm higher temperature after 12 months exposure (p=0.048).
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Figure 2.2: Curvilinear velocities (VCL) of sperm after 3, 6 and 12 months parental
exposure to increased pCO- and increased temperature. After 3 and 6 months
exposure to increased pCO-, there is a significant increase in VCL (3 months p=
0.004; 6 months p=<0.005), however after 12 months there is no significant effect
of pCO2 on VCL (p=0.132). Temperature is however a significant factor at 12
months but not 3 or 6 months (3 months p= 0.381; 6 months p=0.124; 12 months
p=0.021). Graph represents estimated marginal means + SE (standard error).
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Figure 2.3: The percentage motility of sperm samples at A) 3 months, B) 6 months and
C) 12 months. After 3 months exposure there was no significant effect of pCOy,
temperature or time on percentage of motile sperm, however after 6 months exposure
sperm percentage motility was significantly increased under increased pCO>
(p=<0.005), time also had a significant effect (p=0.013) and there was a significant
interaction between temperature and pCO- (p=0.002). After 12 months exposure there
was a significant effect of temperature (p=0.049) and time (p=<0.005), however pCO>
had no significant impact on percentage motile sperm (p=0.826). Graph represents
estimated marginal means + SE.
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Figure 2.4: The effects of increased pCO- and temperature on fertilisation success after
3, 6 and 12 months exposure to increased pCO and increased temperature. There is a
significant effect of pCO- after 3 (p=<0.001), 6 (p=<0.001) and 12 months (p=<0.001).
Temperature is not a significant factor after 3 months (p= 0.244), however there is a
significant effect of temperature on fertilisation success after both 6 months and 12
months (6 months p=<0.005; 12 months p=0.029), as well as sperm density being a
significant covariate (3 months p= <0.005; 6 months p=<0.005; 12 months p=0.029).
There is also a significant interaction between pCO, and temperature at all-time points
(3 months p=<0.005; 6 months p=0.034; 12 months p=0.002). No data were obtained
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for 1000patm at 12 months as no mature females were present. Graph represents

estimated marginal means + SE.
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Figure 2.5: The effects of increased pCO. and increased temperature on the cleavage
success, after 3, 6 and 12 months exposure times. There is a significant effect of pCO>
on cleavage success after 3, 6 and 12 months (3 months p= 0.006; 6 months p=<0.005;
12 months p= <0.005). Temperature is a significant factor at 12 months but not at 3 and
6 months (3 months p=0.070; 6 months p=0.111; 12 months p= <0.005), as well as
sperm density being a significant covariate (3 months p= <0.005; 6 months p=<0.005;
12 months p= <0.005). There is also a significant interaction between CO, and
temperature at 3, 6 and 12 months (3 months p= <0.005; 6 months p=0.009; 12 months
p=0.007). No data were obtained for 1000patm at 12 months as no mature females
were present. Graph represents estimated marginal means + SE.
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Figure 2.6: Percentage fertilisation success at differing sperm densities: A) 103, B) 10
C) 10° D) 10°. Treatment and sperm density have a significant effect on fertilisation
success at 3months (treatment p==<0.005; sperm density p=<0.005), 6 months
(treatment p==<0.005; sperm density p=<0.005), and 12 months. At 3 months exposure
there is a significant interaction between sperm density and treatment (p=0.012). Graph
represents estimated marginal means + SE.
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1.1.
Table 2.2: Total alkalinity values for all data across all time points for 5 treatments, A = Ambient

Time TA DIC HCO3 CO3
Treatment Point (umol pH Temp Salinity ~ (umol (I?J(;?mz) Og;?a O’rb‘nreé;a (umol  (umol kg-
(months)  kg-1) kg-1) kg-1) 1)
380 A 0-3 2131  8.02+0.09 10.49+0.71  34.33 2003 532 2.32 1.48 1883.34 97.07
750 A 0-3 2097  7.93£0.09 10.53+0.73  34.49 2003 663 1.89 1.20 1895.44 79.00
1000 A 0-3 2355  7.81+0.10 9.66+0.91 34.53 2298 1004 1.61 1.02 2186.14 67.36
380 A+2 0-3 2357  7.97£0.09 11.84+0.85  34.90 2233 679 2.43 1.55 2103.42  101.85
750 A+2 0-3 2403  7.90£0.09 12.04+0.95  34.97 2300 816 2.18 1.39 2174.98 91.53
380 A 3-6 2172 7.94+0.12 11.37#1.17  35.20 2060 665 2.16 1.38 1941.57 90.70
750 A 3-6 2091 7.86£0.10 11.60%1.21 35.21 2011 791 1.72 1.10 1905.01 72.42
1000 A 3-6 2352  7.75£0.09 11.03+0.36  35.33 2303 1137 1.53 0.98 2190.17 64.36
380 A+2 3-6 2361  7.92+0.09 12.85+1.42  35.33 2249 771 2.29 1.47 2120.75 96.41
750 A+2 3-6 2239  7.80+0.10 12.84+1.38  35.36 2169 991 1.71 1.09 2057.20 71.75
380 A 6-9 2255  8.08£0.03 15.04+0.90  34.98 2074 483 3.18 2.04 1922.43 13340
750 A 6-9 2183  7.93£0.09 15.66+0.65  34.89 206 722 2.31 1.49 1939.54 96.98
1000 A 6-9 2251 7.79£0.05 15.63%0.37 34.91 2177 1029 1.79 1.15 2064.01 74.82
380 A+2 6-9 2112  8.01+0.07 17.93+0.38  35.16 1950 568 2.83 1.83 1812.23  118.49
750 A+2 6-9 2170  7.86+0.11 17.90+0.16  35.07 2062 872 2.17 1.40 1940.72 91.07
380 A 9-12 2238  8.06£0.04 13.06x1.55 34.94 2080 508 2.83 1.81 1940.61  118.65
750 A 9-12 2229  7.94+0.07 12.89+1.60  34.80 2117 694 2.21 1.41 1996.40 92.64
1000 A 9-12 2219  7.78+0.09 12.73+1.74  34.90 2157 10156 1.60 1.02 2049.70 67.11
380 A+2 9-12 2166  8.03+0.06 15.55+1.96  34.89 2006 537 2.81 1.81 1868.37  117.94
750 A+2 9-12 2165  7.93+0.08 15.63+1.75  35.07 2041 695 2.32 1.50 1918.22 97.54
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Table 2.3: Results of a paired t test for differences between elevation of the fertilisation
membrane and early (2-4cell) cleavage success as used as a measure of fertilisation

success. Significant results are indicated by (*)

Time
Treatment point Mean Standard Degrees of Significance
error freedom
380 patm Ambient 3 months  3.59835 2.22 11 0.133
750 patm Ambient 3 months -1.16917 1.24 11 0.366
1000 patm Ambient 3 months  1.99555 2.47 11 0.436
380 patm High 3 months -0.26870 0.76 11 0.731
750 patm High 3 months -3.73961 1.04 11 0.004*
380 patm Ambient 6 months -4.44412 0.73 11 <0.001*
750 patm Ambient 6 months  1.48714 1.16 11 0.227
1000 patm Ambient 6 months -0.13911 0.74 11 0.854
380 patm High 6 months  -5.22949 1.10 11 0.001*
750 patm High 6 months  2.01859 0.89 11 0.044*
380 piatm Ambient 12 619348 1.72 7 0.009*
months
750 patm Ambient 12 -1.07556 1.86 11 0.575
months
1000 patm Ambient 12 1.28448 0.49 7 0.034*
months
380 piatm High 12 1 34086 0.84 11 0.139
months
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2.4 Discussion

This study addresses the issue of long-term exposure to elevated pCO> and
temperature on reproductive fitness and success of the sea urchin P. lividus. The
findings suggest that long-term exposure to increased pCO> will have significant effects
on the reproductive fitness of P.lividus. The 3- and 12-month time points were used as a
measure of reproductive capacity, as opposed to reproductive success as they fall
outside the normal breeding season for P. lividus on the west coast of Ireland (Durrus,
Bantry, Co. Cork) (Byrne, 1990).

To the author’s knowledge, no previous studies have concentrated on the effect
of adult exposure to increased pCO2 on sperm motility and fertilisation success, though
much previous work had been carried out on short-term exposures. In terms of sperm
motility, there was a significant effect of pCO, temperature and exposure time on the
sperm VCL and percentage sperm motility. After 6 month’s exposure there was a
significant increase in sperm VCL compared to at 3 and 12 months. This time point fell
within the normal reproductive cycle of the sea urchin and afforded optimal temperature
conditions for reproduction. The increase in both sperm motility and VCL suggests that
the higher temperature from summertime conditions was not the upper thermal limit of
the Irish population of P.lividus. After long-term exposure (12months) there was no
longer a significant increase in VCL at increased pCO- suggesting that sperm activation
was negatively affected. Previous research has shown that sperm percentage motility
and swimming speed are affected by changes in pCO; (Havenhand et al., 2008;
Havenhand and Schlegel, 2009; Frommel et al., 2010; Morita et al., 2010; Caldwell et
al., 2011; Lewis et al., 2012; Schlegel et al., 2012), but only one study has shown an
increase in sperm motility with decreasing pH (Caldwell et al., 2011). Sperm activation
pH has been used previously to explain variations in sperm swimming speeds at
different levels of ocean acidification (Caldwell et al., 2011). This process involves
sperm storage at a lower pH (pH 7.2), which is below the activation threshold of sperm
dynein ATPase which powers the flagellum (Johnson et al., 1983). Once the sperm is
released into the water column, the pH is increased to the activation pH (pH 7.6), which
causes the flagellum to activate and mitochondrial respiration to be initiated (Christen et
al., 1983).
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A negative impact of chronic exposure to aguatic contaminants on sperm
morphology, including size, has been reported, (Sopinka et al., 2012). Similarly when
sperm from Oreochromis niloticus were released into contaminated water (cadmium
and lead), morphological deformities of the sperm flagella were noted. These
deformities could decrease sperm motility with a knock-on effect on fertilisation
success (Shalaby and Migeed, 2012). Similar effects have been observed for Danio
rerio after a 2-month exposure to increased concentrations of DDT and Arochlor1254.
The changes to swimming speed seen in the present study are consistent with the
previous reports. Sperm morphology dictates the ability of the sperm to swim and if this
is altered, sperm swimming speed will be impacted.

Increased temperature reportedly has a variable effect on sperm VCL and
percentage motility. For example Caldwell et al. (2011) did not find a significant effect
of elevated temperature and CO. on sperm motility. There was, however, a significant
effect of temperature on VCL. The current study showed that after six months exposure,
temperature significantly increased sperm motility, with motility increasing at 750patm
ambient +2°C. The six month time point fell in to the peak spawning season for P.
lividus (Byrne, 1990) and therefore the optimal breeding conditions were present. This
may help to explain the increase seen as individuals reproductive output. The increases
in sperm VCL could have ramifications on sperm longevity. Sperm that swim faster use
stored energy more rapidly and are therefore motile for less time. After 12 months
exposure there was a significant effect of temperature on sperm motility but pCO2 had
no effect. Sperm motility also decreased with time, with corresponding effects on
sperm longevity. Previous studies have shown that when temperature alone is varied,
sperm longevity is not significantly affected. This is because although higher
temperature increases sperm metabolism, there is a corresponding decrease in water
viscosity, which enables the sperm to swim more easily and enhances the likelihood of
fertilisation (Naud and Havenhand, 2006). A reduction in sperm motility in the present
study was coupled with a significant reduction in fertilisation success, particularly after
12 months exposure, possibly due to the altered morphology of the sperm leading to
lower motility. The initial increase in sperm motility after three and six months may
occur as a response to the initial stress of exposure to increased OA conditions, and this
may eventually lead to detrimental effects on later life-history stages (Pineda et al.,
2012).

The previous two long-term studies on echinoderms (Dupont et al., 2012;

Uthicke et al 2012) did examine the effects of OA, as a single stressor, on egg
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fecundity. The current study found that after 3, 6 and 12 months exposure to increased
pCO:> there was a significant decrease in the fertilisation success of P. lividus, and this
difference was most pronounced after 12 months. There are several possible
explanations for the reduction in fertilisation success at higher pCOo. First, as found by
Kurihara and Shiryiama (2004), lower pH may cause a delay in development. Their
study, however, involved short-term exposure to very high levels of acidification (5000
- 10,000 patm, pH 7.0 -6.8), which are not ecologically relevant. Effects on
development may be evident at. pH 7.6 in chick embryos which found that when eggs
are exposed to lowered pH values there is a delay in the rate of cell multiplication as
well there being a decrease in the rate that the radioactive nucleoside, thymidineH, was
incorporated into DNA (Rubin, 1971). The significant reduction in fertilisation success
is also linked to gonad growth and it has been stated that increased pCO> has a negative
impact on gonad growth (Siikavuopio et al., 2007; Moulin et al., 2011). This reduction
in gonad growth would support the results obtained in the current study as after 12
month exposure to increased OA there were no viable females at the highest pCO>
(1000 patm) and when the gonads were removed they appeared shrivelled and a
different colour to healthier gonads. The results from the current thesis correspond with
unpublished data by Kurihara et al., which showed that when the sea urchin
Hemicentrotus pulcherrimus was reared at pH 7.8 for 10 months there was a delay in
gonadal development and the developmental period of H. pulcherrimus was shortened
to almost half (Kurihara, 2008).

It has also been suggested that a reduction in fertilisation success can be
explained due to a slowing of the fast block to polyspermy, and that an increase in pHe
and pHi in the unfertilised eggs interferes with the Na*/H* exchange. This ion exchange
prevents the fertilisation membrane from being raised (Reuter et al., 2011). More
recently it has been indicated that there is a negative carry-over effect of parental
exposure to increased pCO-, exhibited by a reduction in egg fecundity (Dupont et al.,
2012). It is possible that the results of the current study support the results of the
previous study by way of reduction in fertilisation success, this could be due not only to
developmental delay but due to the increased energy demands associated with
increasing OA. The increased energy required at an early stage could have a knock on
effect at later stages, as less energy is available for future developmental processes
(Dupont et al., 2012). This may be further exacerbate due to changes in seaweed
palatability which may occur due to increased pCO2 (Poore et al., 2013)
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The current study reports fertilisation success was significantly affected by
temperature after 6 and 12 months adult exposure. Similarly there was a significant
effect of temperature on cleavage success reported after 12 months parental exposure.
Both fertilisation and cleavage success had interacting effects of pCO; and temperature
at 3, 6 and 12 months. It has been suggested that echinoderm species are robust to
increased temperatures and that such increases can enhance rates of fertilisation and
cleavage success. These increases in fertilisation success reflect a combination of
enhanced sperm motility, as a result of lower viscosity of seawater, and high thermal
tolerance of eggs (Byrne, 2012). This thermo-tolerance has previously been attributed to
maternal factors, which are imprinted by ovary temperature (Fujisawa, 1995; Yamada
and Mihashi, 1998; Byrne et al., 2009). It is therefore possible that when parents
(mother) are incubated at increased temperatures prior to spawning, eggs may have a
greater thermal tolerance than those spawned from un-acclimated individuals. This
concept corresponds to the results seen in this study; as after long-term incubation
fertilisation success in higher temperatures was greater than at lower temperatures at
corresponding pCO; treatments.

The relationship between fertilisation success and sperm density has previously
been well documented for echinoderm species (Levitan et al., 1991). Many of the
previous OA studies concerning fertilisation success have used an optimal sperm
density, which can generate misleading results (Schlegel et al., 2012). However, an
increasing number of studies have considered the effects that varying sperm densities
will have on fertilisation success under future ocean acidification scenarios and these
studies have provided contradictory results (Byrne et al., 2010a; Ericson et al., 2010;
Reuter et al., 2011; Gonzalez-Bernat et al., 2013). The results of the current study show
a significant reduction in fertilisation success under increased pCO; conditions and the
effect is intensified at lower sperm densities (Figure 2.6).

In general, echinoderms may be robust to projected changes in oceanic pH
(Dupont et al., 2009). However certain echinoderm species and life history stages
appear to be more vulnerable than others. It is also true that inconsistent results have
been obtained for the same species. For example, the current study found that there was
a significant effect of pCO2 on fertilisation success in P.lividus, consistent with Moulin
etal. (2011). However Martin et al. (2011), utilising the same species, reported that
lowered pH had no effect on fertilisation success. The inconsistencies could be
attributable to changes in methodology. Martin et al. (2011) incubated eggs and sperm

for 2 hours at 20°C and measured fertilisation success as elevation of the fertilisation
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membrane or polar body cleavage. Moulin et al. (2011), on the other hand, allowed 15
minutes for elevation of the fertilisation envelope and 1 hour for cleavage at 11.4 -
15°C.

The results of the current study suggest that after long-term exposure to
increased pCO2, sperm motility, sperm VCL, fertilisation success and cleavage success
will be significantly negatively affected, with all of the endpoints showing significant
reductions. It is also apparent that the increase in temperature shows a mediating effect
in terms of fertilisation and cleavage success. The current laboratory based study
strongly suggests that reproduction of P.lividus will be significantly affected by
increasing oceanic pCO». These reductions seen in lab experiments are in accord with
recent field based experiments which have shown a reduction in the abundance of
P.lividus around volcanic vents (Hall-Spencer et al., 2008; Calosi et al., 2013). A
reduction in sea urchin abundance due to OA could have serious ramifications on the
reproductive success of the species as well as the wider ecosystem, as sea urchins are an
important ecosystem engineer occupying a keystone position in many marine
ecosystems. This study highlights the need for further long term studies especially in to
the reproduction and development of marine invertebrates. It is also important for future
research to determine whether population level effects are wholly or in part attributable

to impacts on reproduction.
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Chapter 3: Developmental stability of the sea urchin Paracentrous

lividus to increased pCO2 and temperature

3.1 Introduction

There has been a significant body of work carried out in to the effects of climate
change on marine invertebrate. Many previous short term studies have shown that
increases in environmental stresses such as, pCO2 and temperature, will have a negative
impact on species reproduction and development. (Fabry et al., 2008; Parker et al.,
2009; Talmage and Gobler 2009; Dupont et al., 2010a; Dupont et al., 2010b; Chan et
al., 2011, Lischka et al., 2011; Martin et al., 2011; Moulin et al., 2011; Byrne et al.,
2012; Catarino et al., 2012; Doo et al., 2012; Ericson et al., 2012; Nguyen et al., 2012).
Larval development, in particular developmental fitness of invertebrate larvae is crucial

as it plays a large role in survival and settlement.

A tool used to determine the developmental fitness (the chance of an organisms
surviving development to have the chance of passing genes to the next generation) of
invertebrate larvae is fluctuating asymmetry (FA). This term is applied to subtle and
random variations from perfect bilateral symmetry (Palmer and Strobeck, 1992; Palmer,
1996; Palmer and Strobeck, 1997; Vollestad and Hindar, 2001; Lewis et al., 2004;
Caldwell et al., 2005; Graham et al., 2010). It is used as a measure of developmental
noise (Lewis et al., 2004; Graham et al., 2010) and it can also be a measure of the
developmental stability of an organism (Palmer and Strobeck, 1992; Palmer, 1996;
Vollestad and Hindar, 2001; Lewis et al., 2004; Graham et al., 2010). Developmental
stability reflects an organism’s ability to achieve a genetically predetermined optimum
phenotype under any environmental conditions (Vollestad and Hindar, 2001; Lewis et
al., 2004). Disruptions in developmental stability and therefore deviations from perfect
bilateral symmetry can reflect an individual’s ability to cope with environmental
stressors (Vollestad and Hindar, 2001; Lewis et al., 2004; Graham et al., 2010). Due to
this, developmental stability, and especially fluctuating asymmetry, can be used as a

measure of phenotypic and genetic quality (Thornhill and Moller, 1997).
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Changing oceanic conditions, such as OA, represents an environmental stressor.
When exposed to these conditions it is often necessary to redirect energy from processes
that are not necessary to the organism’s immediate health, such as maintaining perfect
bilateral symmetry, to more crucial processes. This change in energy allocation can lead
to a reduction in developmental stability of invertebrate larvae (Palmer, 1996). Changes
in the symmetry of an individual suggest an inability to buffer from environmental
stressors (Lewis et al., 2004; Graham et al., 2010).

Previous investigations have suggested that increasing levels of ocean
acidification will cause changes in morphology including symmetry of marine
invertebrates (Dupont et al., 2008; Byrne et al., 2009; Byrne et al., 2011a; 2011b; Crim
et al., 2011; Martin et al., 2011; Catarino et al., 2012; Dorey et al., 2013). So far the
effects of increasing OA on developmental stability have not been examined through
use of fluctuating asymmetry. The study of developmental stability is important as it is
essential for the continued growth and development of marine invertebrate larvae. This
is especially relevant when looking at early developmental stages of organisms, as small
fluctuations in symmetry may have greater effects on organisms at this stage, and can

cause changes in development at later stages.

The aim of the current study is to assess the effects of increasing temperature
and CO; on developmental stability, through use of fluctuating asymmetry index, on the
ecologically and economically important sea urchin Paracentrous lividus (Martin et al
2011; Moulin et al., 2011). P. lividus has a broad distribution in the Mediterranean as
well as along the NE Atlantic coast from Morocco to Ireland; it is also a keystone
species and the dominant grazer in many shallow benthic marine environments along its
distribution. It also is an important prey species for many larger marine animals
(Boudouresque and Verlaque, 2001; Martin et al 2011). The life history of P.lividus is

also well documented and allows for comparison between studies.
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3.2 Methods

For animal husbandry and carbonate chemistry please see Chapter 2. Sections 2.2.1 and
2.2.2, and Figure 2.2.

3.2.1 Spawning induction

Sea urchins, P. lividus, were acclimated for six months prior to experimentation.
Individuals were collected at random from experimental tanks (four per treatment and
five experimental treatments) and spawning was induced through intra-coelomic
injection of 1.0ml of 0.5 M KCI. Gametes were collected from the first three individuals
of each sex to spawn. Sperm was collected dry (i.e. undiluted) and stored on ice for no
more than two hours. Females were left to express eggs for 1 hour into control and
experimental treatments comprising 200ml of FSW (0.22um filtered) adjusted to a
range of CO, (380, 740, and 1000 puatm and at ambient and ambient +2°C) and then

removed.

3.2.2 Fertilisation

Sperm density was determined by haemocytometer counts and mean egg density was
calculated from 3 x 50 uL aliquots of eggs suspended in 200ml of FSW. An egg
density of 5 eggs per ml was added to 250ml of 0.22um FSW and a sperm density of 2.5
x 10°ml* was added; these amounts had been predetermined prior to experimentation.
Fertilisation success had been checked previously to ensure the eggs and sperm were
viable. After 1 h the water level was increased to a total volume of 1 L with the
appropriate CO, adjusted seawater and covered with parafilm. Continuous aeration of
pCO2-adjusted air was added to the beakers (three per treatment). Beakers were then
incubated at ambient and ambient +2°C. Higher experimental temperatures were
maintained through use of water baths, with the temperature monitored daily. Water
changes (25%) were performed daily using seawater that had been adjusted to the
relevant pCO,, to avoid salinity levels becoming too high. Larvae were raised until the
echinopleutus stage was reached, (96 hours at ambient temperature; 72 hours at ambient
+2°C).
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3.2.3 Fluctuating asymmetry

Fluctuating asymmetry analysis was conducted on echinopleutus larvae using the
procedures outlined by Lewis et al. (2004) and Caldwell et al. (2004). In brief,
fluctuating asymmetry was determined after 72 (ambient temperature +2°C), and 96
hours (ambient temperature). Larvae were collected and fixed in 70% ethanol. Between
5 and 10 individuals were pipetted, using a Pasteur pipette, onto concavity slides and a
coverslip added. Excess water was removed with absorbent blue roll. Measurements
were taken on 30 individuals and then averaged. Individuals that showed gross
abnormalities, which did not allow for all measurements to be taken, were discounted.
Four measurements were used: full length (FL); body rod length (BR); post-oral arm
length (POR); and anterolateral rod length (AR) (Figure 3.1). Measurements were taken
on both the left and the right side and then the difference between the two compared.
Asymmetry analysis was conducted using Palmer’s online fluctuating asymmetry
calculations worksheet (version 11)
(http://www.biology.ualberta.ca/palmer/asym/FA/FA-refs.htm#tools). Briefly tests for

anti-symmetry and directional asymmetry were performed using right minus left data
(R-L). Skew and kurtosis values with standard error were determined and compared to
the expected value (zero for a normal distribution) using an independent t-test. A one-
way ANOVA was performed to test for directional asymmetry; this compared mean left
to right measurements for all traits. A sequential Bonferroni correction was performed

to protect against false positives and type 1 error.

Further measurements of body length (BL), body width (BW), cavity length
(CL) and cavity width (CW) were made to assess variation in these morphological traits
under increasing pCO. and temperature conditions. These measurements were not,
however, suitable FA analysis. A test for normality (Kolmogorov-Smirnov test)
determined that the data were normally distributed so a two-way ANOVA was applied
with pH and temperature as fixed factors. Significant differences within and between
pCO:, treatments and temperature were made using pairwise comparisons generated by
estimated marginal means. Length measurements (L) were taken and the ratio of POR
(r+1/2): L was calculated to determine total larval skeleton and length of feeding
structure relative to larval size. This measurement can be used as an index for

biomineralisation (O’Donnell et al., 2010).
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Figure 3.1: The range of morphometric measurements taken from each echinopluteus
larvae: AR= anterolateral rod; POR=post oral rod; BR=body rod; L= length; FL= full
length; BL= body length; BW= body width; CL= cavity length; CW cavity width. Scale
bar =100 um
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3.3 Results

Analysis of morphological measurements for P. lividus plutei revealed a significant
effect of elevated pCO- on trait size compared with the ambient treatment (Table 3.2).
Both pCO; and temperature had significant impacts on: body length (pCO, P=<0.001;
temperature P=<0.001); body width (pCO. P=<0.001; temperature P=0.003); cavity
length (pCO2 P=<0.001; temperature P=<0.001); cavity width (pCO. P=<0.001;
temperature P=<0.001); full length (pCO2 P=<0.001; temperature P=<0.001); body rod
(pCO2 P=0.001; temperature P=0.002); post-oral rod (pCO, P=<0.001; temperature
P=<0.001); and anterolateral rod length (pCO2 P=<0.001; temperature P=0.026) (Table
3.1). Moreover, for all traits except body width there was a significant interaction of
pCO2 and temperature (BL p=0.000; BW p=0.139; CL=0.000; CW p=0.000; FL
p=0.000; BR p=0.001; POR p=0.009; AR p=0.000). There was a significant increase in
body length when compared to ambient at 1000patm and 380patm ambient +2°C and a
decrease at 750uatm ambient and 750patm ambient +2°C with the same pattern seen for
body width. Both cavity length and width showed a significant decrease in size at higher
pCO:2 and at higher temperatures.

Echinopleutus full length and body rod length showed an increase at 750patm and
750uatm +2°C, (750patm FL — p= 0.250; BR — p= 0.069; 750patm +2°C, FL — p=
0.112; BR — p=0.102), which was not significant. A significant increase did, however,
occur at 1000patm and 380patm +2°C, = (FL - p<0.001, p<0.001; BR - p<0.001,
p<0.001). There was no significant increase in post-oral rod length at 750patm or
750uatm +2°C (p=0.608; p=0.517) but there was a significant increase at 1000patm and
380uatm +2°C (p=<0.001; p= <0.001). Anterolateral rods were significantly longer at
1000patm and 380patm +2°C when compared to ambient (p= <0.001; p= <0.001) and
there was a significant decrease in size at 750patm ambient and 750patm +2°C (p=
0.000, p=0.000).

There was no significant directional asymmetry for any of the treatments
assayed (data not shown). FA indexes (Table 3.3) were greater under increased pCO>
and temperature conditions (750patm ambinet+2°C), except for anterolateral rod length
where the greatest FA index value was in 380patm ambient +2°C. Larvae in the latter
treatment also had the lowest FA index value, followed by 380patm ambient. FA
indexes for 750patm and 1000patm remained high for all treatments. Percentage gross

abnormalities (Table 3.3) were highest in the 750patm +2°C treatment, followed by
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750uatm at ambient and 1000patm ambient; this pattern is similar to that reflected in
the FA indexes (Table 3.1).

Univariate analysis of BHL(r+1/2): L showed a significant effect of CO>
(p=<0.001), but no significant effect of temperature (p=0.539) and no significant
interaction between temperature and CO (p=0.231). The larval skeletons were larger

than under ambient conditions (figure 3.5).
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Table 3.1: ANOVA table for all traits measured in combination with pCO2 and

temperature
Sum squared Mean F value P (>f)
squared

Body length
pCO:2 2 130655.470 65327.735 88.119 <0.001
Temperature 1 28596.047 28596.047 35.573 <0.001
pCO2*temperature 1 17099.014 17099.014 23.064 <0.001
Residuals 745  552311.708 741.358
Body width
pCO:2 2 126392.664 63196.332 278.283 <0.001
Temperature 1 2002.476 2002.476 8.818 0.003
pCO2*temperature 1 497.948 497.948 2.193 0.139
residuals 745  169184.754 227.094
Cavity Length
pCO:2 2 27266.375 13633.188 123.907 <0.001
Temperature 1 4354.404 4354.404 39.576 <0.001
pCO2*temperature 1 2230.053 2230.053 20.268 <0.001
residuals 745  81970.372 110.027
Cavity width
pCO:2 2 16308.819 8154.410 77.844 <0.001
Temperature 1 2046.979 2046.979 19.541 <0.001
pCO2*temperature 1 3097.020 3097.020 29.565 <0.001
residuals 745  78040.815 104.759
Full length
pCO> 2 294676.037 147338.018 96.078 <0.001
Temperature 1 27342.968 27342.968 17.830 <0.001
pCO2*temperature 1 19870.346 19870.346 12.957 <0.001
residuals 745  1142476.672  1533.526
Body rod
pCO:2 2 6196.560 3098.280 7.008 0.001
Temperature 1 4276.886 4276.886 9.674 0.002
pCOx*temperature 1 5016.203 5016.203 11.346 0.001
residuals 745  329370.141 442.108
Post-oral rod
pCO:2 2 201884.778 100922.389 168.315 <0.001
Temperature 1 10935.214 10935.214 18.237  <0.001
pCO2*temperature 1 4144.671 4144.671 6.912 0.009
residuals 745  446706.141 599.606
Anterolateral rod
pCO2 2 295192.795 1457596.397 264.795 <0.001
Temperature 1 276.538 2766.538 4.963 0.026
pCO2*temperature 1 24412.688 24412.688 43.798 <0.001
residuals 745  415262.054 557.399
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Table 3.2: ANOVA P values for trait size compared with ambient at three pCO2

treatments and two temperature treatments. FL = full length, BR = body rod, POR =
post-oral rod, AR = anterolateral rod, BL = body length, BW = body width, CL = cavity
length, and CW = cavity width.

pCO:2 Temp

. FL BR POR AR BL BW CL CW
(Hatm) (°C)
750 A 0.250 0.069 0.608 <0.001 0.035 <0.001 <0.001 <0.001
1000 A <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
380 A+2°C <0.001 0.000 0.006 <0.001 <0.001 0.293 <0.001 <0.001
750 A+2°C 0.112  0.102 0517 <0.001 0.266 <0.001 <0.001 <0.001
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Table 3.3: Mean FA index value £SD for P. lividus echinopleutus larvae under varying pH and temperature treatments. See table 3.2 for abbreviations.

Temp.

pCOz (Hatm) o) FL P BR P POR P AR P
380 A 7994+115  <0.001 2.2+ 4.4 <0.001  85.26+13.0  <0.001 50.3+10.4  <0.001
750 A 211.18+17.9  <0.001  2491+7.0  <0.001  120.95+154  <0.001 48.84+ 8.1 <0.001
1000 A 9542+ 153  <0.001  42.34+7.1  <0.001  120.83+13.1  <0.001  53.54+15.3 <0.001
380 A+2 6.09+ 10.2 <0.001 159+ 8.3 0.030 2953+4.6  <0.001  180.81+10.1  <0.001
750 A+2 237.86+18.1  <0.001  219.72+36  <0.001  106.35+10.4  <0.001 61.41+ 9.6 <0.001
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Table 3. 4; Average larval trait measurements (um) with + standard error at varied pCO- and temperature treatment, n=30

Treatment FL SE  BR SE POR SE AR SE  BL SE  BW SE CL SE CW SE
380A 313.72 6.38 188,55 3.88 128.75 3.21 13651 5.00 276.46 5.75 12395 210 10298 234 81.74 254
750A 31893 6.05 19297 3.01 12730 3.84 11496 344 269.83 437 10473 233 8896 127 67.86 1.39
1000A 370.06 7.55 19845 411 17219 491 160.19 410 30243 4.78 13883 325 8512 195 69.09 1.82

380A+2  338.73 7.87 199.67 3.23 14254 571 153.56 5.64 30094 530 12212 3.76 93.74 228 7350 1.95
750A+2  318.23 9.37 191.01 5.22 129.27 4.96 10484 335 264.62 9.29 99.25 1.80 7447 212 6813 1.30
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Table 3 5: The percentage of individuals that exhibited gross abnormality
(phenodeviants) in each treatment.

Percentage gross

pCO2 (ppm) Temp (°C) deformity (%) Other (%)
380 15.5+0.5 12 88
750 15.5+0.5 18 82
1000 15.5+0.5 18 82
380 18+1.0 14 86
750 18+1.0 21 79

Figure 3.2: Examples of phenodeviant larvae exhibiting gross morphological
abnormalities at varying CO.. Phenodeviants show morphological deformities that were
too extensive to permit the application of fluctuating asymmetry analysis. Such
individuals are unlikely to survive to the settlement stage and the abnormalities may
negatively impact feeding and swimming behaviour. Scale bar = 100um
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Figure 3.3: The Mean trait lengths + standard errors of P. lividus pluteus larvae cultured
under differing CO, and temperature treatments.
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3.4 Discussion

The current study addresses the impacts of increases in pCO> and temperature
on larval growth and developmental stability after 6 months parental acclimation.
Variations in the developmental stability of an organism can have serious ramifications
for later development, and this can have further implications for survival. The results of
the present study suggest that there will be a significant negative impact on larval
stability with increasing pCO> and temperature. It is also suggested that larval size will

increase in increasing OA, but stomach size will decrease.

Overwhelmingly, previous studies concerned with larval development and
growth have observed increasing pCO: to have a negative impact (Dupont et al., 2008;
Kurihara 2008; Kurihara and Shirayama, 2004; Byrne et al., 2009; Clark et al., 2009;
Parker et al., 2009; Talmage and Gobler, 2009; O’Donnell et al 2010; Sheppard-
Brennand et al., 2010; Byrne et al., 2011a; Byrne et al., 2011b; Chan et al., 2011;
Gaylord et al., 2011; Gazeau et al., 2011; Lischka et al., 2011; Moulin et al., 2011,
Stumpp et al., 2011a; Stumpp et al., 2011b; Yu et al., 2011; Catarino et al., 2012; Chan
et al., 2012; Dickinson et al., 2012), with few finding no significant effect on growth
rate (McDonald et al., 2009; Munday et al., 2011). Only three previous studies have
indicated an increase in growth rate under acidified conditions (Munday et al., 2009;
Dupont et al., 2010a; Parker et al., 2012). There have been several suggestions as to
why this increase in growth occurs. For example Dupont et al. (2010) suggested these
increases in growth seen in the sea star Crossaster papposus, may be temporary and
there may be negative effects that manifest themselves later in development. It is
important to note that C. papposus is a direct developer so may have different tolerances

to increasing OA.

These results correspond to those found presently which suggest where increases
in growth rate were seen, it also highlights the need for longer observations as this
initial increase in growth rate could have implications on later development. Parker et
al. (2012) also reported an increase in larval growth rate in the Sydney rock oyster
Saccostrea glomerata when reared under acidified conditions. Selectively bred
individuals and juveniles from parents acclimated to acidified conditions showed a
higher resilience to future OA scenarios. Both of the groups showing increased growth
rate in the present study were acclimated as adults to experimental CO prior to

experimentation. Parker et al. (2012) suggested that the acclimation of adults to
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environmental stressors prior to spawning allows for increased egg size (Moran and
McAlister, 2009), and in broadcast spawners increased maternal investment (Podolsky
and Moran, 2006; Moran and McAlister, 2009; Parker et al., 2012). Studies by Munday
et al., (2009b) utilising the clownfish, Amphiprion percula, also saw a favourable effect
of OA on larval length. A possible reason for this increase in length seen was that

marine fish have a greater capacity for acid-base regulation that marine invertebrates.

With increases in pCO2 and temperature it was found that there were increases
in gross abnormalities, also termed “phenodeviants” (Moller and Swaddle, 1997; Lewis
et al., 2004). These are a gross indicator of developmental instability (Moller and
Swaddle, 1997). Increased levels of these phenodeviants occurred alongside increased
FA index similar to results found in previous work (Lewis et al., 2004). The

phenodeviants were removed from the analysis as they were not viable.

The current study is unique in that adults were kept under acidified conditions
for 6 months prior to experimentation, which allowed for gametogenesis to occur under
experimental conditions. Higher fluctuating asymmetry (FA) indexes are likely
translated to reduced feeding (Chan et al., 2011; Doo et al., 2012), swimming (Doo et
al., 2012) and settlement ability, as well as greater susceptibility to predation (Doo et
al., 2012). The reduction in cavity size (stomach) of the echinopleutus larvae under
acidified conditions supports the suggestion that increasing FA values may reduce
feeding ability. Significant reduction in the stomach size of sea urchin echinopleutus
larvae has been seen previously, when subjected to increased pCO2 (Chan et al., 2011;
Dupont and Thorndyke, 2009) and it was suggested that this may lead to a reduction in
feeding ability and disrupt growth and potentially survival.

It has long been realised that there is a negative correlation between asymmetry
and fitness (Swaddle et al., 1994). In accord with prior work, the present study which
utilised increasing levels of OA and temperature as a stressor showed an increase in
larval abnormality /asymmetry (Dupont et al., 2008: Byrne et al., 2009; Byrne et al.,
2011a; Byrne et al., 2011b; Crim et al., 2011; Martin et al., 2011; Catarino et al., 2012).
As far as the author is aware, this is the only study to be concerned with the effects of
ocean acidification on FA index which, as mentioned previously, is concerned with

small fluctuations from normality, and is a quantitative measure.

Studies on the effects of exposing marine invertebrates to increased CO2 have
had variable results. Some studies showed that even a small reduction in pH (0.2)
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yielded 100% mortality in the brittle star Ophiothrix fragilis due to larval malformation
(Dupont et al., 2008), whereas other studies (Yu et al., 2011) found no significant
difference between treatments in absolute asymmetry, which has a characteristic “half
normal” distribution (R-L) (Moller and Swaddle, 1997) of Strongylocentrotus
purpuratus. Variations in the results found suggest that different species have different
tolerances to increasing CO.. In contrast to the current study Martin et al. (2011)
showed only slight effects of increasing OA on symmetry index below pH 7.25 in P.
lividus, however there was no acclimation period for organisms prior to
experimentation. This may account for there being no significant effect on symmetry
index. Parental acclimation is a key factor in OA experimental design and has been
shown previously to have significant effects on experimental outcome. Parker et al.,
(2012) exposed adults to acidified conditions for two weeks prior to spawning and
found that this exposure promoted faster development and greater growth in larvae
when compared to adults conditioned at ambient COx. It has been suggested that adult
acclimation to environmental stressors prior to spawning may lead to increased maternal
investment, for example via egg size (Podolsky and Moran, 2006; Parker et al., 2012). It
is possible that this increase in egg size may increase larval stability and improve

survival.

Fluctuating asymmetry has been used to determine the developmental stability
of organisms to a range of environmental challenges including environmental stressors
and Eco toxicants. It has previously been reported that short-term exposures of Nereis
virens larvae to a bioactive diatom-derived aldehyde (2-trans, 4-trans Decadienal)
resulted in a significant increase in FA values for eye spot, peristomial cirri length and
anal cirri length (Lewis et al., 2004). Similarly studies using Psammechinus miliaris
larvae showed that asymmetrical development and mortality increased with increasing
2, 4-decadienal concentration (Caldwell et al., 2005). Long-term studies by Saucede et
al. (2006) showed that in the adult sea urchin Echinocardium flavescens there was an
increase in size relevant FA values in areas of high anthropogenic stress. However

shape-related FA values were higher in areas of low anthropogenic stress. .

It is clear that the effects of increasing CO2 on larval development are likely to
be species specific with different species showing different tolerances to increased CO>
(Dupont et al 2010b; Ericson et al., 2010; Moulin et al., 2011; Byrne, 2012; Catarino et
al., 2012; Dickinson et al., 2012; Dupont et al., 2012). The present study along with

previous studies (Martin e al., 2011; Moulin et al., 2011) utilising P. lividus suggest that
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this species is particularly susceptible to the effects of OA, with the current study
showing increased abnormality in juveniles spawned form adults acclimated to
increased CO> and temperature for 6 month. Moreover, the current study indicates that
increasing temperature intensified the effect of elevated CO2 on FA, by increasing the
FA index of individuals exposed to increased CO, and temperature. If current
predictions for future CO2 will give rise to a marked increase in larval asymmetry,
especially when combined with increased temperature, then this increase in asymmetry
may significantly affect larval fitness. It is possible that with decreases in larval fitness
there may be further consequences on larval swimming and feeding ability which may
further affect larval settlement and survival. What the present study highlights is the
need for further long-term studies on the effect of ocean acidification and ocean
warming on the growth and development of marine invertebrates? To gain a better
perspective on this growth increase further experiments would need to be carried out in
to juvenile metabolism, acid base balance and egg size. It would also be beneficial to
utilise field experimentation, by utilising natural CO> vents, to test not only the effects
of increased CO2 levels larval morphology but also the wider ecosystem effect that this

may have.
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Chapter 4: Sperm motility and fertilisation success in an acidified and

hypoxic environment

4.1 Introduction

For introduction to OA see chapter 1

One factor which affects population level distribution of an organism is its
reproductive capacity. Reproductive processes and early ontogenetic stages of marine
animals are particularly vulnerable to changing seawater properties (Portner and Farrell,
2008; Byrne et al., 2010a; Cooper et al., 2012). Broadcast spawning, a reproductive
strategy common to many marine animals, exposes gametes directly to the seawater
environment (Crimaldi, 2012), Previously, reductions in seawater pH have been shown
to impact sperm swimming ability by causing changes in internal pH (pHi) of sperm
and affecting motility of the flagellum (Havenhand et al., 2008; Fitzpatrick et al., 2009;
Morita et al., 2010; Caldwell et al., 2011). These changes in sperm pHi have been
shown to affect fertilisation by slowing the fast block to polyspermy by interfering with
the Na*/H* exchange and preventing the fertilisation membrane being raised (Reuter et
al., 2011; Gonzalez-Bernat, et al., 2013). Spawned gametes have been used extensively
in efforts to describe the potential impacts of OA on reproductive processes (Havenhand
and Schlegel, 2009; Byrne et al., 2010; Ericson et al., 2010; Frommel et al.,
2010;Morita et al., 2010: Cooper et al., 2012).

Numerous previous studies have focused on the negative effects that increasing
pCO2 will have on reproduction as a single stressor. As well as effects of pCOz there is,
however, the combination of rising pCO and increasing sea surface temperatures which
will exact an additional toll on marine systems by reducing oxygen solubility
(Hoffmann and Schellnhuber, 2009). Consequently, increased frequencies of ocean
hypoxic events are predicted (Portner and Langenbuch, 2005; Oschlies et al., 2008;
Pdrtner , 2008). Over the past decade, the dissolved oxygen content of coastal waters
has changed dramatically and this has led to widespread occurrences of hypoxia,
especially in coastal areas which have shown an exponential increase of hypoxic events
of 5.54% year™ (Diaz and Rosenburg, 1995; Diaz, 2001; Vaquer-Sunyer and Duarte,
2008). Normal dissolved oxygen levels range between 5.0 and 8.0 mg Oz I'! in coastal

waters. Hypoxia is defined as occuring when levels of dissolved oxygen fall below 2.8

102



mg Ozl (30% oxygen saturation or less) (Diaz and Rosenburg, 1995). Hypoxia has
been shown to negatively affect reproduction and development of marine invertebrates
(Riveros et al., 1996; Siikavuopio et al., 2007a; Spicer and ElI-Gamal, 1990; Marcus et
al., 2004; Sedlaceck and Marcus, 2005; McAllen and Brennan, 2009; Cheung et al.,
2005).

In addition to direct effects of water chemistry on reproduction, indirect effects
may also result from energy partitioning, with less energy being available for
reproductive processes (Kroeker et al., 2010; Kroeker et al., 2011; Long et al., 2013).
With marine hypoxic events set to increase there will be increased stress on marine
invertebrates. Increases in hypoxic events and temperatures (thermal extremes) expose
animals to environmental extremes. Animals respond to these extremes by metabolic
depression, which in turn decreases internal oxygen stores and respiratory CO>
accumulates. Similarly, when exposed to increased CO> (hypercapnia), metabolism is
also supressed by shifting the steady state of acid-base equilibria, along with a reduction
in trans-membrane ion exchange This shift in acid-base equilibria limits the rate of
protein synthesis, which can have a long-term negative affect on growth and

reproduction of an organism (Pdrtner et al., 2005).

As elevated pCOz and hypoxia are reported to have similar negative effects on
reproduction in isolation, they may be expected to have synergistic or additive effects in
combination. Consequently, the effects of long-term exposure (6 months) to elevated
pCO:2 prior to gamete exposure to hypoxia before and during fertilisation were
examined. This was designed to represent the effect of a hypoxic event in a high pCO-
ocean, and the effect(s) that this may have on the sperm motility and fertilisation
success of the sea urchin Paracentrotus lividus, which is an ecologically and
economically important marine grazing species. With the occurrence of hypoxic events
set to rise, it is important to understand the potential impacts this may have on animal
reproduction in an already acidifying ocean and perhaps consequently on the future

abundance and distribution of ecologically and economically important marine species.
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4.2 Methods

For animal husbandry and carbonate chemistry please see Chapter 2 Sections 2.2.1 and
2.2.2, an and Figure 2.2

4.2.1  Experimental incubations

Adult Paracentrotus lividus were kept for six months prior to spawning in varying
pCO:2 (Figure 2.2). Oxygen content was manipulated through input of nitrogen into
sealed chambers; pH was monitored continually through use of a micro pH probe.
Oxygen content was determined through use of an OxySense® system (OxySense®
5250i, Dallas, USA) for both normoxic and hypoxic conditions. Normoxic conditions
were set at 80% Dissolved oxygen and maintained by bubbling air or CO; enriched air
in to the experimental chambers. Temperature was monitored throughout the

experiments and maintained through use of a temperature controlled room.

4.2.2 Spawning induction

Twenty randomly selected individuals (seven from the 380 patm treatment and 13 from
the 750 patm treatment) were induced to spawn by intra-coelomic injection of 0.5-
1.0ml of 0.5 M KCI. Sperm was collected dry (i.e. undiluted) and stored on ice for no
more than one hour. Sperm was not pooled and males were treated as individuals.
Females were allowed to express their eggs for 1 h. Egg densities were determined by
counting 3 x 50 uL aliquots of egg suspension. Sperm densities were determined using

a Neubauer haemocytometer.

4.2.3 Sperm motility

Sperm samples were taken from three males, from both pCO2 treatments (380uatm and
750patm). Sperm densities were then adjusted to 107 sperm ml? using either hypoxic or
normoxic adjusted FSW from sealed chambers and sperm were held at 18°C in a pH
and oxygen controlled environment. Subsamples were taken at 10-min intervals (from 0O
to 60 min) and immediately transferred to a glass slide. Sperm motility, determined as
percentage motility and swimming speed (curvilinear velocity, VCL), was measured by
computer-assisted sperm analysis (CASA) at 18°C according to Caldwell et al. (2011).

In brief, the CASA sperm tracking was performed by a Microptic sperm class analyser®
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(Microm UK), which incorporated a Nikon Eclipse 50i negative phase contrast
microscope (200x magnification) fitted with a Peltier cooled stage. Image capture was
by a Basler A602F camera at a rate of 100 frames s-1. Multiple fields were captured,

each for 0.5 seconds, until a minimum of 200 sperm were scored per treatment.

4.2.4 Fertilisation success

Fertilisation assays were conducted at varying CO, and oxygen levels (380 patm and
750 patm; 30% and 100% O saturation) in 6-well multi-plates with gametes collected
from three males and three females at densities of 2.5 x 10° mlI for sperm and 500 eggs
per well, containing 10ml FSW. Fertilisation success was determined after 1 h using

evidence of first mitotic cleavage as an indicator.

4.2.5 Data analysis

Motility data from sperm with a head area < 5 pm? and >35 um? were discounted to
eliminate false negatives attributable to sperm clumping. A test for normality
(Kolmogorov-Smirnov) was carried out and data transformed using a natural log when
not normally distributed. A 2-way ANOVA was conducted on the log VCL data to
determine significant factors and interactions. Percentage sperm motility data were
arcsine transformed prior to statistical analysis and a test for normality (Kolmogorov-

Smirnov) was carried out. A two-way ANOVA was conducted using time as a cofactor.
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4.3 Results

The results obtained from the current study show that if a hypoxic event was to occur
after long-term exposure to increased pCO> there would be a significantly detrimental
effect on the fertilisation success of P.lividus. Conversely, however, it would appear

that sperm motility and sperm VCL would be robust to such an event.

4.3.1 Sperm motility

Neither time (p = 0.141) nor pCO- (p = 0.37) as single variables significantly affected
percentage motility (Table 4.1, Fig. 1a). Swimming speed increased at 750 patm under
normoxic conditions relative to 380 patm treatments (table 4.1, figure 4.11b).
Percentage motility decreased (p = 0.002) under hypoxia (table 4.1; 380 patm p =
0.032; 750 patm p = 0.005) with 750 patm with hypoxia having the lowest percentage
motility, however this did not differ significantly from the 380uatm hypoxic level, and
there was no significant interaction (figure 4.1a). Swimming speed increased at 750
patm under hypoxic conditions relative to 380 patm treatments (table 4.1, figure 4.11b).
Swimming speed was significantly reduced under 380 patm hypoxic conditions
(p<0.05). pCO2 and hypoxia separately showed significant effects on swimming speed
(both p <0.01), however there was no significant interaction (table 4.1b). There was a
significant decrease in percentage motility and sperm swimming speed with time (p
<0.01).

4.3.2 Fertilisation success

Fertilisation success reduced at 750 patm under both normoxic and hypoxic conditions
(Figure 4.2; Table 4.1; p=<0.05; p<0.01). There was a significant decrease in
fertilisation success under hypoxic conditions (p=<0.01). Fertilisation success at 380
patm was almost fourfold lower under hypoxic versus normoxic conditions.
Fertilisation was further compromised at 750 patm with an approximate 27-fold
reduction under hypoxic versus normoxic conditions. The detrimental effect of elevated
pCO:2 on fertilisation success shows a significant interaction when combined with

hypoxia (pCO2*oxygen p= <0.005).
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Table 4.1: ANOVA table for (a) percentage sperm motility; (b) sperm curvilinear
velocity; and (c) fertilisation success at elevated pCO2 (750 versus 380 patm) in

combination with hypoxic and normoxic conditions. Sperm motility data are corrected

for time.

Df Sum squared Mean squared F-Value P(>f)
(@)
pCO> 2 49.961 49.961 0.813 0.370
Oxygen 2 643.293 643.293 10.470 0.002
Time 7 135.788 135.788 2.210 0.141
pCO2*Oxygen 4 1.023 1.023 0.017 0.898
Residuals 79 4853.940 61.442
(b)
pCO> 2 3.253 3.253 9.105 0.003
Oxygen 2 3.445 3.445 9.642 0.003
Time 7 4.013 4.013 11.233 0.001
pCO2*Oxygen 4 0.069 0.069 0.194 0.661
residuals 79 28.223 0.357
(©)
pCO2 1 1621.303 1621.303 62.735 <0.005
Oxygen 1 20801.082 20801.082 804.876 <0.005
pCO2*Oxygen 1 521.013 521.013 20.160 <0.005
residuals 32 827.002 25.844
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Table 4.2: Measured pH and oxygen of experimental wells throughout the fertilisation
success experiment.

pCO:2 treatment Oxygen content

Time Measured pH
(natm) (%)
380 100 0 8.08 + 0.01
10 8.08 +0.01
20 8.08 +0.02
30 8.07 +0.01
40 8.07 +0.02
50 8.07 +0.01
60 8.08 +0.01
750 100 0 7.95+0.01
10 7.95+0.01
20 7.93+0.01
30 7.94 +0.01
40 7.94 +0.02
50 7.94 £ 0.02
60 7.94 +0.01
380 30 0 8.08 + 0.01
10 8.07 +0.01
20 8.07 +0.02
30 8.06 + 0.01
40 8.07 +0.02
50 8.07 +0.02
60 8.07 +0.01
730 30 0 7.95+0.01
10 7.94 +0.01
20 7.94 £ 0.02
30 7.93+0.02
40 7.94 +0.02
50 7.94 +0.02
60 7.94 £ 0.02
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Figure 4.1: Effects of CO2-induced acidification in combination with hypoxia on
Paracentrotus lividus sperm (a) percentage sperm motility adjusted for time and (b) log
VCL. Means+95% confidence intervals. Graphs show estimated marginal means, graph
(b) adjusted for time at 30 minutes.
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4.4 Discussion

To date no work has been published on simulated combined effects of ocean
acidification and hypoxia on the reproduction and development of invertebrates. The
results of the current study suggest that if a hypoxic event were to occur under future
ocean acidification scenarios, there would be a significant decrease in fertilisation
success, although sperm motility would not be affected significantly. The results also
highlight the need for further studies into the synergistic effects of abiotic factors, as
ocean acidification is unlikely to occur in isolation.

Although sperm swimming speed itself will be reduced during a hypoxic event, this
reduction will be counteracted by the increase in pCO> predicted for the next 100 years.
This would infer that sperm swimming speed will not be negatively affected by hypoxia
under future predicted atmospheric pCO2. The majority of previous studies (Havenhand
and Schlegel, 2008; Frommel et al., 2010; Morita et al., 2010) concerned with sperm
motility found that there was a reduction in sperm swimming speed under acidified
conditions contrary to the current study. A rationale for an increase in sperm swimming
speed is offered in previous work (Caldwell et al., 2011) by means of sperm activation
pH. This is the mechanism whereby sperm are stored in an immotile state at pH 7.2,
below the activation threshold of sperm dynein ATPase that powers the flagellum
(Johnson et al., 1983). When the sperm is released into the water column the pH of the
sperm is increased to 7.6 and the flagellum is activated as well as the initiation of
mitochondrial respiration (Christen et al., 1983b). This indicates that there will be an
increase in sperm VCL, perhaps modulated by sperm-activating peptides (SAP’s),
which are released by the egg jelly coat. These SAP’s evolved 70 million years ago
when atmospheric CO was at far higher levels than the present day and ocean were
more acidic (pH 7.4-7.6 ) (Neill et al., 2004; Darszon et al., 2008; Caldwell et al., 2011).

Hypoxia is also an important factor in relation to sperm motility. Previous research
into the effects of hypoxia on sperm swimming speed has found contrasting results,
with the majority of studies seeing a reduction in sperm swimming speed when exposed
to hypoxic conditions (Bencic et al., 1999a; Bencic et al., 1999b; Wu et al., 2003).
Sperm motility is an energetically demanding process requiring ATP, which is
generated in the mid piece of the sperm. However, in the absence of oxygen ATP
cannot be synthesised from ADP via oxidative phosphorylation, limiting energy

availability for flagellum activity. Therefore under hypoxic conditions there is little
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available oxygen and sperm are unable to become active (Billard and Cosson, 1990;
Fitzpatrick et al., 2009). When this reduction in sperm motility through hypoxia is
considered with the increase in sperm motility due to increasing pCOg, it could be
suggested that there is a mediating effect of hypoxia on OA. This means that a hypoxic
event may have less effect on sperm swimming speed in a future elevated CO2 ocean

than previous studies would suggest.

Although sperm swimming speed remained high, results indicate that the motility
of the sperm was negatively affected in hypoxic conditions The results also indicated,
similarly to previous studies (Havenhand and Schlegel, 2008), that pCO2 do not have a
significant effect on the motility of sperm. Nevertheless, under hypoxic conditions
there was a marked reduction. This suggests that if a hypoxic event occurred in a high
CO_ world there may be fewer motile sperm. The ability of a sperm to become motile is
crucial for fertilisation success. If sperm are unable to become motile, fertilisation
success will be severely impacted.

The current study differs from much of the previous literature as sperm motility and
swimming speed were tracked over a one hour period. This longer track time was used
as fertilisation of broadcast spawners may not happen immediately, as gametes need to
disperse, so by tracking for one hour this study is better able to access what may happen
naturally. Consistent with this reasoning, sperm swimming speed was on average at its
highest 10 minutes after activation (Figure 4.3); a point which may have been missed
previously due to shorter tracking times. This suggests that previous sperm motility
experiments which only track for seconds straight after activation (e.g. Schlegel et al.,
2012) may miss important trends which occur in time.

In contrast to sperm motility, fertilisation success shows a reduction under both
hypoxic conditions and increased pCO> conditions. The effects of increased pCO>
conditions on fertilisation success have been widely studied and are believed to be
attributable to developmental delay (Kurihara and Shiryiama 2004) or to the slowing of
the fast block to polyspermy (Reuter et al., 2011) (see Chapter 2 for further
explanation). Previous short-term studies on the effects of OA on fertilisation success
have shown varying results with the majority of studies showing no significant effect of
increased pCO- on fertilisation success in echinoderms (e.g. Byrne et al., 2009; Byrne et
al., 2010a; Byrne et al., 2010b; Martin et al., 2011). A previous study (Moulin et al.,
2011) concerning P.lividus also showed a reduction in fertilisation success which

corresponds to the results found in the current study (see chapter 2). Havenhand et al.
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(2008) also reported a significant reduction in fertilisation success at pH 7.7 in the sea
urchin Heliocidaris erythrogamma. These intra- and inter-specific differences in the
results have previously been attributed to variations in experimental design. For
instance, as mentioned previously, Havenhand et al (2008) found a reduction in
fertilisation success at pH 7.7. On the other hand, Byrne et al. (2010a), using the same
species, did not find a significant effect of pH on fertilisation success. Variations
between the two methodologies used in these studies include temperature, gamete
acclimation and gamete density, all of which dramatically affect fertilisation success.
Presently a significant reduction in fertilisation success was found when adults
were exposed to increased pCO- for six months and a hypoxic event was simulated.
There was also a significant effect of hypoxia alone. In contrast to previous studies
concerning reproduction under increased pCO., studies on effects of hypoxia on
reproductive capacity show a significant negative effect on reproductive endpoints
including fertilisation success. This significant reduction suggests that early embryonic
development is reliant on aerobic respiration. Studies concerned with respiration rate at
fertilisation found that fertilised sea urchin eggs show a marked increase in the
respiratory rate after fertilisation (Yasumasu et al., 1996), which would account for the
reduction seen here under hypoxic conditions. After fertilisation, oxygen is required
primarily for the oxygenation of glycogen, which is stored in the eggs and is an
essential energy reserve for development. The oxygen used is attained through diffusion
across the membrane. As this diffusion is determined by the difference in oxygen partial
pressure between the egg and the external environment, for broadcast spawners the
relevant conditions are those of the external marine environment (Herreid, 1980; Wang
and Zhan, 1995). Hypoxic conditions may cause a decrease in this gradient and the eggs
are therefore less capable of acquiring adequate oxygen, which in turn may lead to the
inhibition of embryonic development. Riveros et al. (1996) showed a significant
reduction in fertilisation success (below 40%) when the sea urchin Arbacia spatuligera
was exposed to oxygen levels of 30% and below. Similarly in the sea urchin
Strongylocentrotus droebachiensis there was a significant negative effect of hypoxia on
gonad growth (Siikavuopio et al., 2007a). Reductions in reproductive ability and output
have also been seen in brine shrimp (Spicer and EI-Gamal, 1990), copepods (Marcus et
al., 2004; Sedlaceck and Marcus, 2005; McAllen and Brennan, 2009), and gastropods
(Cheung et al., 2005). The results from previous studies also indicate a reduction in

energy allocation for reproduction (Cheung et al. 2008) as well as a reduction in
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developmental rate indicating developmental delay (see Chapter 2) (McAllen and
Brennan, 2009).

The results suggest a synergistic effect between increased pCOz and hypoxia; this
can be seen by the significant reduction in fertilisation success under hypoxic conditions
and by the significant difference which occurs between the 380 patm and 750 patm
treatments. The results suggest that increased pCO2 conditions and a hypoxic event will
have severe negative impacts on fertilisation success. The diffusion of pCO. created
during respiration is reliant on a diffusion gradient similar to that for oxygen and under
increased pCO- the CO2 molecules do not move as readily across the membrane,
leading to reductions in fertilisation success. This synergistic effect may lead to severe
negative effects on species recruitment and distribution.

It is the aim of the current study to assess the impact that a hypoxic event would
have on the reproductive parameters of sperm motility and fertilisation success in a high
CO2 world, and to assess the importance of these parameters in terms of reproduction
and development. Sperm swimming speed is not necessarily the most important factor
in fertilisation success as can be seen from the results of this study. It is in fact possible
that increased sperm swimming speed reduce fertilisation success, because sperm that
swim faster use up the available energy faster and therefore die quicker. Broadcast
spawning is affected by many factors, including water currents and chemistry, and as
fertilisation may not happen immediately sperm need to be motile for longer (Levitan,
2000). Here evidence is provided that under ambient conditions sperm swimming speed
is lower when compared to those subject to CO2-induced ocean acidification, which
supports the idea that for optimal fertilisation success in the sea urchin P. lividus there
needs to be a trade-off with sperm speed and longevity. It appears that a hypoxic event
will negatively affect fertilisation success regardless of oceanic pCOz, but this effect
will be intensified at near future pCO2 conditions. This idea is supported by the results
of this study, which suggest that during a hypoxic event sperm VCL may remain high,
although this is not the most important factor in fertilisation success. This significant
reduction in fertilisation success will have a consequential effect at later life stages as if
fewer individuals are available, recruitment and thus distribution will be affected. There
are likely to be serious ramifications on the food chain as P.lividus is not only an

important grazing species but also an important source of prey for larger organisms.
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Chapter 5: Multi-generational effects of ocean acidification on the

tube-building polychaete Ficopomatus enigmaticus

5.1 Introduction

The effects of ocean acidification on reproductive and developmental endpoints
including fertilisation success, sperm motility and sperm swimming speed have
previously been studied in a range of species. The majority of studies, however, have
concentrated on short-term effects of decreasing oceanic pH on reproduction, leaving a
gap in knowledge relating to possible long-term and multi-generational impacts of
increasing OA on reproduction and development. Short-term studies have shown a
variety of responses to decreased pH conditions. Dupont et al. (2012) reported that
within the Echinodermata 61% of all studied species showed a negative response to
decreased pH. There was no significant effect of decreasing pH in 34 % and a positive
effect in 5%. The majority of studies have focused on calcifying species, which are
predicted to be most susceptible under increasing OA (see Chapter 1 Table 1.1). Fewer

studies have concentrated on non-calcifying organisms (Chapter 1 Table 1.2)

The early ontogenetic stages of marine invertebrates have been previously
shown to be particularly sensitive to changing oceanic chemistry (Pértner and Farrell,
2008; Byrne et al., 2010a; Cooper et al., 2012). The current study utilises the
reproductive endpoints of sperm motility, sperm swimming speed (measured as
curvilinear velocity (VCL)) and fertilisation success. Previously, the majority of studies
concerned with sperm motility and sperm swimming speed have shown a negative
effect of decreasing oceanic pH (Havenhand et al., 2008; Morita et al., 2011; Lewis et
al., 2012). Similarly, the majority of studies concerned with fertilisation success saw a
reduction in success when exposed to future ocean pH scenarios (Kurihara et al., 2004a;
Kurihara and Shirayama, 2004; Havenhand et al., 2008; Parker et al., 2009; Parker et
al., 2010; Foo et al., 2012; Lewis et al., 2012; Barros et al., 2013; Gonzalez-Bernat et
al., 2013). Effects of decreasing pH seen at early reproductive stages could be

problematic for later stages of development.
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Only one study has addressed the effects of OA on reproduction and
development in polychaetes. Lewis et al. (2012) examined the effects of decreased pH
on sperm motility, fertilisation success, survival and larval morphology in the
polychaete Pomatoceros lamarckii. They found that sperm motility and swimming
speed were not significantly affected until pHs of 7.4 and 7.2 and fertilisation success
showed a significant reduction at pH 7.6 and 7.4. This study only concentrated on short-
term exposure to decreased pH with no allowance for parental conditioning to reduced

pH conditions prior to experimentation.

It has been suggested that increased CO- levels will have significant effects on
marine biota (Fabry et al., 2008; Hoffmann et al., 2010, Kroeker et al., 210; Byrne et al.,
2011). As yet, however, there are relatively few robust indicators of the long-term
biological consequences of ocean acidification. Multi-generational studies act as an
analytical tool for predicting the long-term biological impacts of ocean acidification as
well as gauging a species’ ability for survival, recruitment and adaptation. To date there
have been two multi-generational studies concerning the effects of ocean acidification
on reproduction and development of copepods, with contrasting results (Kurihara and
Ishimatsu, 2008; Fitzer et al., 2012). The difference between previous studies and the
current study is the generation time of the species. Early studies by Kurihara et al.,
(2008) used the calanoid copepod Acartia tsuensis, which has a generation time of nine
days between egg and maturity (225 degree days at 25°C). More recent studies by Fitzer
et al. (2012) used the harpacticoid copepod Tisbe battagliai, which has a generation
time of 14 days. The current study utilises the tube worm Ficopomatus enigmaticus,
which has a generation time of 90 days. F. enigmaticus is a broadcast spawning
serpulid polychaete with a non-calcifying feeding larval stage, and it is a novel study
species for use in Ocean acidification studies. It is able to be reproductively viable
within a 3 month time period which makes it a good test species for multigenerational
studies. The onset of sexual maturity can be seen as the lower thorax changes colour, in
the male this is green and in the female a pinkish. Reproduction occurs externally as
gametes are expelled from the body and the calcareous tube (Gabilondo et al., 2013).
After fertilisation early embryonic development occurs and after approximately 18
Hours a motile trochophore stage is reached. (Gabilondoo et al., 2013). The larvae.
Approximately 4 days post fertilisation larvae were motile metatrochophores with 2 eye
spots and 3 abdominal segments. Between 5 and 9 days post fertilisation larvae became

competent to metamorphose and settle. Prior to settling larvae with the neurotroch band
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of cilia and the chaetae. During the early stages of settlement the larvae secrete a
primary tube which is un-calcified, this was moulded by the larvae through body
movement. After this the secondary calcareous tube was secreted by the collar gland
(Gabilondoo et al., 2013).

Figure 5. 1, adapted from Gabilondo et al, (2013) depicts the varying life stages of the
polychaete Ficopomatus enigmaticus, a) Metatrochophore larvae with eye pot and
stomach visible, b) competent larvae prior to settlement, c) ESEM of larvae 5 days post
fertilisation and newly settled, D) metamorphosed larvae with Calcareous tube.

F. enigmaticus has a broad geographic distribution through temperate and sub-tropical
waters in both the northern and southern hemispheres (Obenat rand Pezzani, 1994,
Obenat et al., 2006). It is also an ecosystem engineer and has a well-documented
reproductive cycle. The current study aims to determine the impact of decreased pH on
sperm motility, sperm VCL and fertilisation success over multiple generations to
determine the long-term multi-generational effects that decreased oceanic pH will have
on reproduction and development of this species.
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5.2 Methods

5.2.1 Experimental conditions
F. enigmaticus were obtained from Swansea marina (51°29°21”N, 2°45°37”W) and
cultured in a flow-through aquarium system at 20°C with a 16:8 photoperiod prior to
submersion in experimental treatments. Natural seawater was collected from the Blue
Reef Aquarium®, Tynemouth, Tyne and Wear, UK from an inshore sub-sea pipeline.
Worms were fed ad libitum on a mixed microalgae diet (Isochrysis
galbana and Tetraselmis suecica at cell concentrations of 4.4 x 10° cells.ml”* and
2.0 x 10° cells.ml~* respectively). F.enigmaticus were allowed to acclimate for 1
month prior to spawning in experimental treatments. This period allowed for
gametogenesis to occur. Experimental tanks were maintained at 20°C (+0.5) at
treatment pHs (which were nominally 8.12, 7.95, 7.82, and 7.67) with a 16:8
photoperiod in aerated 0.22 um filtered seawater, with water changes every 14 days.
Twelve experimental chambers (3 per treatment) were utilised, with stocking densities

of approximately 30 worms in their tubes per experimental chamber.

5.2.2 Carbonate chemistry
pH was regulated via injection of CO- utilising a solenoid valve, automatically
controlled by and Aqua-medic™ (Loveland, Colorado) pH computer and probes. A Dr
DAQ™ (Cambridgeshire, UK) data logging system continually monitored pH, and
temperature and daily salinity measurements were recorded with total alkalinity (TA)
titrations taking place prior to water changes (see Table 5.1). Carbonate system
parameters, which were not directly measured, were calculated from pH, salinity TA
and temperature using CO2SYS (Pierrot et al., 2006), employing constants from
Mehrbach et al. (1973) refitted to by Dickson and Milero (1987) and the KSO

dissociation constant from Dickson (1990).

5.2.3 Destructive spawning
After acclimation the zero generation F. enigmaticus were spawned following published
methodology (Gabilondo et al., 2013). Briefly, adult F enigmaticus were removed from
their tubes using watchmaker’s tweezers and placed into watch glasses. Sex was

determined with the use of a light microscope. Females were placed into 10ml of pH-
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adjusted 0.22 um filtered seawater (FSW). In the case of males, 2 ul of seawater
adjusted to experimental pHs was added to induce the release of the sperm and then the

sperm were collected and stored on ice until use.

5.2.4 Sperm motility

For methodology see chapter 2 section 2.2.4

5.2.5 Egg Diameter
Egg samples were taken for all generations at each pH treatment, giving a total of 15
samples. They were fixed in 70% ethanol for microscopic analysis. Egg diameter
measurements were made using Image J software from images captured with a digital
camera (Sanyo) attached to an inverted dissection microscope (Olympus CH x 41 at
x 10 objectives).

5.2.6 Controlled Fertilisation
Eggs from nine females were fertilised with sperm from nine males. For Generations 1
and 2, samples were mixed between experimental chambers to prevent inbreeding. Egg
densities were determined from the average of three counts of 50 pL aliquots. Between
450 and 500 eggs were added to individual wells with 10ml of FSW. Fertilisation assays
were conducted under pH-adjusted conditions in 6-well multi-plates with sperm at
densities of 2. 5 x 103, 10%, 10° mlI'* and 500 eggs per well. Fertilisation success was

determined after 90 minutes as the presence of the 2-4 cell cleavage.

5.2.7 Fertilisation for multigenerational experiments
For multi-generational studies, individuals were removed from their tubes and gamete
density determined as described in Section 2.2. At least nine males and nine females
were used for controlled fertilisations. These were carried out in crystallising dishes
(500ml) containing 250ml of pH-adjusted FSW, 5 eggs per ml and 2. 5 x 10° sperm per
ml. The FSW volume was increased to 500ml and the crystallising dishes were gently

aerated with a solenoid-controlled mix of Oz and CO- (see section 2.1).
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5.2.8 Continued culture of F. enigmaticus
Once the worms had settled, in that they had begun to secrete the primary tube
(Gabilondo et al., 2013) (7 d for Generation 0, 9 d for Generations 1 and 2) the FSW
volume was increased to 2 L and continuous aeration applied. There were three tanks
per treatment spread across two incubators. Worms were allowed to develop for three
months post fertilisation and fed ad libitum with a diet of mixed microalgae (Isochrysis
galbana and Tetraselmis suecica at densities of 4.4 x 10° cells.ml~* and
2.0 x 10° cells.ml~* respectively. Water changes were performed every two weeks to

maintain constant salinity.

5.2.9 Statistical analysis
Sperm motility, curvilinear velocity (VCL) and fertilisation success data were not
normally distributed (Kolmogorov-Smirnov), therefore a general linear mixed model
was used for analysis, with restricted maximum likelihood (REML). Covariates of
incubator and tank were used and these were found to be non-significant and therefore
removed from the model. As time (the time sperm were tracked for) was found to have
a significant effect on sperm motility and VCL, these variables were adjusted to 30
minutes, generating estimated marginal means from the GLMM for each combination
of pH and generation. Similarly as sperm density was found to have a significant effect
on fertilisation success, estimated marginal means were generated for fertilisation
success adjusted to a sperm density of 2.5x10* cells.ml™ 1. Significant differences in
sperm motility, VCL and fertilisation success between pH treatments within and
between each generation were detected using pairwise comparisons generated from the
estimated marginal means. For egg diameter, a test of normality was carried out
(Kolmogorov-Smirnov test) and when data were normally distributed a two-way
ANOVA was carried out using pH and generation as fixed factors. Significant
differences within and between pH treatments and generation were tested for using
pairwise comparisons generated by estimated marginal means. All statistical analyses
were carried out using SPSS (Version 19, New York, United States) and all data are

presented as estimated marginal means + standard error.
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5.3 Results

5.3.1 Carbonate chemistry
Table 5.1 summarises the sea water chemistry for the duration of the
experiment. As expected there was a significant difference in pCO3, pH, and aragonite
saturation (QAr) (ANOVA: pCO2, F38=56.643, p=0.000; pH, F3g= 11652.0, p=0.000;
QAr , Fsg= 265.718, p=0.000). There was no significant difference in salinity, total
alkalinity (TA) and temperature among treatments (salinity, F3s=4.00, p=0.052; TA,
F38=40.852, p=0.503; and temperature, F35=3.017, p=0.094).

5.3.2 Sperm motility

There was no significant effect of incubator or tank on percentage sperm motility
(incubator, F1,736=0.616, P= 0.433; tank, F1,73s=2.673, P= 0.102 ), so they were
removed as a covariate from further analysis. Time was a significant factor and was,
therefore, used as a covariate in the analysis (F1,73s=25.200, P= 0.000). Both pH and
generation were adjusted for time to take in to account the time-frame used. There was
no significant effect of pH on the percentage motility of sperm (F373s=1.821, P=0.142).
Generation had a significant effect on percentage sperm motility (F2,738=19.467, P=
0.000). The results showed that Generation 0 did not differ significantly from
Generation 1 (p=0.076) but it did from Generation 2 (P =0.001). There was no
significant difference between Generation 1 and Generation 2 (P=0.116). There was a

significant interaction between pH and generation (Fs 738=2.778, P=0.011).

5.3.3 Sperm VCL

There was no significant effect of incubator or tanks (incubator, F1,73s=0.435, P=
0.510; tank, F1,736=0.522, P= 0.470) so they were removed as covariates for further
analysis. Time was a significant factor and used as a covariate in the analysis
(F1,738=21.218, P=0.000). Both pH and generation were adjusted for time to take in to
account the time frame used. Similarly to percentage motility, there was a significant
effect of generation on sperm swimming speed (F3, 738=18.947, P= 0.000). Generation 0
differed significantly from Generation 1 and 2 (G1, P= 0.007; G2 P= 0.025) but there
no significant difference between Generation 1 and 2 (P= 0.631). Sperm VCL was

highest at Generation 0 and lowest at Generation 1. The results indicate pH had no
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significant effect on sperm VCL (F2,738=0.989, P=0.397). There was no significant
interaction between pH and Generation (Fe 738=1.483, P=0.181).

5.3.4 Egg diameter
There was a significant effect of pH (Fs,= 10.038, p=<0.001) generation

(F2,=21.103, p=<0.001) and a significant interaction between the two factors
(pH*Generation Fg,=13.758, p= p=<0.001). At pH 7.67, pH7.82, and pH 8.10 there was
a significant increase, between Generation 0 and Generation 1 (pH p=<0.001; 7.82
p=<0.001; 8.1, p=0.015). pH 7.95 showed a significant increase between Generation 0
and Generation 1 (p=0.000). By Generation 2 there was a significant increase in egg
size at pH 7.95, which differed significantly from all other pHs (8.1 p=<0.001; 7.82,
p=<0.001; 7.67, p=<0.001).

5.3.5 [Fertilisation success

There was no significant effect of incubator or tank on fertilisation success (Table
5.2; incubator, F1,048=0.007, P=0.935; Tank, F1,048=0.006, P=0.937) and this was
therefore removed as a covariate from further analysis. There was no significant effect
of individual on fertilisation success and were therefore removed as a covariate (Table
5.2: male, F1,048=0.018, P=0.893; female F1,048=0.608, P= 0.436). Sperm density was a
significant factor (Table 5.2; F1,04=1316.008, P= 0.000) and was used as a covariate
within the analysis with both pH and generation being adjusted for sperm density. Both
pH and generation had a significant effect on fertilisation success (Table 5.2: pH,
F3,048=3.888, P= 0.009; Generation F2948=8.460, P= 0.000). There was also a significant
interaction between the two factors (Table 5.2: Fg 048=5.768, P= 0.000). Fertilisation
success in all pH treatments differed significantly from each other (8.1, F2,946=82.011,
P=0.000; 7.95, F2,048=160.570, P= 0.000; 7.82, F2,048=187.156, P= 0.000; 7.67,
F2,046=126.878, P= 0.000) and all generations differed significantly from each other
(GO, F3,048=119.184, P=0.000; G1, F3,048=124.737, P=0.000; G2, F3,946=177.135, P=
0.000). There was an increase in F value with each generation suggesting that more of
the variance can be described by pH. Percentage fertilisation success was consistently
higher in control pH treatments (8.1) across all generations, with the lowest pH

treatment (7.67) showing consistently lower percentage fertilisation success (See figure
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5.4) Generation 1 yielded the highest fertilisation success when compared to Generation
O0and 2.
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Table 5. 1: Seawater chemistry data within experimental system. Temperature, salinity pH and total alkalinity (TA) measured to calculate seawater
parameters using CO2Sys software.

) Mean Mean TA  TCO;in ) HCOgs in COs%in
Generatio o ] pCO:2in QCa QAr
pH Mean pH Salinity Temperature  in (umol/  (mmol/kg (uatm) (mmol/kg (mmol/kg ) ]
n atm in in
(°C)in kg) SW) H SW) SW)

1 8.1 8.09+0.04 36+1 19.66+ 1.1 2560.30 2321 547 2124 178.82 395 272
2 8.1 8.09+£0.04 36£05 19.66 £ 1 2531.15 2294 541 2100 176.73 390 269
3 8.1 8.09 £0.04 36+ 1 19.66 £ 1.5 2547.70 2309 544 2114 177.91 393 271
1 7.95 795+0.05 36+05 19.83+1 2439.57 2279 775 2126 127.40 281 194
2 7.95 7.95 £ 0.05 361 19.83+1.8 2427.07 2267 771 2115 126.71 280 193
3 7.95 795+0.05 36+05 19.83+1.8 2364.54 2207 751 2059 123.39 272 1.88
1 7.82 7.82£0.03 36+1 19.82+1.2 2377.12 2271 1053 2141 95.26 210 145
2 7.82 7.82+0.03 37+1 2022+ 1.5 2235.57 2129 989 2006 91.57 203 140
3 7.82 7.81+0.03 3705 20.22+1.9 2406.17 2295 1066 2162 98.70 219 151
1 7.67 7.67+0.03 36 £1 19.55+0.7 2701.84 2649 1743 2514 77.77 1.71 1.18
2 7.67 7.67+0.03 36+0.5 1955+ 1.6 2539.46 2488 1637 2361 73.06 1.61 111
3 7.67 7.67£0.03 3605 1955+ 1.3 2107.01 2059 1355 1954 60.48 133 0.92
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Table 5.2: General linear mixed model table for (a) Sperm curvilinear velocity, (b)
percentage sperm motility and, (c) fertilisation success. Non-significant results were
removed from further analysis. Significant differences indicated by (*)

Numerator Denominator F-Value P(>f)

df df

a)
Generation 2 736 18.909 <0.001*
pH 3 736 0.987 0.398
Time 1 736 21.176 <0.001*
Incubator 1 736 0.435 0.510
Tank 1 736 0.522 0.470
Generation*Time 2 736 20.889 <0.001*
pH*Time 3 736 0.620 0.602
Generation*pH*Time 6 736 1.480 0.182
b)
Generation 2 736 19.527 <0.001*
pH 3 736 1.827 0.141
Time 1 736 25.278 <0.001*
Incubator 1 736 0.616 0.433
Tank 1 736 2.673 0.102
Generation * Time 2 736 14.667 <0.001*
pH * Time 3 736 0.619 0.603
Generation*pH*Time 6 736 2.786 0.011*
c)
pH 3 948 235.464 <0.001*
Generation 2 948 47.884 <0.001*
Male 1 948 0.018 0.893
Female 1 948 0.608 0.436
Sperm Density 1 948 1292.504  <0.001*
Incubator 1 948 0.007 0.935
Tanks 1 948 0.006 0.937
pH * Sperm Density 3 948 3.819 0.010*

* 1 *
pH*Generation*Sperm 3 948 8.825 <0.001*

Density
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Figure 5.2: Percentage sperm motility adjusted for time at 30 minutes; data shown are
estimated marginal means and SE (standard error).
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Figure 5.3: Sperm VCL adjusted to 30 minutes, data shown are estimated marginal

means and SE.
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Figure 5.4: Mean egg diameter at all pH treatments for all Generations. Data shown are
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Figure 5.5; Percentage fertilisation success adjusted to a sperm density of 2.5x10%sperm
ml, data shown are estimated marginal means and SE.

130



5.4 Discussion

This study addresses multi-generational exposure to decreased pH on the
reproductive fitness of the polychaete Ficopomatus enigmaticus. It is important to
determine the effects that decreasing oceanic pH will have on the reproductive
processes of organisms as it may compromise further development, as well as
population growth and recruitment. The results of the current study show that when
F.enigmaticus is exposed to lower pH conditions over multiple generations there is a
significant effect on its reproductive success. Percentage sperm motility and sperm
VCL, however, showed no significant impact of pH, although there was a significant
impact of generation, with both sperm motility and sperm swimming speed significantly

decreasing with subsequent generations.

Negative effects of increasing OA on reproductive endpoints have previously
been reported in a range of marine organisms (see Chapter 1 Table 1.2). The current
study is to the author’s knowledge the first to examine the multi-generational effects of
increasing OA on sperm motility and fertilisation success. This study reports a
significant decrease in fertilisation success when exposed to decreased pH conditions
and this trend is increased when exposed for subsequent generations. There was also a
significant effect of generation on fertilisation success with all generations showing
significantly different results. Moreover, increases in pH caused a significant reduction
in fertilisation success, while decreases in pH resulted in lower fertilisation at all sperm

densities.

Many studies have addressed the effect of OA on fertilisation success with
contrasting results (see Chapterl, Table 1.2). Several theories have been proposed for a
reductions in fertilisation success, including a slowing in the fast block to polyspermy
(Reuter et al., 2011) reduction in egg fecundity (Dupont et al., 2012) and developmental
delay (Kurihara and Shiryiama, 2004), all of which are viable explanations for the
decrease seen here. A unique aspect of the current study, however, is the
mutigenerational approach to sperm motility, fertilisation success and egg size. Two
previous studies have examined multi-generational effects of OA on reproduction and
development utilising copepods as study species (Kurihara and Ishimatsu, 2008; Fitzer
et al., 2012), however neither looked at the same reproductive endpoints as the current

study. Fitzer et al., (2012) found a significant reduction in number of nauplii of Tisbe
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battagliai when exposed to lowered pH across three generations. Conversely, Kurihara
and Ishimatsu (2008) reported no significant effect of decreased pH on survival,
developmental rate, growth, fecundity or hatching success in the copepod Acartia

tsuensis.

Studies on multi-generational effects of pollution on the killifish, Fundus
heteroclitus, showed that when individuals were raised under high pollutant levels, they
were more resistant to acute toxicity. This suggested genetic adaptation to the
contaminants present in their environment. Adaptation came at a cost, however, as they
were more susceptible to other environmental stressors such as hypoxia and photo-
enhanced toxicity (Meyer and Di Giulio, 2003). More recent studies have considered the
effects of parental exposure to decreased pH prior to spawning on subsequent
generations. Parker et al. (2012) reported that by conditioning adults oysters (Saccostrea
glomerata) to future oceanic pCO:z conditions during reproductive conditioning, there
was a positive carry-over effect on the resulting larvae, with those spawned to
previously conditioned adults showing increased growth and increased developmental
rate. These results are comparable to those of the current study as there was a significant
increase in fertilisation success at Generation 1 when compared to generation 0,
followed, however, by a significant decrease at Generation 2. The increase in
fertilisation success seen here could be attributed to an adaptive maternal effect
(Untersee and Pechenik, 2007; Marshall et al., 2010; Sanford and Kelly, 2011; Parker et
al., 2012), which posits that in response to environmental stress females are able to
increase maternal energy investment per individual by increasing egg size, and
consequently also offspring size. This response has been shown previously to be
beneficial for offspring as large offspring generally exhibit faster development,
spending less time as planktonic larvae (Podolsky and Moran, 2006; Allen et al., 2008:
Moran and McAllister, 2009; Matson et al., 2012; Parker et al., 2012).

An increase in maternal investment is often seen as an increase in egg size
(Parker et al., 2012). The current study shows that under control conditions egg size
stays relatively similar across all generations. The same pattern is repeated at pH 7.95
which shows a similar egg size at Generation 0 and 1. However, there is a significant
increase in egg size at Generation 2, which is similar to the pattern seen at pH 7.82 and
7.67 where there is a significant increase in egg size at Generation 1. In contrast this

increase in egg diameter is not seen at Generation 2 at pH 7.82 and 7.67 where eggs size
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decreases. The results agree with the theory of adaptive maternal effect though the
increase in energy input to producing larger eggs did not occur at lower pH treatments
over subsequent generations. Rather egg size decreased significantly between
Generation 1 and 2 in pH 7.82, and 7.67. This result suggests that the extra energy
needed for egg provisioning is not available owing to possible energy reallocation.
Larval development in non-feeding larvae is fuelled exclusively by the energy
sequestered in the eggs. It has been suggested previously, however, that under
environmentally stressful conditions, for example decreased pH, energy is reallocated
from growth and reproduction to maintain whole organism homeostasis (Matson et al.,
2012). It is possible that individuals at pH 7.95 were able to cope with decreased pH
conditions for the initial generation without increasing maternal investment in the eggs,
but this was not able to be maintained over the longer term as in subsequent generations
(G2) eqgg size increased. These changes in maternal investment and egg size correlate
with fertilisation success because at pH 7.82 and 7.67 fertilisation success was
significantly higher than generation 0 at Generation 1, when eggs are at their largest, but
decreased significantly at Generation 2 where there is a significant reduction in
fertilisation success as well as egg size. In the short-term, therefore, organisms that are
able to cope with decreased pH conditions may be unable to maintain high output

through subsequent generations and longer time scales.

Previous studies concerned with the effects of eco-toxicants on invertebrate egg
size have shown varying results. Studies concerned with pCO2 on egg size in the brittle
star Amphuria filiformis found no effect when exposed to increased CO; conditions
(Wood et al., 2008). This study, however, collected gametes during the latent period of
egg growth, after completion of vitellogenesis, which means eggs had finished growth
prior to experiments. Studies utilising the sea urchin Echinus mathaei also showed there
was no significant effect of pCO treatment on egg size (Uthicke et al., 2012), although
studies concerned with other environmental stressors, such as intraspecific competition
and decreased temperatures, have shown an increase in egg size (Allen et al., 2008;
Moran and McAllister 2009; Parker et al., 2012). It has been suggested previously that
increased maternal investment in eggs can have effect on population dynamics (Benton
et al., 2005) and phenotypic plasticity (Holbrook and Schal, 2004)

Percentage sperm motility and swimming speed are important to fertilisation

success. The results of the current study indicate that the sperm of F. enigmaticus are
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generally robust to decreasing pH with no significant effect of pH on sperm motility or
swimming speed (VCL) though there were significant intergeneration differences. The
few studies that have considered the effects of increasing pH on sperm motility
(Havenhand et al., 2008; Havenhand and Schlegel 2009; Morita et al., 2009; Frommel et
al., 2010; Caldwell et al., 2011; Lewis et al., 2012) obtained contrasting results, with the
majority reporting a negative effect or no significant effect on percentage sperm motility
and VVCL (see chapter 1 table 1.2). Variations in sperm response to decreasing pH have
previously been attributed to species specific-responses and differing experimental
methodologies (Lewis et al., 2012). When compared to previous reports on sperm
swimming speed, the sperm of F.enigmaticus appear to have a slower VCL than other
species. For example, Havenhand et al. (2008) working with sea urchin H.
erythrogramma, obtained VVCLs of 26.3um s at pH 8.1 (control) and 23.5 and 26.3um
st under decreased pH conditions. Similarly studies by Havenhand and Schlegel (2009)
found sperm VCLs of 92.1 um st at pH8.1 and 94.3 um s at pH 7.8) in the oyster C.
gigas; significantly higher values than obtained in the current study. These variations in
sperm swimming speed could account for some of the interspecies differences in
fertilisation success in the OA literature. It is possible that species with slower sperm
swimming speeds may require a longer time for fertilisation and because fertilisation
success times often remain the same between species, those with slower VCL may not

have chance for fertilisation to occur.

In contrast to the current study, Havenhand et al. (2008) showed a significant
negative effect of decreasing pH on sperm motility in the sea urchin Heliocardaris
erythrogramma. A pH decrease of 0.4 units caused a significant reduction in
percentage motile sperm and swimming speed. Similarly, Morita et al. (2009) showed
significant effects of increased pH on sperm flagellar motility in the sea cucumber
Holothuria sp. and the coral Acropora digitifera. As in the current study, previous
research on the polychaete Pomatoceros lamarckii did not find a significant effect of
decreasing pH on percentage motile sperm or VCL until pHs 7.4 and 7.2. In contrast to
the current study, however, there was no significant effect of time, although sperm were
tracked for only 30 minutes in total (Lewis et al., 2012). There was no significant
impact of decreased pH on sperm motility or swimming speed of the oyster Crassostrea
gigas although there was a significant difference between the male’s sperm performance
(Havenhand and Schlegel, 2009). Caldwell et al. (2011) obtained a positive effect of

reduced pH on sperm motility measured as an increase in percentage motility and VCL.
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In marine broadcast spawners, sperm released to the external environment are
activated by the change in pH (Schlegel et al., 2012). For F. enigmaticus, however, a
significant negative effect of reduced pH was seen on sperm swimming speed. It is
possible that the reduced pH had a negative effect on the mitochondrial activity of the
sperm. It is apparent from the results presented here that the effect of ocean acidification
on sperm motility will be species specific with some species showing a greater
robustness. It is possible that sperm motility is unaffected by decreasing pH is due to the
robust nature of F. enigmaticus, which has shown resilience to other abiotic factors

including salinity and temperature (Straughan; 1972; Fornos et al., 1997).

To the author’s knowledge this is the first study to examine multi-generational
effects of decreasing pH on sperm motility and VCL in a marine broadcast spawning
invertebrate. Recent studies have concentrated on the effects of parental exposure to
increased pCO- and the effects this has on their progeny. Uthicke et al. (2012) showed
that decreasing pCO2 had a significant effect on the ability of males to spawn. Although
the results were presented as the averages of a scale of 1-3, it is difficult to use this as a
reproductive endpoint as there will be high variability between individual males.

This is also thought to be the first study that addresses the issue of marine eco-
toxicants on sperm motility and VCL. There have, however, been a few studies that
have examined the effects of multi-generational exposure to chemical toxicants on
sperm quality and gonad development. Nash et al. (2004), for example, found that when
the zebra fish Danio rerio were subjected to environmental concentrations of
ethynylestradiol (the bioactive oestrogen in the female contraceptive pill) over multiple
generations, there was a significant effect on gonad growth and sperm quality. At the
concentration of 5ng L EE there was no expressible sperm present at generation one

and none of the males sampled had normal testes.

In summary, this study suggests that exposure to reduced pH over multiple
generations will have a significant negative effect on reproductive success but sperm
motility will remain relatively unchanged. There is a need for further multi-generational
studies to be conducted, as little is known about what effects multigenerational exposure
to OA will have on organism’s reproduction and development. It is possible that the
reductions seen in fertilisation success will lead to a reduction in recruitment and
survival. This is due to the developmental domino effect where exposure to stress

during early development can result in latent deleterious effects, and this is because later
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development is dependent on early stages of development (Byrne, 2011). As an
ecosystem engineer if there is a significant reduction in fertilisation success of F.
enigmaticus then repercussions will not be confined to a species effect but will

encompass the ecosystem also.
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Chapter 6: Final perspective

Oceanic conditions are changing due to increasing chemical inputs, such as CO>
from the atmosphere, causing processes such as OA. Combined with these increases in
OA it is predicted that there will be increases in temperature due to increases in the
global heat budget as well as increases in occurrences of hypoxic events (Portner and
Langenbuch, 2005; Guinotte and Fabry, 2008; Oschlies et al., 2008; Portner , 2008;
Reid et al., 2009; Wohlers et al., 2009). These changes in oceanic conditions are posing
new challenges to organisms. It has been suggested that the reproductive processes and
early life stages of an organism are more sensitive to changing oceanic conditions than
later life history stages (Portner and Farrell, 2008; Byrne et al., 2010a; Cooper et al.,
2012). This could have serious consequences for species survival because early life
stages and fertilisation success are known to act as a population bottleneck. Variations
in reproductive capacity will cause problems for future generations cumulating in the
possibility of reduced population size and abundance. It is therefore imperative to
determine the effects that increasing OA and temperature will have on reproductive

processes of an organism.

Previous research has been concerned with the effects that OA will have on the
reproductive and developmental processes of marine invertebrates. However these
studies have left gaps in our knowledge, with few of concentrating on the long term or
multigenerational effects that OA and combined stressors will have on reproductive and
developmental processes. The data presented here aim to fill the knowledge gaps left by
previous studies as well as providing a novel approach to determining developmental

fitness of organisms within the field of OA.

This thesis has increased our understanding of the reproduction and
development of two important marine invertebrate species within a rapidly changing
ocean. In this final chapter the data obtained will be discussed in terms of the effect of
long-term and multigenerational exposure to predicted climate change scenarios on
reproduction and development and the effects this may have on species abundance and
survival. For the first species, the sea urchin Paracentrotus lividus, the effects of long-

term parental exposure to ocean acidification (OA) on sperm motility, fertilisation
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success and developmental stability were examined in isolation and in combination with
temperature (Chapters 2 and 3) and hypoxic stress (Chapters 4) . The multigenerational
effects of OA on the polychaete Ficopomatus enigmaticus were also studied in relation
to sperm motility, fertilisation success, and egg size, to increase our current

understanding of future effects of OA.

To date there have been several studies addressing the short term effects of
increasing OA and temperature on reproductive processes (Lacoue-Labarthe et al.,
2009; Parker et al., 2009; Byrne et al., 2010b; Findlay et al., 2010a ; Findlay et al.,
2010b ; Parker et al., 2010; Parker et al., 2012; Thiyagarajan and Ko, 2012). These
studies have looked in general at limited gamete and parental exposure to OA.
However, there have been no studies that concentrate on long-term parental exposure
and the effect that this will have on fertilisation success and only one which determine
long term effects on early development (Dupont et al., 2012). The current thesis aimed
to rectify this knowledge gap by providing results for long term exposure to OA and
temperature and their possible effects. It is important to determine these effects as
marine invertebrates form integral components of marine ecosystems and food chains.
For example, the sea urchin P. lividus acts as an ecosystem engineer in many of the
habitats it resides in, which means it has a large influence on the habitat and
environment relative to its abundance. Changes in the ocean may alter the abundance of
this species leading to changes in community structure, which in turn may have a
detrimental effect on other organisms within an ecosystem, and on the ecosystem itself.
Previous work has shown that energy allocation is another important consideration.
Stumpp et al. (2011) found that when Strongylocentrotus purpuratus were raised under
high CO- conditions, energy spent on somatic growth dropped to 39-45% from 78-80%
under control conditions (pH 8.1 at 14°C). These variations in energy investment may
have consequences for partitioning of the energy budget, as well as development in

terms of developmental delay (Stumpp et al., 2011).

With the predicted increase in OA and temperature it is important to determine
the long term effects this may have on invertebrate reproduction and development. One
of the main hypothesises of the present study was that long term exposure to increased
OA and temperature would negatively impact sperm motility, and fertilisation success.
It was found that there was a significant negative effect of OA on fertilisation success

and cleavage success of P. lividus at three, six and twelve months of exposure (chapter
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two). The extent of the negative effects increased with increasing exposure and at 12
months there were no viable females found in the highest pCO. treatment. It is therefore
possible that the lack of significant reductions in fertilisation or cleavage success
reported in the majority of previous studies (Byrne et al., 2009; 2010a; 2010b; Ericson
et al., 2010; Bechmann et al., 2011; Martin et al., 2011; Nguyen et al., 2012; Byrne et
al., 2013) may be a result of short-term exposures in which gametogenesis did not occur
under acidified conditions. In general the results of previous short exposure studies do
not portray an accurate insight in to the effects of future OA as they do not take in to
consideration vital process such as vitollogenesis occurring under acidified conditions.
As all processes occur under ambient conditions it is likely that the gametes produced
are far more resilient to decreased pH conditions as the stress during production was

low, allowing for a greater amount of parental investment.

The reductions in fertilisation success could be attributed to energy being
reallocated from gonad growth and maturation towards increased costs of maintaining
cellular homeostasis (Wood et al., 2008). This reduction in parental investment could
also have a knock-on effect on duration of development. Delaying development is likely
to occur more frequently within a changing ocean leading to a mismatch between
spawning and available food for larvae. For example, Sgreide et al. (2010) reported that
the breeding season of the Arctic grazer Calanus glacialis coincides with two major ice
algae phytoplankton blooms. One of the ice phytoplankton blooms are followed by the
break-up of the sea ice two months later. However reductions in sea ice thickness and
earlier melting can advance the peak of primary production, so that less food is
available for later spawning invertebrates. It is possible this phenomenon will be seen in
more habitats with negative effects on species and community structure.

In contrast to the results seen for fertilisation success there were significant
increases in sperm swimming speed at increasing pCO: at three and six months
exposure; however after 12 months exposure this pattern was no longer seen (chapter 2).
Variations in sperm motility have previously been attributed to the activation pH of
sperm of many broadcast spawning marine invertebrates being activated at pH 7.6
(Christen et al., 1983) which is a significantly lower pH than that of the oceans
currently. This means that under increased pCO> sperm may swim quicker as the pH is
closer to that required for activation. In contrast to the current thesis previous studies

concerning sperm swimming speed have reported a significant decrease under increased
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pCO: (Havenhand et al., 2008; Morita et al., 2010; Lewis et al., 2012; Schlegel et al.,
2012). It is possible that these variations are due to the different exposure times the
study organisms are subjected to. By only testing sperm motility parameters at a single
time point it is possible that the sperm may not have fully activated, thusly giving a
false result of sperm swimming speed and percentage motility. It is also important to
use sperm from acclimated individuals as it allows for an insight in to future effects of
OA with gametogenesis occurring under acidified conditions. It has previously been
reported that sperm spawned from adults raised under acidified conditions exhibit
abnormal features with smaller head size and shorter tale length being exhibited (Dey et
al., 2009). It is possible that these morphological variations could lead to changes in the
swimming ability of sperm and thusly affect sperm motility and sperm swimming

speed.

The variations and reductions seen in fertilisation and cleavage success and
sperm motility will have an effect not only at the organism level but also at a population
level, as reductions in larval fertilisation success could lead to fewer viable larvae and
therefore reduced recruitment. Changes in population levels of sea urchins have
previously been shown to affect the biodiversity and function of the environment. For
example the over hunting of sea otters in the kelp forests of Alaska led to a population
explosion of sea urchins which caused overgrazing of the kelp forests causing their
collapse (Steneck et al., 2001). Similarly studies carried out in the North West
Mediterranean found large variations in the population structure of P. livdus. These
differences were attributed to variation in predator abundance. In areas with lower
predation there were more urchins and they were larger. This increase in urchin
population can have a cascade effect on the community by leading to negative effects on
sea weed and sea grass populations (Sala and Zabala, 1996)

The results presented in Chapter 2 do not fully map the impacts of increasing
OA and temperature throughout an organism’s development. This is important as
different stages of ontogeny may react differently to future changes in COz and
temperature, and so it may be dangerous to assume future abundances based only on
fertilisation success. The majority of previous research has shown negative effects of
increasing OA and temperature on larval development (Dupont et al., 2008; Kurihara
2008; Kurihara and Shirayama, 2004; Byrne et al., 2009; Clark et al., 2009; Parker et
al., 2009; Talmage and Gobler, 2009; O’Donnell et al 2010; Sheppard-Brennand et al.,
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2010; Byrne et al., 2011a; Byrne et al., 2011b; Chan et al., 2011; Gaylord et al., 2011,
Gazeau et al., 2011; Lischka et al., 2011; Moulin et al., 2011; Stumpp et al., 20113;
Stumpp et al., 2011b; Yu et al., 2011; Catarino et al., 2012; Chan et al., 2012; Dickinson
et al., 2012), with only three showing increases in growth (Munday et al., 2009; Dupont
et al., 2010a; Parker et al., 2012).

Similar to previous research the current study hypothesised that increasing OA
would negatively impact the developmental stability of P.lividus (chapter three).
Presently it was found that there was a significant negative impact of OA and
temperature on larval development, which was manifested as an increase in fluctuating
asymmetry at increased pCO, and temperature treatments. It is possible that these
increases in fluctuating asymmetry may have ramifications on later development as they
are unlikely to fully halt an individual’s development but they can cause subtle
variations from perfect bilateral symmetry and decrease the fitness of an organism.
Variations in larval fitness can have serious effects on several aspects of life history,
such as echinopleutus swimming and feeding performance. Similar to the data presented
presently, studies by Chan et al, (2011) found a reduction in larval stomach size under
acidified conditions and they suggested this could significantly impact larval feeding.
The developmental stability of organisms is important because if developmental
stability is low this can compromise the precision by which adaptions can be reached
(Pélabon et al., 2004), and if an organisms ability to adapt is compromised it could have
serious effects on species survival. Along with reductions in developmental stability
there were also increasing incidents of phenodeviants occurring. Phenodeviants are
individuals which exhibit gross abnormalities, often these will not allow for larvae to
develop further; therefore increases in their occurrence could have serious effects on
survival. With the greatest occurrence of phenodeviants seen in the increased pCO- and
temperature treatments it could have ramifications on future ecosystems, especially
when combined with reductions in fertilisation and cleavage (chapter two) and

developmental stability mentioned previously (chapter three).

As OA is not likely to happen in isolation it is also important to consider the
effects that combined multiple stressors are likely to have on reproduction and
development. There has so far been a narrow range of combined stressors studied, with
the most common being temperature (Lacoue-Labarthe et al., 2009; Parker et al., 2009;
Byrne et al., 2010b; Findlay et al., 2010a ; Findlay et al., 2010b ; Parker et al., 2010;
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Parker et al., 2012;Thiyagarajan and Ko, 2012) and fewer concentrating on salinity and
UV radiation and copper (Egilsdorrit et al., 2009; Parker et al., 2009; Parker et al., 2010;
Dickinson et al., 2012; Foo et al., 2012; Thiyagarajan and Ko, 2012; Davis et al., 2013,
Fitzer et al., 2013; Lewis et al., 2013). From the current study it appears that increasing
temperature shows varying effects at different life stages with a synergistic effect seen
of increased temperature and pCO. for fertilisation success and cleavage success
(Chapter Two) but a negative impact seen for developmental stability and the
occurrence of phenodeviants (Chapter three). These differences highlight the
importance of considering a wider array of life history end points and environmental

stressors which are likely to occur with increasing global climate change.

With the predicted increases in oceanic pCO> and temperature it is hypothesised
that there will be an increase in hypoxic events (Diaz and Rosenburg, 1995; Diaz, 2001;
Vaquer-Sunyer and Duarte, 2008). To date no studies have looked at the effects of
increasing oceanic pCO2 and increased occurrence of hypoxic events on reproduction
and development of marine invertebrates. The current study aimed to try and fill some
of the knowledge gap left previously by determining the effects of six months parental
exposure to OA combined with a one off hypoxic event (Chapter four). The study found
that there was a significant negative impact on fertilisation success when gametes and
embryos were exposed to increased pCO> conditions and a hypoxic event. The lack of
oxygen availability during the crucial process of fertilisation limits the organism’s
ability to produce viable larvae, with early embryonic development being reliant on
aerobic respiration. With the increasing occurrence of hypoxic events especially in
costal zones (Diaz and Rosenburg, 1995; Diaz, 2001; Portner and Langenbuch, 2005;
Oschlies et al., 2008; Portner , 2008; Vaquer-Sunyer and Duarte, 2008) there could be

serious negative effects on populations of P.lividus.

In contrast to fertilisation success, sperm motility was not significantly affected
by increasing pCO> and hypoxia. It has however been widely suggested that sperm
swimming speed is not the most influential factor in terms of fertilisation success and
that an increase in sperm swimming speed could actually have increased negative
impact on fertilisation success, as sperm which swim faster use up energy more quickly
and may die quicker. It is important to consider previous literature regarding changes in
species abundance and the effects it may have on a community and population level as

this may give insight in to the effect of continuing global climate change. It is important
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to bridge the gap between previous literature and current research to try and predict
what effects may occur. It is also important to increase the knowledge of ecosystem
level effects of OA.

The data presented here highlight the differing effects seen on varying life
history stages; however, all endpoints examined here suggest that long-term exposure
will have significant negative effects on reproduction and early larval development.
However, one of the major limiting factors with the studies concerning P. lividus is that
it is conducted using a single generation, and this limits the studies’ ability to assess
multigenerational effects and the possibility for acclimation across generations. The
reason that multigenerational experiments were not attempted on P. lividus is due to the
long generation time of the species. It was therefore necessary to identify another model
species which could be used for multigenerational experiments. The polychaete
Ficopomatus enigmaticus fulfils this need. It is a calcifying marine invertebrate which
has a well-documented life cycle (Gabilondo et al., 2013), and is an ecologically and
economically important species. F. enigmaticus is an invasive biofouling species which
is becoming increasingly problematic. To date, there have been few studies concerning
the effects of OA on biofouling species, and polychaetes as a phylum are particularly
understudied (Lewis et al., 2012).

So far literature concerning the multigenerational impacts of OA on
reproduction and development has concentrated primarily on copepods and has found
varying results. There was no significant effect of increased pCO on Acartia tsuensis
which showed no significant effect on survival, egg production or hatching rate
(Kurihara and Ishimatsu, 2008). In contrast Tisbe battagliai experienced a significant
reduction in growth under increased OA (Fitzer et al., 2012). However, there are no
previous studies concerning the multigenerational effects of increased OA on sperm
motility and fertilisation success. These processes are, as mentioned previously, vital to

future development and recruitment and need further attention.

The current thesis presents data regarding the effects of OA on sperm motility
and fertilisation success across multiple generations in F. enigmaticus (Chapter five). It
was hypothesised that multi-generational exposure to future OA conditions would
inhibit sperm motility and fertilisation success. Presently it was found that there was a
significant negative impact of both pH and generation on fertilisation success and egg

diameter. The significant differences seen in egg size across generations could be
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attributed to differences in maternal investment with increased maternal investment
occurring at generation one for decreased pH conditions especially at pH 7.67 followed
by a decrease at generation two. This pattern would suggest that individuals are able to
increase the energy invested in the eggs when exposed to stressful conditions; however,
this cannot be maintained long-term as seen by the reductions at generation two. When
this reduction in maternal investment is coupled with a significant reduction in
fertilisation success, possibly caused by energy reallocation and developmental delay,
the consequences of increasing OA could be catastrophic. It has previously been found
that when there are large aggregations of F. enigmaticus the water quality is
significantly increased due to their filtration of the water (Keene, 1980; Davies et al.,
1989). As the species generally inhabit marinas and polluted bodies of water it is
possible that a reduction in the population could lead to a decrease in water quality

which in turn can have an effect on the organisms living there.

Sperm motility and sperm swimming speed were not negatively affected by pH
but there was a significant effect of generation. In contrast to the increases in sperm
motility seen in chapter two and four there was no initial increase of sperm motility with
increasing pCOz condition for F.enigmaticus. This further highlights the hypothesis that
all species will react differently to increased OA conditions. Further studies are required
to test the effect of increasing OA on sperm longevity as this would help to identify if

variations in sperm swimming speed are linked to variations in sperm longevity.

Multigenerational effects of OA on life histories have begun to be investigated.
OA is likely to happen over long time periods and by using multigenerational studies
we are better able to determine the adaptive capacity of marine invertebrates. A shortfall
of current research is the lack of literature pertaining to future populations as the
majority of studies concentrate on modern populations and their ability to adapt to
future conditions and not the future populations. By conducting multigenerational
studies it is possible to see the effects on future generations. This is a factor highlighted
in a recent study by Kelly et al (2013) which looked at the adaptive capacity of the
purple sea urchin Strongylocentrotus purpuratus under future OA scenarios. It was
found that there was a degree of genetic variation for body size under elevated pCO>
which indicates that this trait can evolve. The ability to evolve was incorporated in to a
model and it was predicted that the OA driven decrease in population growth rate would

be 50% smaller than predicted in non-adaptation models.
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An important avenue for future research would be to use multigenerational
experiments combined with models to try and assess the future implications. This
method has previously been used by Fitzer et al (2012) using the copepod Tisbe
battagliai. However, all previous multigenerational work, concerned with reproduction
and development, has concentrated on a maximum of three generations and it would be
beneficial to increase the number of generations as this will allow for more
comprehensive models to be created. It is important to compare with studies
concerning different life history endpoints. Studies on the coccolithophore Emiliania
huxleyi found that after exposing individuals to increased CO> for 500 generations, there
were increased growth rates under acidified conditions (Lohbeck et al., 2012). Similarly
the diatom Phaeodactylum tricornutum also exhibited increased growth after 20
generations of exposure to increased CO2 (2012). These results show the importance for
further multigenerational work to be carried out as the results differ from much previous

short term research.

An issue which has become clear is that the response to OA and climate change
is likely to be species specific (Dupont et al., 2013). To better understand this it is
imperative that a wider array of organisms from a variety of habitats which encompass a
range of trophic levels are used, This would allow for not only species specific
variations to be identified but also an ecosystem perspective of future OA scenarios to
be created. Currently studies are primarily concerned with single species effects of OA.
However, OA will not just affect a single organism it will affect whole ecosystems and
if certain species show vulnerability there could be serious consequences for ecosystems

as a whole by causing shifts in community structure and composition.

The ability of marine invertebrates to survive a changing ocean is likely to differ
with varying life history strategies. With changing oceanic conditions including
increases in oceanic pCO: levels, temperature increases, increases in salinity and UV
radiation, and increases in the occurrence of hypoxic events, there is likely to be a
significant effect on reproductive processes of marine invertebrates. A large proportion
of an organism’s energy is allocated for gonad development and growth; however in
times of stress energy is reallocated from these processes to more essential functions. If
stressful conditions were to continue it is possible for certain species (e.g. Sea urchin) to

reabsorb their gonads to access stored energy
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It is clear from the data presented here that species utilising a broadcast
spawning will experience a significant reduction in reproductive success and capacity as
well as problems pertaining to later development. As this is a life history trait employed
by numerous benthic marine invertebrate species, there are likely to be significant
changes in populations and abundance in the future oceans. It is possible that species
which utilise different reproductive strategies such as internal brooding of eggs may not
experience the same severe reduction in fertilisation success and so may become more
prevalent within the benthic community. Where fertilisation and larval development
takes place within the animal, pH can be controlled by maintaining internal acid-base
homeostasis via ion regulatory mechanisms and bicarbonate buffering. However it is
also important to consider the increased energetic investment per juvenile associated
with this strategy. Variations in reproductive strategy can be attributed to r- and k-
selection theory, with broadcast spawners ( such as P. lividus and F. enigmatcus)
falling into the category of r selection as their reproduction is a low cost per individual
offspring and there are large numbers produced. It is known that r-selected species deal
better with a variable environment such as the high intertidal where pH and temperature
may change on seasonal and tidal cycles and that along latitudinal gradients may out
compete more k-selected species as temperatures rise (Rastrick and Whiteley, 2011,
Whiteley et al., 2011; Rastrick and Whiteley, 2013). However, despite slower
generation times and therefore lower evolutionary capacity, in a more acidic ocean it is
possible that k-selected invertebrates by not releasing gametes or larvae into a
suboptimum environment, as well as, providing more energy to cope with the elevated

ATP demand of maintaining cellular homeostasis may offer the juveniles an advantage.

Although the current thesis has begun to fill the gaps left by previous research
there are still areas in which the current research could be expanded. It would be
possible to build on the results seen currently by taking further measurements and using
further analysis. For example developmental stability has been studied presently
through use of FA index. It is possible by taking further morphometric measurements
analysis of echinopleutus swimming and feeding performance could have been
analysed. This analysis may give insight in to developmental fitness at later stages than
currently studied. It may also have been advantageous to measure gonad index
throughout long term and multigenerational study which would have allowed data to be
modelled with fertilisation success to better gauge an organism’s response to OA.

Another area which could have been explored would be to use sperm motility and
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fertilisation success data to be modelled using a fertilisation kinetics model. This type of
model will also allow for the input of physical sea water parameters as well as
biological aspects. This may allow for the modelling of fertilisation kinetics in future
oceans. This would allow for data from OA studies to be used to model the possible
effects of abiotic factors on sperm swimming speed which in turn would allow for

predictions to be made on the amount of fertilisation which is likely to occur.

It is apparent that the majority of OA research is conducted in a laboratory
setting with few in-situ experiments occurring (Hall-Spencer et al., 2008; Calosi et al.,
2013). A novel approach to determine the effects of OA on a natural ecosystem is
through the use of naturally occurring volcanic vents which create a future OA
environment. Using these natural laboratories would allow for insight into a future OA
world and show an organisms ability to survive under increased OA conditions as well
as helping to bridge the gap between laboratory and field studies. It also allows for the
ecosystem effects of OA to be studied however it can be difficult to study combined
multiple stressors using this methodology as manipulating temperature or other stressors
in the field and on a large scale can be difficult. However through use of further
mesocosom experiments it may be possible to examine the future effects of OA and
combined stressors such as temperature and hypoxia on organisms. Previously
mesocosom experiments have primarily concentrated on single species effects of OA.
However it would be possible to utilise mesocosm experiments to examine ecosystem
level effects of OA in a controlled environment. Unlike natural laboratories mesocosm
offer the opportunity to control external factors such as pH level and temperature and to

better control experimental parameters.

It is also important to consider a wide variety of species during OA research.
The species used here fulfilled the need for the research as a whole. However two
species were required to fulfil all of the research undertaken and it would have been
beneficial to find an organism in which all of the reproductive endpoints could have
been measured such as the polychaete Plateneris dumerilii as it has a short generation
times (3-6 )month as well as a well-documented life history. The current study was
initially attempted with this species however problems occurred with synchronous
spawning, as males and females were not reproductively viable at the same time and,
therefore the time to reach sexual maturity was too long (minimum 6 months) for the

current study it was not possible to use the species.
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Early life history stages of organisms including fertilisation success, growth and
settlement operate as a population bottleneck and control general patterns of abundance
and distribution. Changes to these early life history stages such as fertilisation, and
larval development could have serious impacts on these processes, by having a knock-
on effect to species recruitment and survival. It is important to determine the impacts
that OA will have on these vital life history stages as the ecological success of species is
likely to be tied to the changing ocean. Changes in an organism’s ability to reproduce
and develop successfully may have serious ramifications on community structure
causing animals which have a higher tolerance to OA to inhabit niches left by others.
These changes in community structure could have negative effects on ecosystem
functioning as well reductions in global biodiversity.

148



References

Adiyodi, R. G. (1985) Reproduction and its control, The Biology of Crustacea, 9 (Eds
D. E. Bliss and L. H. Mantel), Acedemic Press, New York, pp. 147-205
Albright, R., Mason, B., Langdon, C., (2008) Effect of aragonite saturation state on
settlement and post-settlement growth ofPorites astreoides larvae, Coral

Reefs, 27, 3, 485-490

Albright, R., Masona, B., Miller, M., Langdona, C., (2010) Ocean acidification
compromises recruitment success of the threatened Caribbean coral Acropora
palmate, Proceedings of the National Academy of Sciences of the United
States of America,107, 47, 23, 20400-2040

Albright, R., Langdon, C., (2011) Ocean acidification impacts multiple early life
history processes of the Caribbean coral Porites astreoides, Global Change
Biology, 17, 2478-248

Allen, R. M., Buckley, Y.M., Marshall, D.J. (2008) Offspring size plasticity in
response to intraspecific competition: an adaptive maternal effect across life-

history stages. American Naturalist, 171, 225-337.

Arnold, K. E., Findlay, H. S., Spicer, J.1., Daniels., C.L, Boothroyd, D., (2009) Effect
of CO»-related acidification on aspects of the larval development of the
European lobster, Homarus gammarus (L.), Biogeosciences Discussions, 6,
3087-3107.

Barros, P., Sobral, P., Range, P., Chicharo, L., Matias, D., (2013) Effects of sea-water
acidification on fertilization and larval development of the oyster Crassostrea
gigas, Journal of Experimental Marine Biology and Ecology, 440, 200-206

Bates, N. R. and Peters, A. J. (2007) The contribution of atmospheric acid deposition
to ocean acidification in the subtropical North Atlantic Ocean, Marine
Chemistry, 107, pp. 547 — 558

Bechmann, R. K., Taban, I. C., Westerlund, S., Godal, B. F., Arnberg, M., Vingen, S.,
Ingvarsdottir, A., Baussant, T., (2011) Effects of ocean acidification on early
life stages of the shrimp (Pandalus borealis) and Mussel (Mytilus
edulis),Journal of Toxicology and Environmental Health, Part A: current

issues, 74, 7-9, 424-438
149


http://www-scopus-com.libproxy.ncl.ac.uk/source/sourceInfo.url?sourceId=21121&origin=recordpage
http://www-scopus-com.libproxy.ncl.ac.uk/source/sourceInfo.url?sourceId=21121&origin=recordpage

BednarsSek, N. Tarling, G. A.,Bakker, D. C. E., Fielding, S., Jones, E. M., Venables, H.
J., Ward, P., Kuziran, A., Leze, B., Feely, R. A., Murphy, E. H. (2012)
Extensive dissoloution of live pteropods in the southern ocean, Nature
Geosciences, 5, 881-885, doi:10.1038/nge01635

Bencic, D. C., Krisfalusi, M., Cloud, J. G., Ingermann, R. L.,(1999a) ATP levels of
chinook salmon (Oncorhynchus tshawytscha) sperm following in vitro
exposure to various oxygen tensions, Fish Physiology and Biochemistry 20,
389-397,

Bencic, D. C., Krisfalusi, M., Cloud, J. G., Ingermann, R. L., (1999b) Maintenance of
steelhead trout (Oncorhynchus mykiss) sperm at different in vitro oxygen
tensions alters ATP levels and cell functional characteristics, Fish Physiology
and Biochemistry 21, 193-200

Benton, T. G., Plaistow, S. J., Beckerman, A. P., Lapsley, C. T., Littlejohns, S.
(2005)Changes in maternal investment in eggs can effect population dynamics,
Proc. R. Soc. B, 272, 1570, 1351-1356 B,

Billard, R., Cosson, M. P., (1990) The energetics of fish sperm motility. In controls of
sperm motility :biological and clinical aspects. Edited by C. Gagnhon. CRC
press inc., Boca Raton Florida. Pp.153-157

Boudouresque, C. F. and Verlaque, M. (2001) Ecology of Paracentrotus lividus. In:
Lawrence, J.M. (Ed.), Edible Sea Urchins: Biology and Ecology, Elsevier,
Amsterdam, pp. 177-216

Boundry, P., Collet, B., Cornette, F., Hervouet, V., Bonhomme., (2012) high variance
in reproductive success of the pacific oyster (Crossostrea gigas, Thunberg)
revealed by microsatellite based percentage analysis of multifactorial crosses,
Aquaculture, 204, 283-296

Brewer, P.G.; Riley, J.P., (1965)The automatic determination of nitrate in seawater.
Deep-Sea Research Part li-Topical Studies in Oceanography, 12, 765-772

Brown, J., Colling, A., Park, D., Phillips, J., Rothery, D. and Wright, J. (1995)
Seawater: Its composition, properties and behaviour, Pergamon Press

Byrne, M., (1990) Annual reproductive cycles of the commercial sea urchin
Paracentrotus lividus from an exposed intertidal and a sheltered sub tidal
habitat on the west coast of Ireland, Marine Biology, 104, 2, 275-289

Byrne, M., Ho, M., Selvakumaraswamy, P., Nguyen, H. D., Dworjanyn, S. A. and

Davis, A. R. (2009) Temperature, but not pH, compromises sea urchin

150



Byrne,

Byrne,

Byrne,

Byrne,

Byrne,

fertilization and early development under near-future climate change scenarios,
Proceedings of the Royal Society B: Biological Sciences, 276, (1663), pp.
1883-1888

M., Soars, N., Dworjanyn, S. A. and Davis, A. R. (2010a) Sea urchin
fertilization in a warm, acidified and high pCO2 ocean across a range of sperm
densities. Mar. Environ. Res. 69, 234-239. (doi:
10.1016/j.marenvres.2009.10.014)

M., Soars, N. A, Ho, M. A., Wong, E., McElroy, D., Selvakumaraswamy, P.,
Dwaorjanyn, S. A. and Davis, A. R. (2010b) Fertilization in a suite of coastal
marine invertebrates from SE Australia is robust to near-future ocean warming
and acidification, Marine Biology, pp. 1-9

M., (2011) Impact of ocean warming and ocean acidification on marine
invertebrate life history stages: vulnerabilities and potential for persistence in a
changing ocean, Oceanography and Marine Biology: an annual review, 49, 1-
42

M., Ho, M., Wong, E., Soars, N. A., Selvakumaraswamy, P., Shepard-
Brennand, H., Dworjanyn, S. A. and Davis, A. R. (2011a) Unshelled abalone
and corrupted urchins: Development of marine calcifiers in a Changing Ocean,
Proceedings of the Royal Society B: Biological Sciences, 278, (1716), pp.
2376-2383

M., Selvakumaraswamy, P., Ho, M. A., Woolsey, E. and Nguyen, H. D.
(2011b) Sea urchin development in a global change hotspot, potential for
southerly migration of thermotolerant propagule, Deep-Sea Research Part II:
Topical Studies in Oceanography, 58, (5), pp. 712-719

Byrne M. (2012) Global change ecotoxicology: Identification of early life history

Byrne,

bottlenecks in marine invertebrates, variable species responses and variable
experimental approaches. Mar. Environ. Res. 76, 3-15. (doi:
10.1016/j.marenvres.2011.10.004)

M., Gonzalez-Bernat., M., Doo, S., Foo, S., Soars, N., Lamare, M., (2013)
effects of ocean warming and acidification on embryons and non-calcifying
larvae of the invasive sea star Partiriella regularis, MEPS, 473, 235-246

Caldeira, K. and Wickett, M. E. (2003) Anthropogenic carbon and ocean pH. Nature

425, 365. (doi: 10.1038/425365a)

151



Caldeira, K. and Wickett, M. E. (2005) Ocean model predictions of chemistry changes
from carbon dioxide emissions to the atmosphere and oceans, Journal of
Geophysical Research 110

Caldwell, G. S. (2009) The Influence of Bioactive Oxylipins from Marine Diatoms on
Invertebrate Reproduction and Development, Marine Drugs, 7, pp. 367 — 400

Caldwell, G. S., Olive, P. J. W. and Bentley, M. G. (2002) Inhibition of embryonic
development and fertilization in broadcast spawning marine invertebrates by
water soluble diatom extracts and the diatom toxin 2-trans,4-trans decadienal,
Aquatic Toxicology, 60, (1-2), pp. 123-137

Caldwell, G.S., Bentley, M.G., Olive, P.J.W,(2004) First evidence of sperm motility
inhibition by the diatom-derived aldehyde 2E,4E—decadienal. Marine Ecology
Progress Series, 273, 97-108.

Caldwell, G. S., Lewis, C., Olive, P. J. W. and Bentley, M. G. (2005) Exposure to 2,4-
decadienal negatively impacts upon marine invertebrate larval fitness, Marine
Environmental Research, 59, pp. 405-417

Caldwell, G. S., Fitzer, S., Gillespie, C. S., Pickavance, G., Turnbull, E., Bentley, M.
G. (2011) Ocean acidification takes sperm back in time. Invertebr. Reprod. and
Dev. 55, 217-221. (doi: 10.1080/07924259.2011.574842)

Calosi, P., Rastrick, S. P. S., Graziano, M., Thomas, S. C., Baggini, C., Carter, H. A.,
Hall-Spencer, J.M., Milazzon, M., Spicer, J. I., (2013) Distribution of sea
urchins living near shallow water CO vents is dependent on species acid-base
and ion —regulatory abilities. Marine Pollution Bulletin, 73, 2, 470-484

Cao, L., Caldeira, K. and Jain, A. (2007) Effects of carbon dioxide and climate change
on ocean acidification and carbonate mineral saturation, Geophysical Research
Letters, 34

Carata, E., Tenuzzo, B. A., Arno, F., Buccolieri, A., Serra, A., Manno, D., Dini, L.,
(2012) stress response induced by carbon nano particles in Paracentrotus
lividus, IIMCM, 1, 1

Catarino, A. 1., de Ridder, C., Gonzalez, M., Gallardo, P. and Dubois, P. (2012) Sea
urchin Arbacia dufresnei (Blainville 1825) larvae response to ocean
acidification, Polar Biology, 35, (3), pp. 455-461

Ceballos-Osuna, L., Carter, H. A., Miller, N. A., Stillman, J. H. (2013), Effects of
ocean acidification on early life-history stages of the intertidal porcelain crab

Petrolisthes cinctipes, The Journal of Experimental Biology, 216, 1405-1411
152


http://www.ncl.ac.uk/marine/research/publication/56407
http://www.ncl.ac.uk/marine/research/publication/56407

Chan, K. Y. K., Grunbaum, D. and O'Donnell, M. J. (2011) Effects of ocean-
acidification-induced morphological changes on larval swimming and feeding,
Journal of Experimental Biology, 214, (22), pp. 3857-3867

Chan, V.B. S,, Li, C,, Lane, A. C., Wang, Y., Lu, X,, Shih, K., Zhang, T. and
Thiyagarajan, V. (2012) CO 2-driven ocean acidification alters and weakens
integrity of the calcareous tubes produced by the serpulid Tubeworm,
Hydroides elegans, PLoS ONE, 7, (8)

Cheung, S. G., Chan, H. Y., Liu, C. C., Shin, P. K. S., (2008) Effect of prolonged
hypoxia on food consumption, respiration, growth and reproduction in marine
scavenging gastropod Nassarius festivus, Marine Pollution Bulletin, 57, 280-
286

Christen, R., Schackmann, R. W. and Shapiro, B. M. (1983a) Elevation of the
intracellular pH activates respiration and motility of sperm of the sea urchin,
Strongylocentrotus purpuratus, Journal of Biological Chemistry, 257, (24), pp.
14881-1489

Christen, R., Schackmann, R. W., Shapiro, B. M. (1983b) Metabolism of sea urchin
sperm. Interrelationships between intracellular pH, ATPase activity, and
mitochondrial respiration. J. Biol. Chem. 258, 5392-5399.

Chua, C.M., Leggat, W., Moya, A., Baird, A.H., (2013a) Temperature affects the early
life history stages of corals more than near future ocean acidification, Marine
Ecology Progress Series,475, 85-92

Chua, C.M., Leggat, W., Moya, A., Baird, A.H., (2013a) Temperature affects the early
life history stages of corals more than near future ocean acidification, Marine
Ecology Progress Series,475, 85-92

Clark, D., Lamare, M. and Barker, M. (2009) Response of sea urchin pluteus larvae
(Echinodermata: Echinoidea) to reduced seawater pH: A comparison among a
tropical, temperate, and a polar species, Marine Biology, 156, (6), pp. 1125-
1137

Cooper, T. F., O'Leary, R. A, Lough, J. M. (2012) Growth of Western Australian
corals in the Anthropocene. Science, 335, 593-596. (doi:
10.1126/science.1214570)

Crim, R. N., Sunday, J. M. and Harley, C. D. G. (2011) Elevated seawater CO>

concentrations impair larval development and reduce larval survival in

153



endangered northern Abalone (Haliotis kamtschatkana) , Journal of
Experimental Marine Biology and Ecology, 400, pp. 272-277

Crimaldi, J. P. (2012) The role of structured stirring and mixing on gamete dispersal
and aggregation in broadcast spawning. J. Exp. Biol. 215, 1031-1039. (doi:
10.1242/jeb.060145)

Cumbo, V. R., Edmunds, P. J., Wall, C. B., F, T., (2013) Brooded coral larvae
differ in their response to high temperature and elevated pCO. depending
on the day of release Marine Biology, 160, 11, 2903-2917

Darszon, A., Guerrero, A. Galindo, B. E., Nishigaki, T. Wood, C. D. (2008) Sperm-
activating peptides in the regulation of ion fluxes, signal transduction and
motility. Internatl J. Dev. Biol. 52, 595-606. (doi: 10.1387/ijdb.072550ad)

Dashfield, S. L., Somerfield, P. J., Widdicombe, S., Austen, M. C., Nimmo, M.,(2008)
Impacts of ocean acidification and burrowing urchins on within-sediment pH
profiles and subtidal nematode communities, Journal of Experimental Marine
Biology and Ecology, 365, 46-52

Davies, B.R.., Stuart, V., Villiers, M. (1989). The filtration activity of a serpulid
polychaete population (Ficopomatus enigmaticus (Fauvel)) and its effects on
water quality in a coastal marina, Estuarine, Coastal and Shelf Science, 29,
613-620

Davis, A. R., Coleman, D., Broard, A., Byrne, M., Dworjanyn, S. A., Przesalawski
(2013) Complex response of intertidal molluscan embryos to a warming and
acidifying ocean in the presence of UV radiation, PLoS ONE, 8, (2), e55939

Denman K, Brasseur G, Chidthaisong A, Ciais P, Cox PM, et al. (2007) Couplings
between changes in the climate system and biogeochemistry. In Climate
Change 2007: The Physical Science Basis. Contributing of Working Group 1 to
the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change. [Solomon S, Qin D, Manning M, Chen Z, Marquis M Averyt KB,
Tignor M and Miller HL (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA.

Dey, S., Kharbuli, S. M., Chakraborty, R., Bhattacharyya, S. P., Goswami, U. C.,
(2009) Toxic Effect of Environmental Acid-Stress on the Sperm of a Hill-
Stream Fish Devario aequipinnatus: A Scanning Electron Microscopic

Evaluation, Microscopy Research and Technique, 72, 76-78.

154



Diaz, R. J. and Rosenberg R. (1995) Marine benthic hypoxia; a review of its
ecological effects and the behavioural response of benthic macrofauna,
Oceanography and Marine Biology, 33, 245-303.

Diaz, R J. (2001) Overview of hypoxia around the world, J Environ Qual, 30, 275-281

Diaz, R. J. and Rosenberg R. (2008) Spreading dead zones and consequences for
marine ecosystems. Science, 321, 926-929. (doi: 10.1126/science.1156401)

Dickinson, G. H., Ivanina, A. V., Matoo, O. B., Portner, H. O., Lannig, G., Bock, C.,
Beniash, E. and Sokolova, I. M. (2012); Interactive effects of salinity and
elevated CO: levels on juvenile eastern oysters, Crassostrea virginica, Journal
of Experimental Biology, 215, (1), pp. 29-43

Dickson, A.G., Millero, F.J., (1987). A comparison of the equilibrium constants for
the dissociation of carbonic-acid in seawater media. Deep-Sea Res. 34, 1733—
1743.

Dickson, A.G., (1990). Thermodynamics of the dissociation of boric acid in
potassiumchloride solutions form 273.15 K to 318.15 K. J. Chem Thermodyn.
22,113-127

Dickson, A.G., Sabine, C.L., Christian, J.R., (2007). Guide to best practise for ocean
CO2 measurements. Pices Spec. Communication. 3, 191.

Dixon, D. R (1981), Reproductive biology of the serpulid Ficopomatus (mercierella)
enigmaticus in the Thames Estuary, S. E. England, Journal of the Marine
Biological Association of the United Kingdom, 61,3, 805-815,
d0i:10.1017/S0025315400048220.

Dixson, D. L., Munday, P. L. and Jones, G. P. (2010) Ocean acidification disrupts the
innate ability of fish to detect predator olfactory cues, Ecological Letters, 13,
pp. 68-75

Doney, S. C., Fabry, V. J., Feely, R. A. and Kleypas, J. A. (2009) Ocean Acidification:
The Other CO2 Problem, Annual Review of Marine Science, 1, (1), pp. 169-
192

Doney, S. C. and Schimel, D. S. (2007) Carbon and climate system coupling on
timescales from the precambrian to the anthropocene, in Matson, P. A. and
Gadgil, A.(eds) Annual Review of Environment and Resources. Vol. 32 pp 31-
66

155



Doo, S. S., Dworjanyn, S. A., Foo, S. A., Soars, N. A. and Byrne, M. (2012) Impacts
of ocean acidification on development of the meroplanktonic larval stage of the
sea urchin Centrostephanus rodgersii, ICES Journal of Marine Science, 69,
(3), pp. 460-464

Dorey, N., Lanco. P., Thorndyke, M., Dupont, S. (2013) Assessing physiological
tipping point of sea urchin larvae exposed to a broad range of pH, Global
Change Biology, 19, 11,3355-67. doi: 10.1111/gch.12276.

Dupont, S., Havenhand, J., Thorndyke, W., Peck, L. and Thorndyke, M. (2008) Near-
future level of CO 2-driven ocean acidification radically affects larval survival
and development in the brittlestar Ophiothrix fragilis, Marine Ecology
Progress Series, 373, pp. 285-29

Dupont, S. and Thorndyke, M. C. (2009) Impact of CO2-driven ocean acidification on
invertebrates early life-history; what we know, what we need to know and what

we can do', Biogeosciences Discussion, 6, (2), pp. 3109-3131

Dupont, S., Dorey, N., Thorndyke, M. (2010) What meta-analysis can tell us about
vulnerability of marine biodiversity to ocean acidification? Estuar. Coast. Shelf
Sci., 89, 182-185. (doi: 10.1016/j.ecss.2010.06.013)

Dupont, S., Lundve, B. and Thorndyke, M. (2010a); Near future ocean acidification
increases growth rate of the lecithotrophic larvae and juveniles of the sea star
Crossaster papposus, Journal of Experimental Zoology Part B: Molecular and
Developmental Evolution, 314 B, (5), pp. 382-389

Dupont, S., Ortega-Martinez, O. and Thorndyke, M. (2010b); Impact of near-future
ocean acidification on echinoderms, Ecotoxicology, 19, (3), pp. 449-462

Dupont, S., Dorey, N., Stumpp, M., Melzner, F. and Thorndyke, M. (2012) Long-term
and trans-life-cycle effects of exposure to ocean acidification in the green sea

urchin Strongylocentrotus droebachiensis, Marine Biology, pp. 1-9

Dupont, S., and Portner, H., (2013) Marine science: get ready for ocean acidification,
Nature, 498, doi: 10.1038/498429a

156



Egilsdorrit, H., Spicer, J. I. and Rundle, S. D. (2009) The effect of CO; acidified sea
water and reduced salinity on aspects of the embryonic development of the
amphipod Echinogammarus marinus (Leach), Marine Pollution Bulletin, 58,
pp. 1187-1191

Ellis, R. P., Bersey, J., Rundel, S. D., Hall-Spenser, J.M., Spicer, J.1., (2009); Subtle
but significant effects of CO- acidified seawater on embryos of the intertidal
snail, Littorina obtusat, Aquatic Biology, 5, 41-48, (doi: 10.3354/ab00118)

Ericson, J. A., Lamare, M. D., Morley, S. A., Barker, M. F. (2010); The response of
two ecologically important Antarctic invertebrates (Sterechinus neumayeri and
Parborlasia corrugatus) to reduced seawater pH: Effects on fertilisation and
embryonic development. Mar. Biol. 157, 2689-2702. (doi: 10.1007/s00227-
010-1529-y)

Ericson, J. A., Ho, M. A., Miskelly, A., King, C. K., Virtue, P., Tilbrook, B. and
Byrne, M. (2012); Combined effects of two ocean change stressors, warming
and acidification, on fertilization and early development of the Antarctic
echinoid Sterechinus neumayeri, Polar Biology, 35, pp. 1027-1034

Fabry, V. J., Seibel, B. A., Feely, R. A. and Orr, J. C. (2008); Impacts of ocean
acidification on marine fauna and ecosystem processes, ICES Journal of
Marine Science, 65, pp. 414-432

Feely, R. A., Sabine, C. L., Lee, K., Berelson, W., Kleypas, J., Fabry, V. J. and
Millero, F. J. (2004); Impact of Anthropogenic CO2 on the CaCO3 System in
the Oceans, Science, 305, pp. 362-366

Findlay, H.S., Kendall, M.A., Spicer, J.I., Turley, C., Widdicombe, S. (2008) A novel
microcosm system for investigating the impacts of elevated carbon dioxide and

temperature on marine organisms. Aquat. Biol. 3, 51-62.

Findlay, H. S., Kendall, M. A., Spicer, J. I. and Widdicombe, S. (2009) Future high
CO:z in the intertidal may compromise adult barnacle Semibalanus balanoides
survival and embryonic development rate, Marine Ecology Progress Series,
389, pp. 193-202

Findlay, H. S., Kendall, M. A., Spicer, J. I. and Widdicombe, S. (2010a) Relative
influences of ocean acidification and temperature on intertidal barnacle post-
larvae at the northern edge of their geographic distribution, Estuarine, Coastal
and Shelf Science, 86, (4), pp. 675-682

157



Findlay, H. S., Kendall, M. A., Spicer, J. I. and Widdicombe, S. (2010b) Post-larval
development of two intertidal barnacles at elevated CO> and temperature,
Marine Biology, 157, 725-735

Fitzer, S. C., Caldwell, G. S., Close, A. J., Clare, A. S., Upstill-Goddard, R. C.,
Bentley, M. G., (2012) Ocean acidification induces multigenerational decline
in copepod naupliar production with possible conflict for reproductive resource
allocation, Journal of experimental marine biology and ecology, 418-419, 30-
36

Fitzer, S.C., Caldwell, G.S., Clare, A.S., Upstill-Goddard, R.C., Bentley, M.G.,
(2013), Response of Copepods to Elevated pCO and Environmental Copper as
Co-Stressors — A Multigenerational Study. PLoS ONE , 8, 8: e71257.
doi:10.1371/journal.pone.0071257

Fitzpatrick, J. L., Craig, P. M., Bucking, C., Balshine, S., Wood, C. M., McClelland,
G. B., (2009) Sperm performance under hypoxic conditions in the intertidal
fish Porichthys notatus, Can. J. Zool., 87, 464-469

Foo., S. A., Dworjanyn, S. A., Poore, A. G., Byrne, M (2012) Adaptive capacity of the
habitat modifying sea urchin Centrostephanus rodgersii to ocean warming and
ocean acidification, Performance of early embryos, PLoS ONE, 7, (8), e42497

Form, A. U., Riebesell, U., (2012) Acclimation to ocean acidification during long-term
CO2 exposure in the cold-water coral Lophelia pertusa, Global Change
Biology,18, 843-853, (doi: 10.1111/j.1365-2486.2011.02583.X)

Fornos, J. J., Forteza, V., Martinez-Taberner (1997) Moder polychaete reefs in western
Mediterranean lagoons: Ficopomatus enigmaticus (Fauvel) in the Albufera of
Menorca Balearic islands, Palaeogeography, Palaeoclimatology,
Palaeoecology, 128, 175-186

Frommel, A. Y., Stiebens, V., Clemmesen, C., Havenhand, J. (2010) Effect of ocean
acidification on marine fish sperm (Baltic cod: Gadus morhua).
Biogeosciences, 7, 5859-5872. (doi: 10.5194/bg-7-3915-2010)

Fujisawa, H., (1995) variations in embryonic temperature sensitivity amoung groups
of the sea urchin Hemicentrotus pulcherrimus, which differ in their habitat,
Zool. Sci, 12, 583-589

Gabilondo, R., Graham, H., Caldwell, G.S., Clare, A.S., (2013) Laboratory culture and
evaluation of the tubewormFicopomatus enigmaticus for biofouling

studies. Biofouling, 29, 7, 869-878.
158


http://www.ncl.ac.uk/marine/research/publication/180055
http://www.ncl.ac.uk/marine/research/publication/180055
http://www.ncl.ac.uk/marine/research/publication/180055

Gaylord, B., Hill, T. M., Sanford, E., Lenz, E. A., Jacobs, L. A., Sato, K. N., Russell,
A. D. and Hettinger, A. (2011) Functional impacts of ocean acidification in an
ecologically critical foundation species, Journal of Experimental Biology, 214,
(15), pp. 2586-2594

Gazeau, F., Gattuso, J. P., Greaves, M., Elderfield, H., Peene, J., Heip, C. H. R. and
Middelburg, J. J. (2011) Effect of carbonate chemistry alteration on the early
embryonic development of the Pacific oyster (Crassostrea gigas), PLoS ONE,
6, (8)

Gazeau, F., Quiblier, C., Jansen, J. M., Gattuso, J. P., Middelburg, J. J. and Heip, C. H.
R. (2007) Impact of elevated CO2 on shellfish calcification, Geophysical
Research Letters, 34, (7)

Gonzalex-Bernat, M. J., Lamare, M., Barker, M., (2013) Effects of reduced seawater
pH on the fertilisation, embryogenesis and larval development in the antartic
sea star Odontaster validus, Polar Biology, 36, 235-247

Graham, J. H., Raz, S., Hel-Or, H. and Nevo, E. (2010) Fluctuating Asymmetry:
Methods, Theory, and Applications, Symmetry, 2, pp. 466-540

Guinotte, J. M. and Fabry, V. J. (2008) Ocean acidification and its potential effects on
marine ecosystems, in Annals of the New York Academy of Sciences. Vol. 1134
pp 320-342.

Gutowska, M. A., Portner, H. O. and Melzner, F. (2008) Growth and calcification in
the cephalopod Sepia officinalis under elevated seawater pCO2, Marine
Ecology Progress Series, 373, pp. 303-309

Hall-Spencer, J. M., Rudolfo-Metalpa, R., Martin, S., Ransome, E., Fine, M., Turner,
S.M., Rowley, S. J., Tedesco, D., Buia, M. C, (2008) Volcanic carbon dioxide
vents show ecosystem effects of ocean acidification, Nature 454, 96-99

Hand, C. and Uhlinger, K. (1992) The Culture, Sexual and Asexual Reproduction, and
Growth of the Sea Anemone Nematostella vectensis, Biological Bulletin, 182,
pp. 169 - 176

Havenhand, J. N., Buttler, F., Thorndyke, M. C. and Williamson, J. E. (2008) Near-
future levels of ocean acidification reduce fertilisation success in a sea urchin,
Current Biology, 18, (15), pp. R651-R652

Havenhand, J. N. and Schlegel, P. (2009) Near-future levels of ocean acidification do
not affect sperm motility and fertilization kinetics in the oyster Crassostrea
gigas. Biogeosciences 6, 3009-3015. (doi: 10.5194/bg-6-3009-2009)

159



Hernroth, B., Baden, S., Thorndyke, M., Dupont, S., (2011) Immune suppression of
the echinoderm Asterias rubens (L.) following long-term ocean acidification,
Aguatic toxicology, 103, 222-224, ( doi:10.1016/j.aquatox.2011.03.001)

Herreid, C. F. (1980) Hypoxia in invertebrates. Comp. Biochem. Physiol. 67A, 311-
320. (doi: 10.1016/S0300-9629(80)80002-8)

Hettinger, A., Sanford, E., Hill, T. M., Russell, A.D., Sato, K.N.S., Hoey, J,Forsch,
M., Page, H. N., Gaylord, B., (2012) Persistent carry-over effects of
planktonic exposure to ocean acidification in the Olympia oyster, Ecology,
93,12, pp 2758-2768,

Hofmann, M. and Schellnhuber, H. J. (2009) Oceanic acidification affects marine
carbon pump and triggers extended marine oxygen holes. Proceding of the
National Academy of Science. USA, 106, 3017-3022. (doi:
10.1073/pnas.0813384106)

Hofmann, G. E., Barry J.P., Edmunds, P. J., Gates, R. D., Hutchins D. A., Klinger, T.,
Sewell, M.A, (2010)ocean acidification impacts on calcifying marine
organisms in marine ecosystems, Annu. Rev. Ecol. Evol. Syst, 41 , 127-147

Holbrook, G. L.,Schal, C., (2004) Maternal investment affects offspring phenotypic
plasticity in viviparous cockroach, PNAS, 101, 15,5595-5597

Hollows, C. F., Johnston, E. L. and Marshall, D. J. (2007) Copper reduces fertilisation
success and exacerbates Allee effects in the field, Marine Ecology Progress
Series, 333, pp. 51-60

Honisch,B., Ridgwell,A., Schmidt, D. N., Thomas, E., Gibbs, S. J., Sluijs, A., Zeebe,
R., Kump, L., Martindale,R. C., Greene, S. E., Kiessling, W., Ries, J.,
Zachos, J. C., Royer, D. L., Barker, S., Marchitto Jr, T. M., Moyer, R.,
Pelejero, C., Ziveri, P., Foster, G. L., Williams, B., (2012),The Geological
Record of Ocean Acidification, Science, 335 ,6072 , 1058-1063.

Iglesias-Rodriguez, M. D., Halloran, P. R., Rickaby, R. E. M., Hall, I. R., Colmenero-
Hidalgo, E., Gittins, J. R., Green, D. R. H., Tyrrell, T., Gibbs, S. J., Von
Dassow, P., Rehm, E., Armbrust, E. V. and Boessenkool, K. P. (2008)
Phytoplankton calcification in a high-CO. world, Science, 320, (5874), pp.
336-340

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of
Working Group | to the Fourth Assessment Report of the Intergovernmental

Panel on Climate Change [Solomon, S., D. Qin, M. Manning, Z. Chen, M.
160



Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge
University Press, Cambridge, United Kingdom and New York, NY, USA, 996
Pp

Johnson, C. H., Clapper, D. L., Winkler, M. M., Lee, H. C., Epel, D. (1983) A volatile
inhibitor immobilizes sea urchin sperm in semen by depressing the intracellular
pH. Dev. Biol. 98, 493-501. (doi: 10.1016/0012-1606(83)90378-0)

Keene Jnr, W.C., (1980), The importance of a reef-forming polychaete Mercierella
enigmatica Fauvel, in the oxygen and nutrient dynamics of a hypereutrophic

subtropical lagoon. Estuarine, Coastal and Shelf Science, 11: 167-178.

Kelly, M. W., Padilla-gamino, J. L., Hofmann, G. E., (2013) Natural variations and the
capacity to adapt to ocean acidification in the keystone sea urchin
Strongylocentrotus purpuratus, Global Change Biology, Article in press

Kikkawa, T., Kita, J. and Ishimatsu, A. (2004) Comparison of the lethal effect of CO>
and acidification on red sea bream (Pagurus major) during the early
developmental stages, Marine Pollution Bulletin, 48, pp. 108-11

Kroeker, K. J., Kordas, R. L., Crim, R.N., Singh, G. G. (2010) Meta-analysis reveals
negative yet variable effects of ocean acidification on marine organisms.
Ecology Letters, 13, 1419-1434. (doi: 10.1111/j.1461-0248.2010.01518.x)

Kroeker, K. J., Micheli, F., Gambi, M. C., Martz, T. R. (2011) Divergent ecosystem
responses within a benthic marine community to ocean acidification,
Proeedings of the National Academy of Science, 108, 35, 14515-14520

Kupriyanova, E.K., Nishi, E., ten Hove, H., Rzhavsky, A,M., (2001) Life history
patterns in serpulimorph polychaetes: ecological and evolutionary perspectives,
Ocean. Mar. Biol. Ann. Rev, 39,1-101.

Kurihara, H., Shimode, S. and Shirayama, Y. (2004a) Sub-lethal effects of elevated
concentration of CO2 on planktonic copepods and sea urchins’, Journal of
Oceanography, 60, (4), pp. 743-75

Kurihara, H., Shimode, S. and Shirayama, Y. (2004b) Effects of CO2 concentration on
egg production rate and early development of two marine copopods (Acartia
steueri and Acartia erythraea), Marine Pollution Bulletin, 49, issue 9-10, 721-
727

161



Kurihara, H. and Shirayama, Y. (2004) Effects of increased atmospheric CO2 on sea

urchin early development, Marine Ecology Progress Series, 274, pp. 161-169

Kurihara, H., Kato, S., Ishimatsu, A.,(2007) Effects of increased sea water pCO2 on

early development of the oyster Crassostrea gigas, Aquatic Biology, 1, 91-98

Kurihara, H. (2008) Effects of CO-driven ocean acidification on the early
developmental stages of invertebrates, Marine Ecology Progress Series, 373,
pp. 275-284

Kurihara, H., Asai, T., Kato, S. and Ishimatsu, A. (2008) Effects of elevated pCO- on
early development in the mussel Mytilus galloprovincialis' Aquatic Biology, 4,
3, pp. 225-233

Kurihara, H. and Ishimatsu, A. (2008) Effects of high CO2 seawater on the copepod
(Acartia tsuensis) through all life stages and subsequent generations, Marine
Pollution Bulletin, 56, 6, pp. 1086-1090

Lacoue-Labarthe, T., Martin, S., Oberhansli, F., Teyssie, J. L., Markich, S., Jeffree, R.
and Bustamante, P. (2009) Effects of increased PCO. and temperature on trace
elemnet (Ag, Cd and Zn) bioaccumulation in the eggs of the common
cuttlefish, Sepia officialis, Biogeosciences, 6, pp. 2561-2573

Langenbuch, M. and Portner, H. O. (2004) High sensitivity to chronically elevated
CO2 levels in a eurybathic marine sipunculid, Aquatic Toxicology, 70, 1, pp.
55-61

Lee, H. C., Johnson, C. and Epel, D. (1983) Changes of internal pH associated with
initiation of motility and acrosome reaction of sea urchin sperm,

Developmental Biology, 95,1, pp. 31-45

Levitan, D. R. (2000) Sperm velocity and longevity trade off each other and influence
fertilization in the sea urchin Lytechinus variegatus. Proc. Roy. Soc. Lond. Ser.
B: Biol. Sci. 267, 531-534. (doi: 10.1098/rspb.2000.1032)

Levitan, D. R.., Sewell, M. A,, Chia, F. S., (1991) Kinetics of fertilisation in the sea
urchin Strongylocentrotus franciscanus: interactions of gamete dilution, age
and contact time, Biological Bulletin, 181, 371 - 378

Levitan, D. R. and Petersen, C. (1995) Sperm limitation in the sea, Trends in Ecology
& Evolution, 10, (6), pp. 228-231

162



Levitan, D. R., Ferrell, D. L., (2006) selection of gamete recognition proteins depend

on sex, density and genotype frequency, Science, 312, 267-269

Lewis, C., Caldwell, G. S., Bentley, M. G. and Olive, P. J. W. (2004) Effects of
bioactive diatom-derived aldehyde on developmental stability in Nereis virens
(sars) larvae: an anlysis using fluctuating asymmetry, Journal of Experimental
Marine Biology and Ecology, 304, pp. 1-16

Lewis, C., Pook, C. and Galloway, T. (2008) Reproductive toxicity of the water
accommodated fraction (WAF) of crude oil in the polychaetes Arenicola
marina (L.) and Nereis virens (Sars), Aquatic Toxicology, 90, pp. 73-81

Lewis, C., Clemow, K. and Holt, W. V. (2012) Metal contamination increases the
sensitivity of larvae but not gametes to ocean acidification in the polychaete
Pomatoceros lamarckii (Quatrefages), Marine Biology, pp. 1-13

Li, Y., Gao, K., Villafane, V. E., Helbling, E. W., (2012), Ocean acidification
mediates photosynthetic response to UV radiation and temperature increase in

diatom Phaeodactylum tricornutum, Biogeosciences, 9, 3931-3942

Lischka, S., Budenbender, J., Boxhammer, T. and Riebesell, U. (2011); Impact of
ocean acidification and elevated temperatures on early juveniles of the polar
shelled pteropod Limacina helicina: Mortality, shell degradation, and shell
growth, Biogeosciences, 8, 4, pp. 919-932

Lohbeck, K. T., Riebsell, U., Reusch, T. B. H., (2012), Adaptive evolution of a key
phytoplankton species to ocean acidification, Nature Geoscience, 5, 346-31,
doi:10.1038/nge01441

Long, W. C., Swiney, K.M., Harris, C., Page, H.N., Foy, R.J .,(2013) ,Effects of
Ocean Acidification on Juvenile Red King Crab (Paralithodes camtschaticus)
and TannerCrab (Chionoecetes bairdi) Growth, Condition, Calcification, and
Survival, PLoS ONE, 8,4 : €60959. doi:10.1371/journal.pone.0060959

Marcus, N.H., Richmond, C., Sedlacek, C., Miller, G.A. and Oppert, C. (2004) Impact
of hypoxia on the survival, egg production and population dynamics of Acartia
tonsa dana. J Exp Mar Biol Ecol, 301, 111-128.

Marshall, D. J. (2006) Reliably estimating the effect of toxicants on fertilization
success in marine broadcast spawners, Marine Pollution Bulletin, 52, pp. 7340-
0738

163



Marshall, D. J. and Evans, J. P. (2005) The benefits of polyandry in the free-spawning
polychaete Galeolaria caespitosa, Journal of Evolutionary Biology, 18, pp.
735-741

Marshall, D.J., Monro, K., Bode, M., Keough, M.J., Swearer, S. (2010) Phenotype-
environment mismatches reduce connectivity in the sea. Ecology Letters, 13,
128-140

Martin, S. and Gattuso, J. P. (2009) Response of Mediterranean coralline algae to
ocean acidification and elevated temperature, Global Change Biology, 15, (8),
pp. 2089-210

Martin, S., Richier, S., Pedrotti, M. L., Dupont, S., Castejon, C., Gerakis, Y., Kerros,
M. E., Oberhansli, F., Teyssie, J. L., Jeffree, R. and Gattuso, J. P. (2011) Early
development and molecular plasticity in the Mediterranean sea urchin
Paracentrotus lividus exposed to CO»-driven acidification, Journal of
Experimental Biology, 214, 8, pp. 1357-1368

Matson, P. G., Yu, P. C., Sewell, M. A., Hofmann, G. E (2012) Development under
elevated pCO2 does not affect lipid utilisation and protein content in early life
history stages of the purple sea urchin strongylocentrotus purpuratus, Biol
Bull, 223, 312-327

Mayor, D. J., Matthews, C., Cook, K., Zuur, A. F. and Hay, S. (2007) CO2-induced
acidification affects hatching success in Calanus finmarchicus, Marine
Ecology Progress Series, 350, pp. 91-97

McAllen, R., Brennan, E., (2009) The effect of environmental variation on the
reproductive development time and output of the high-shore rockpool copepod
Tigriopus brevicornis, experimental marine biology and ecology, 368, 75-80

McConville, K., Halsband, C., Fileman, E. S., Somerfield, P. J., Findlay, H. S., Spicer,
J. 1., (2013) Effects of elevated CO2 on the reproduction of two calenoid
copepods, Marine Pollution Bulletin, 73, 2, 428-434

McDonald, M. R., McClintock, J. B., Amsler, C. D., Rittschof, D., Angus, R. A.,
Orihuela, B. and Lutostanski, K. (2009) Effects of ocean acidification over the
life history of the barnacle Amphibalanus amphitrite, Marine Ecology Progress
Series, 385, pp. 179-187

McNeil, B. I. and Matear, R. J. (2006) Projected climate change impact on oceanic

acidification, Carbon Balance and Management, 1, (1)

164



Mehrbach, C., Culberson, C.H., Hawley, J.E., Pytkowicz, R.M., (1973) Measurements
of the apparent dissociation constants of carbonic acid in seawater at
atmospheric pressure. Limnol. Oceanogr. 18, 897-907.

Meyer, J. N., Di Giulio, R. T., (2003) heritable adaptation and fitness costs in killifish
(Fundus heteroclitus ) inhabiting a polluted estuary, Ecological applications,
13, 2, 490-503

Michaelidis, B., Ouzounis, C., Paleras, A., Portner, H. O., (2005) Effects of long-term
moderate hypercapnia on acid—base balance and growth rate in marine mussels
Mytilus galloprovincialis, Marine Ecology Progress Series, Vol, 293:109-118

Miller, A. W., Reynolds, A. C., Sobrino, C. and Riedel, G. F. (2009) Shellfish face
uncertain future in high CO2 world: Influence of acidification on oyster larvae
calcification and growth in estuaries, PLoS ONE, 4, 5

Millero, F. J., Graham, T. B., Huang, F., Bustos-Serrano, H. and Pierrot, D. (2006)
Dissociation constants of carbonic acid in seawater as a function of salinity and
temperature, Marine Chemistry, 100, 1-2, pp. 80-94

Moller, A. P. and Swaddle, J. P. (1997) Asymmetry, developmental stability and
evolution, Oxford University Press, U.K.

Moran, A. L. and McAlister, J. S. (2009) Egg Size as a Life History Character of
Marine Invertebrates: Is It All It’s Cracked Up to Be?, Biological Bulletin, 216,
pp. 226-242

Morita, M., Suwa, R., Iguchi, A., Nakamura, M., Shimada, K., Sakai, K., Suzuki, A.
(2010) Ocean acidification reduces sperm flagellar motility in broadcast
spawning reef invertebrates. Zygote 18, 103-107. (doi:
10.1017/S0967199409990177)

Moulin, L., Catarino, A. I., Claessens, T. and Dubois, P. (2011) Effects of seawater
acidification on early development of the intertidal sea urchin Paracentrotus
lividus (Lamarck 1816), Marine Pollution Bulletin, 62, 1, pp. 48-54

Munday, P. L., Dixson, D. L., Donelson, J. M., Jones, G. P., Pratchett, M. S.,
Devitsina, G. V. Dgving, K. B. (2009a) Ocean acidification impairs olfactory
discrimination and homing ability of a marine fish, Proceedings of the National
Academy of Sciences of the United States of America, 106, 6, pp. 1848-1852

Munday, P. L., Donelson, J. M., Dixson, D. L. and Endo, G. G. K. (2009b) Effects of

ocean acidification on the early life history of a tropical marine fish,

165


http://www.pnas.org/search?author1=Kjell+B.++D%C3%B8ving&sortspec=date&submit=Submit

Proceedings of the Royal Society B: Biological Sciences, 276, 1671, pp. 3275-
3283

Munday, P. L., Gagliano, M., Donelson, J. M., Dixson, D. L. and Thorrold, S. R.
(2011); Ocean acidification does not affect the early life history development
of a tropical marine fish, Marine Ecology Progress Series, 423, pp. 211-221

Nahon, S., Castro Porrasa, V. A., Pruski, A. M. and Charlesa, F. (2009) Sensitivity to
UV radiation in early life stages of the Mediterranean sea urchin Sphaerechinus
granularis (Lamarck), Science of the Total Environment 407, pp. 1892-1900

Nakajima, A., Morita, M., Takemura, A., Kamimura, S. and Okuno, M. (2005)
Increase in intracellular pH induces phosphorylation of axonemal proteins for
activation of flagellar motility in starfish sperm, Journal of Experimental
Biology, 208, 23, pp. 4411-4418

Nakamura M, Ohki S, Suzuki A, Sakai K (2011) Coral Larvae under Ocean
Acidification: Survival, Metabolism, and Metamorphosis, PLoS ONE, 6,1,
e14521. doi:10.1371/journal.pone.0014521

Nakamura, M., Morita., M (2012) Sperm motility of the scleractinian coral Acropora
digitifera under preindustrial, current,and predicted ocean acidification
regimes, PLoS ONE, 15, 299-302, doi: 10.3354/ab00436

Nash, J. P., Kime, D. E., Van der v4en, L. T. M., Wester, P. W., Biron, F., Maack, G.,
Stahlschmidt-Allner, P., Tyler, C. R., (2004) Long term exposure to
environmental concentrations of the pharmecutical Ethynylestradiol causes
reproductive failure in fish, Environ Health Perspect,112,17,1725-1733

Naud, M. J., Havenhand, J. N., (2006) sperm motility and longevity in the giant
cuttlefish, Sepia apama (Mollusca; Cephalopoda), Marine Biology, 148, 559-
556

Navarro, J. M., Torres, R, Acufia, K., Duarte, C., Manriquez, P.H., Lardies, M., Lagos,
N.A., Vargas, C., Aguilera, V.,(2013) Impact of medium-term exposure to
elevated pCO2 levels on the physiological energetics of the mussel Mytilus
chilensis, Chemosphere, 90, pp1242-1248

Neill, A. T. and Vacquier, V. D. (2004) Ligands and receptors mediating signal
transduction in sea urchin spermatozoa. Reproduction 127, 141-149. (doi:
10.1530/rep.1.00085)

Nguyen, H. D., Doo, S. S., Soars, N. A. and Byrne, M. (2012) Noncalcifying larvae in

a changing ocean: Warming, not acidification/hypercapnia, is the dominant

166



stressor on development of the sea star Meridiastra calcar, Global Change
Biology, 18, 8, pp. 2466-2476

Njiwa, J. R. K., Muller, P., Klein, R., (2004), Binary mixture of DDTand
Arochlorl1254: effects on sperm release by Danio rerio, Ecotoxicology and
Environmental Safety, 58, 211-219

Obenat, S., and Pezzani, S. E., (1994)Life cycles and population structure of the
polychaete Ficopomatus enigmaticus (Serpulidae) in Mar Chiquita costal
lagoon, Argentina, Estuaries,17, 1B, 263-270.

Obenat, S., Spivak, E., Orensanz, J.M., (2006). Reproductive biology of the invasive
reef-forming serpulid, Ficopomatus enigmaticus, in the Mar Chiquita coastal

lagoon, Argentina, Invertebrate Reproduction Development, 49, 263-271.

O'Donnell, M. J.,Hammond, L. M., Hofmann, G. E., (2009) predicted impacts of
ocean acidification on a marine invertebrate: elevated CO; alters response to
thermal stress in sea urchin larvae, Marine Biology, 156, 439-446

O'Donnell, M. J., Todgham, A. E., Sewell, M. A., Hammond, L. M., Ruggiero, K.,
Fangue, N. A., Zippay, M. L. and Hofmann, G. E. (2010) Ocean acidification
alters skeletogenesis and gene expression in larval sea urchins, Marine Ecology
Progress Series, 398, pp. 157-171

Orr, J. C., Fabry, V. J., Aumont, O., Bopp, L., Doney, S. C., Feely, R. A,
Gnanadesikan, A., Gruber, N., Ishida, A., Joos, F., Key, R. M., Lindsay, K.,
Maier-Reimer, E., Matear, R., Monfray, P., Mouchet, A., Najjar, R. G.,
Plattner, G. K., Rodgers, K. B., Sabine, C. L., Sarmiento, J. L., Schlitzer, R.,
Slater, R. D., Totterdell, I. J., Weirig, M. F., Yamanaka, Y. and Yool, A.
(2005) Anthropogenic ocean acidification over the twenty-first century and its
impact on calcifying organisms, Nature, 437, 7059, pp. 681-686

Oschlies, A., Shulz, K. G., Riebesell, U., Schmittner, A. (2008) Simulated 21%
century's increase in oceanic suboxia by CO2-enhanced biotic carbon export.
Global Biogeochemistry Cycles, 22, GB4008. (doi: 10.1029/2007GB003147)

Pacey, A. A, Cosson, J.C., Bentley, M.G., (1994) The acquisition of forward motility
in the spermatozoa of the polychaete Arenicola marina, Journal of
Experimental Biology, 195,1, 259-280.

Palmer, A. R. and Strobeck., C. (1986) Fluctuating asymmetry: Measurement,

analysis, patterns, Annual Review of Ecology and Systematics 17, pp. 391-421
167



Palmer, A. R. and Strobeck., C. (1992) Fluctuating asymmetry as a measure of
developmental stability: implications of non-normal distributions and power
statistical test, Acta Zoologica Fennica, 191, pp. 57 — 72

Palmer, A. R. (1996) From symmetry to asymmetry: Phylogenetic patterns of
asymmetry variation in animals and their evolutionary significance, PNAS, 93,
pp. 14279-14286

Palmer, A. R. and Strobeck., C. (1997.) Fluctuating asymmetry and developmental
stability: Heritability of observable variation vs. heritability of inferred cause,
Journal of Evolutionary Biology 10, pp. 39-49

Palumbi, S. R., (1999) All males are not created equal: fertility differences depend on
gamete recognition polymorphism in sea urchins, Proceedings of the National
Academy of Science, 96, 12632-12637

Pansch, C., Nasrolahi, A., Appelhans, Y. S., Wahl, M., (2012) Impacts of ocean
warming and acidification on the larval development of the
barnacle Amphibalanus improvises, Journal of Experimental Marine Biology
and Ecology 420:48-55 (DOI: 10.1016/j.jembe.2012.03.023

Parker, L. M., Ross, P. M. and O'Connor, W. A. (2009) The effect of ocean
acidification and temperature on the fertilization and embryonic development
of the Sydney rock oyster Saccostrea glomerata (Gould 1850), Global Change
Biology, 15, 9, pp. 2123-2136

Parker, L. M., Ross, P. M. and O'Connor, W. A. (2010) Comparing the effects of
elevated pCO> and temperature on fertilization and early development of two
species of oysters, Marine Biology, 157, 2435-2452

Parker, L.M., Ross, P.M., O’Connor, W. A., Borysko, L., Raftos, D. A., Portner, H.
0., (2012) Adult exposure influences offspring response to ocean acidification
in oysters, Global Change Biology 18, 82-92, (doi: 10.1111/j.1365-
2486.2011.02520.x)

Parrott, J. L, and Blunt, B. R, (2004) Life-Cycle Exposure of Fathead Minnows
(Pimephales promelas) to an Ethinylestradiol Concentration Below 1 ng/L
Reduces Egg Fertilization Success and Demasculinizes Males, Environmental
Toxicology, 20, 2,131-41.

Pélabon, C., Hansen, T. F., Carlson, M. L., Armbruster W. S., (2004) Variational and
genetic properties of developmental stability in Dalechampia scandens,
Evolution, Vol 58, 5024-514, DO!: 10.1554/03-439

168


http://www.ncbi.nlm.nih.gov/pubmed/15793829

Pennington, J. T., (1985) The ecology of fertilization of echinoid eggs: the
consequences of sperm dilution, adult aggregation and synchronous spawning,
Biological Bulletin, 169, 417-430

Petes, L. E., Menge, B. A., Harris A. L, (2008) intertidal mussels exhibit energetic
trade-offs between reproduction and stress resistance, Ecological Monographs,
78, 3,387-402

Pierrot, D., Lewis, E., Wallace, D.W.R., (2006) CO2sys DOS Program Developed for
CO. System Calculations. ORNL/CDIAC-105. Carbon Dioxide Information
Analysis Center, Oak Ridge National Laboratory, U.S. Department of Energy,
Oak Ridge, Tennessee.

Pineda, M. C., McQuaid, C. D., Turon, X., Lopez-Legentil, S., Ordoofiez, VRius, M.,
(2012) Tough adults Frail babies: An analysis of stress sensitivity across early
life history stages of widely introduced marine invertebrates, PloS ONE, 7, 10,
doi:10.1371/journal.pone.0046672

Podolsky, R. D. and Moran, A. L. (2006) Integrating function across marine life
cycles, Integrative and Comparative Biology, 46, 5, pp. 557-586

Poore, A. G. B., Graba-Landry, A., Favret, M., Brennand, H. S., Byrne, M.,
Dworjanyn, S. A (2013) Direct and indirect effects of ocean acidification and
warming on a marine plant-herbivore interaction, Oecologia, 173, 3, 1113-
1124

Pdrtner, H., Langenbuch, M., Reipschlager(2004)Biological impacts of elevated ocean
CO- concentrations, lessons from animal physiology and earth history, Journal
of Oceanography, 60, 4, 705-718

Pdrtner, H. O. and Langenbuch, M. (2005) Synergistic effects of temperature
extremes, hypoxia, and increases in CO2 on marine animals: From Earth
history to global change. Journal of Geophysical Researh, 110, C09S10. (doi:
10.1029/2004JC002561)

Portner, H. O. (2008) Ecosystem effects of ocean acidification in times of ocean
warming: a physiologist's view. Mar. Ecol. Prog. Ser. 373, 203-217. (doi:
10.3354/meps07768)

Portner, H. O. and Farrell, A. P. (2008a) Physiology and climate change. Science 322,
690-692. (doi: 10.1126/science.1163156)

169



Pruski, A. M., Nahon, S., Escande, M. L. and Charles, F. (2009) Ultraviolet radiation
induces structural and chromatin damage in Mediterranean sea-urchin
spermatozoa, Mutation Research, 673, pp. 67-73

Przeslawski, R., Ahyong, S., Maria, B., Gert, W. and Pat, H. (2008) Beyond corals and
fish: the effects of climate change on noncoral benthic invertebrates of tropical
reefs, Global Change Biology, 14, 12, pp. 2773-2795

Rastrick, S. P. S., and Whiteley, N.M., (2011) Congeneric amphipods showing
differing abilities to maintain metabolic rates with latitude, Physiological and
Biochemical Zoology, 84, 2, 154-165

Rastrick, S. P. S., and Whiteley, N.M., (2013) Influence of natural thermal gradients
on whole animal rates of protein synthesis in marine gammarid amphipods,
PLoS ONE, 8,3, art e60050

Raven, J., Caldeira, K., Elderfield, H., Hoegh-Guldberg, O., Liss, P., Riebesell, U.,
Shepherd, J., Turley, C. and Watson, A. (2005) Ocean acidification due to
increasing atmospheric carbon dioxide, The Royal Society policy document
12/05

Reichelt-Brushett, A. J. and Harrison, P. L. (2005) The effect of selected trace metals
on the fertilization success of several scleractinian coral species, Coral Reefs,
24, pp. 524-534

Reid, P. C., Fischer, A. C., Lewis-Brown, E., Meredith, M. P., Sparrow, M.,
Andersson, A. J., Antia, A., Bates, N. R., Bathmann, U., Beaugrand, G., Brix,
H., Dye, S., Edwards, M., Furevik, T., Gangsteg, R., Hatan, H., Hopcroft, R. R.,
Kendall, M., Kasten, S., Keeling, R., Le Quéré, C., Mackenzie, F. T., Malin,
G., Mauritzen, C., Olafsson, J., Paull, C., Rignot, E., Shimada, K., Vogt, M.,
Wallace, C., Wang, Z., Washington, R. and David, W. S. (2009) Chapter 1
Impacts of the Oceans on Climate Change, in Advances in Marine Biology, 56
Academic Press, pp. 1-150

Reuter, K. E., Lotterhos, K. E., Crim, R. N., Thompson, C. A., Harley, C. D. G (2011)
Elevated pCO- increases sperm limitation and risk of polyspermy in the red sea
urchin Strongylocentrotus franciscanus,Global Change Biology,17, 1, 163-171

Reynaud, S., Leclercq, N., Romaine-Lioud, S., Ferrier-Pageés, C., Jaubert, J. and
Gattuso, J. P. (2003) Seawater carbonate chemistry, photosynthesis, respiration
and calcification during experiments with scleractinian coral Stylophora

pistillata, Global Change Biology, 9, 11

170



Riebesell, U., Zondervan, I., Rost, B., Tortell, P. D., Zeebe, R. E. and Morel, F. M. M.
(2000) Reduced calcification of marine plankton in response to increased
atmospheric CO2, Nature, 407, 6802, pp. 364-366

Riveros, A., Zuniga, M., Larrain, A., Becerra, J., (1996) Relationships between
fertilization of the southeastern Pacific sea urchin Arbacia spatuligera and
environmental variables in polluted coastal waters, Marine Ecolology Progress
Series, 134, 159-169. doi:10.3354/meps134159

Rodolfo-Metalpa, R., Martin, S., Ferrier-Pages, C., Gattuso, J.P., (2010) Response of
the temperate coral Cladocora caespitosa to mid- and long-term exposure to
pCO2 and temperature levels projected for the year 2100AD, Biogeosciences,
7,289-300

Rubin, H., (1971) pH and population density in the regulation of animal cell
multiplication, Journal of Cell Biology, 51, 3, 686-702

Sabine, C.L., R.A. Feely, N. Gruber, R.M. Key, K. Lee, J.L. Bullister, R. Wanninkhof,
C.S Wong, D.W.R. Wallace, B. Tilbrook, F.J. Millero, T.-H. Peng, A. Kozyr,
T. Ono, and A.F. Rios (2004): The oceanic sink for anthropogenic CO3,
Science, 305, 5682, doi: 10.1126/science.1097403, 367-371.

Sala, E., Zabala, M., (1996), Predation and the structure of the sea urchin
Paracentrotus lividus populations in the NW Mediterranean, Marine Ecology

Progress series, 140, 71-81

Salma, U., Uddowla, M. H., Lee, G., Yeo, Y. and Kim, H. W. (2012) Effects of pH
Change by CO2 Induction and Salinity on the Hatching Rate of Artemia
franciscana, Fisheries and Aquatic Science, 15, (2), pp. 177-181

Sanford, E., Kelly, M.W., (2011) Local adaptation in marine invertebrates. Annual
Review of Marine Science, 3, 509-535

Saucede. T., Alibert. P., Laurin. B., David. B (2006), Environmental and ontogenetic
constraints on developmental stability in the spatangoid sea urchin
Echinocardium (Echinoidea), Biological Journal of the Linnean society, 88,
165-177

Schlegel, P., Havenhand, J.N., Gillings, M.R., Williamson, J. E., (2012) Individual
variation in response success determines winners and losers under Ocean
acidification: a case study with sea urchins, PLoS ONE, 7, 12, e53118

171


http://dx.doi.org/doi:10.3354/meps134159
http://www.pmel.noaa.gov/publications/search_abstract.php?fmContributionNum=2683

Schreck, C. B., Contreras-Sanchez, W., Fitzpatrick, M. S., (2001), Effects of stress on
fish reproduction, gamete quality, and progeny, Aquaculture , 197, 3-24

Sedlaceck, C., Marcus, N. H., (2005) Egg production of the copepod Acartia tonsa:
The influence of hypoxia and food concentration, Journal of Experimental
Marine Biology and Ecology, 318, 183-190

Shalaby, F. M., Migeed, H. A., (2012) Impact of Environmental Contaminants on the
Testes of Oreochromis niloticus with Special Reference to Ultrastructure of
Spermatozoa in Lake Manzala (Egypt), Environmental and Analytical
Toxicology, 2, 6

Sheppard Brennand, H., Soars, N., Dworjanyn, S. A., Davis, A. R. and Byrne, M.
(2010) Impact of ocean warming and ocean acidification on larval development
and calcification in the sea urchin Tripneustes gratilla, PLoS ONE, 5, 6

Shirayama, Y., Thornton, H., (2005) Effect of increased atmospheric CO2 on shallow
water marine benthos, Journal of Geophysical Research, 110, c09s08,
(doi:10.1029/2004jc002618,)

Siikavuopio, S.1., Dale, T., Mortensen, A. and Foss, A. (2007a) Effects of hypoxia on
feed intake and gonad growth in the green sea urchin, Strongylocentrotus
droebachiensis. Aquaculture 266, 112-116.

Siikavuopio, S. I., Mortensen, A., Dale, T., Foss, A., (2007b) Effects of carbon dioxide
exposure on feed intake and gonad growth in green sea urchin,
Strongylocentrotus droebachiensis, Aquaculture, 266, 97-101

Sopinka, N. M., Fitzpatrick, J. L., Taves, J. E., Ikonomous, M. G., Marsh-Rollo, S. E.,
Balshine, S., (2012) Does proximity to aquatic pollution affect reproductive
traits in a wild-caught intertidal fish?, Journal of Fish Biology, 80, 6, 2374-
2383

Sgreide, J. E., Leu, E., Berge, J., Graevez, M., Falk-Petersen, S., (2010), Timing of
blooms, algal food quality and Calanus glacialis reproduction and growth in a
changing Arctic, Global Change Biology, 16, 3154-3163, doi: 10.1111/].1365-
2486.2010.02175.x

Spicer, J.1. and EI-Gamal, M.M. (1990) Hypoxia accelerates respiratory regulation in
brine shrimp — but at a cost. J Exp Biol 202, 3637-3646.

172



Steneck, R.S., Graham, M. H., Bourque, B. J., Corbett, D., Erlandson, J. M., Estes,
J.A., Tegner, M. J., (2002), Kelp forest ecosystems, Biodiversity, stability, and
resilience, Environmental Conservation, 29, 436-459.

Straughan, D., (1972) Ecological studies of Mercierella enigmatica Fauvel (Annelida:
Polychaeta) in the Brisbane River, Journal of Animal Ecology, 41, 93-136.

Stumpp, M., Dupont, S., Thorndyke, M. C. and Melzner, F. (2011a) CO2 induced
seawater acidification impacts sea urchin larval development I1: Gene
expression patterns in pluteus larvae, Comparative Biochemistry and
Physiology - A Molecular and Integrative Physiology, 160, 3, pp. 320-330

Stumpp, M., Wren, J., Melzner, F., Thorndyke, M. C. and Dupont, S. T. (2011b) CO2
induced seawater acidification impacts sea urchin larval development I:
Elevated metabolic rates decrease scope for growth and induce developmental
delay, Comparative Biochemistry and Physiology - A Molecular and
Integrative Physiology, 160, 3, pp. 331-340

Sunday, J. M., Crim, R. N., Harley, C. D. G., Hart, M. W., (2011) quantifying rates of
evolutionary adaptation in response to ocean acidification, PLoS ONE, 6, 8,
e22881

Talmage, S. C. and Gobler, C. J. (2009) The effect of elevated carbon dioxide
concentrations on the metamorphosis, size, and survival of larval hard clams
(Mercenaria mercenaria), bay scallops (Argopecten irradians), and eastern
Oysters (Crassostrea virinica), Limnology and Oceanography, 54, 6, pp. 2072-
2080

Thiyagarajan, V., Ko, G. W. K., (2012) larval growth responses of the Portuguese
oyster (Crassostrea angulate) to multiple climate change stressors,
Aquaculture, 370-371, 90-95

Thornhill, R. and Moller, A. P. (1997) Developmental stability, disease and medicine,
Biological Reviews of the Cambridge Philosophical Society, 72, 4, pp. 497-548

Todgham, A. E., Hofmann, G. E., (2009) Transcriptomic response of sea urchin larvae
strongylocentrotus purpuratus to CO-drivrn sea water acidification, The
Journal of Experimental Biology, 212, 2579-2594

Turley, C. (2008) Impacts of changing ocean chemistry in a high-CO2 world,
Mineralogical Magazine, 72, 1, pp. 359-362

173



Untersee, S., Pechenik, J.A., (2007) Local adaptation and maternal effects in two
species of marine gastropod (genus Crepidula) that differ in dispersal potential.

Marine Ecology Progress Series,347, 79-85

Uthicke, S., Soars, N., Byrne., (2012) Effects of elevated PCO; and the effect of
parent acclimation on development in the tropical pacific sea urchin
Echinometra mathaei, Marine Biology, (DO110.1007/s00227-012-2023-5)

Vaquer-Sunyer, R., Duarte, C. M., (2008) Thresholds of hypoxia for marine
biodiversity, Proceedings of the Natioal Academy of Science USA, 105, 40,
15452-15457

Veron, J. E. N., Hoegh-Guldberg, O., Lenton, T. M., Lough, J. M., Obura, D. O.,
Pearce-Kelly, P., Sheppard, C. R. C., Spalding, M., Stafford-Smith, M. G. and
Rogers, A. D. (2009) The coral reef crisis: The critical importance of <350
ppm CO2, Marine Pollution Bulletin, 58, 10, pp. 1428-1436

Vollestad, L. A. and Hindar, K. (2001) Developmental stability in brown trout: are
there any effects of heterozygosity or environmental stress?, Biological Journal
of the Linnean Society, 74, pp. 351 - 364

Wang, C. and Zhang, F. (1995) Effects of environmental oxygen deficiency on
embryos and larvae of bay scallops Ergopecten irradians irradians. Chin. J.
Oceanol. Limnol., 13, 362-369. (doi: 10.1007/BF02889472)

Wedymann, A., Soreide, J. E., Kwanasniewski, S., Widdicombe, S., (2012) Influence
of CO” induced acidification on reproduction of a key arctic copepod calanus
glacialis, Journal of Experimental Marine Biology and Ecology, 428, 39-42

Whiteley, N.M., Rastrick, S. P. S., Lunt, D. H., Rock, J., (2011) Lattitudinal variations
in the physiology of gammarid amphipods, Journal of Experimental Marine
Biology and Ecology, 400, 1-2, 70-77

Widdicombe, S. and Spicer, J. 1. (2008) Predicting the impact of ocean acidification on
benthic biodiversity: What can animal physiology tell us?, Journal of
Experimental Marine Biology and Ecology, 366, (1-2), pp. 187-197

Williams, M. E. and Bentley, M. G. (2002) Fertilization Success in Marine
Invertebrates: The Influence of Gamete Age, Biological Bulletin, 202, 1, pp.
34-42

Wilson-Leedy, J.G, Ingermann, R.L.,(2006) Development of a novel CASA system
based on open source software for characterization of zebrafish sperm motility

parameters, Theriogenology, doi:10.1016/j.theriogenology.2006.10.003.
174



Wohlers, J., Engel, A., Zéllner, E., Breithaupt, P., Jurgens, K., Hoppe, H. G., Sommer,
U. and Riebesell, U. (2009) Changes in biogenic carbon flow in response to sea
surface warming, Proceedings of the National Academy of Sciences of the
United States of America, 106, 17, pp. 7067-7072

Wood, H. L., Spicer, J.I., Widdicombe, S., (2008) Ocean acidification may increase
calcification rates but at a cost, Proceedings of the Royal Society B, 275, 1644

Wood, H. L., Widdicombe, S., Spicer, J.1., (2009) The influence of hypercapnia and
the infaunal brittlestar Amphiura filiformis on sediment nutrient flux — will
ocean acidification affect nutrient exchange?, Biogeosciences, 6, 2015-2024,

Worrell, E., Price, L., Martin, N., Hendricks, C., Meida, L. O., (2001) Carbon dioxide
emissions from the global cement industry, Annu Rev. Energy Environ, 26,
303329

Wu, R. S. S., Zhou, B. S., Randall, D. J., Woo, N. Y. S., Lam, P. K. S (2003) Aquatic
Hypoxia Is an Endocrine Disruptor and Impairs Fish Reproduction, Environ.
Sci. Technol, 37, 1137-1141

Yamada, K., Mihashi, K., (1998) Temperature-independent period immediately after
fertilization in sea urchin eggs, Biological Bulletin, 195, 107-111,
(doi:10.2307/1542817)

Yasumasu, |., Tazawa, E., Asami, K., Fujiwara, A. (1996); Does the low respiratory
rate in unfertilized eggs result mainly from depression of the redox reaction
catalyzed by flavoproteins? Analysis of the respiratory system by light-induced
release of CO-mediated inhibition. Development, Growth and Differenciation.
38, 359-371. (doi: 10.1046/j.1440-169X.1996.t01-3-00004.x)

Yoneda, M., and Wright, P. J, (2005) effects of temperature and food availability on
reproductive investment of first time spawning male Atlantic cod Gadus
morhus, ICES Journal of Marine Science, 62, 7, 1387-1393

Yu, P. C., Matson, P. G., Martz, T. R. and Hofmann, G. E. (2011); The ocean
acidification seascape and its relationship to the performance of calcifying
marine invertebrates: Laboratory experiments on the development of urchin
larvae framed by environmentally-relevant pCO 2/pH, Journal of Experimental
Marine Biology and Ecology, 400, 1-2, pp. 288-29

Yu, P. C., Sewell, M. A., Matson, P. G Rivest, E. B., Kapsenberg, L. A., Hofmann, G.
E. (2013) Growth attenuation with development schedule progression in

175


http://www.pnas.org/search?author1=Eckart+Z%C3%B6llner&sortspec=date&submit=Submit
http://www.pnas.org/search?author1=Klaus+J%C3%BCrgens&sortspec=date&submit=Submit

embryos and early larvae of Sterechinus neumayeri raised under elevated COo,
PLoS One, 8, 1, €52448

Zachos, J. C., Rohl, U., Schellenberg, S. A., Sluijs, A., Hodell, D. A,, Kelly, D. C.,
Thomas, E., Nicolo, M., Raffi, I., Lourens, L. J., McCarren, H. and Kroon, D.
(2005) Rapid Acidification of the Ocean During the Paleocene-Eocene
Thermal Maximum, Science, 308, 5728, pp. 1611-1615

176



