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resumo 
 

 

Os organismos marinhos que produzem carbonatos biogénicos, como os 
moluscos com concha na Classe Gastropoda e Bivalvia, são especialmente 
propensos a serem negativamente afetados pela Acidificação (OA) e o 
Aquecimento (W) do Oceano. Com conchas compostas por polimorfos de 
carbonato de cálcio mais solúveis, os estágios iniciais da vida desses animais 
são potencialmente mais vulneráveis à OA-W, um problema sério já que a 
sobrevivência larvar é crucial para a continuidade das espécies. Nesse sentido, 
a previsão dos efeitos da OA-W no início da vida dos moluscos marinhos com 
concha é de extrema importância para a avaliação dos impactos destes 
fenómenos nos ecossistemas marinhos. 
 
Esta tese descreve os efeitos combinados da OA-W na sobrevivência, 
desenvolvimento ontogenético, crescimento e integridade dos carbonatos 
biogénicos dos estágios iniciais da vida de duas espécies modelo de elevada 
importância ecológica e comercial, respetivamente, o gastrópode Tritia reticulata 
e o bivalve Venerupis corrugata. Os primeiros estágios larvares de ambas as 
espécies foram expostos, durante dois meses, a cenários experimentais de OA-
W, com base nas últimas projeções do Painel Intergovernamental sobre 
Mudanças Climáticas (IPCC) para o final do século. 
 
Os resultados revelaram uma extrema vulnerabilidade dos estágios larvares 
planctónicos de T. reticulata à ocorrência simultânea da OA-W, com 
mortalidades severas, taxas de crescimento reduzidas, menor cristalinidade das 
conchas, maior dissolução, e até perda de concha após apenas 8 dias de 
exposição ao cenário mais extremo (22°C pHtarget 7.5). Estes resultados 
sugerem efeitos graves do aquecimento e acidificação do oceano nos estados 
iniciais de vida de T. reticulata, diminuindo consideravelmente as chances de as 
larvas sobreviverem na natureza, caso as projeções se tornem efetivas.  
 
Por sua vez, o bivalve V. corrugata revelou uma aparente resiliência à OA-W 
nas condições testadas, com maior sobrevivência larvar sob aquecimento e 
acidificação (22°C pHtarget 7.6). Nesta espécie o desenvolvimento ontogénico 
foi claramente favorecido pelo aumento da temperatura mesmo sob um efeito 
antagónico significativo da redução do pH no crescimento. No entanto, mesmo 
sabendo que os cenários experimentais aplicados não foram exatamente os 
mesmos e que, portanto, não é possível comparar diretamente os resultados 
obtidos em ambas as espécies, a amêijoa-macha V. corrugata mostrou ser 
resiliente aos cenários testados. Isto faz da V. corrugata um recurso promissor 
para a indústria da aquacultura, pois parece ser uma espécie capaz de lidar com 
as condições de OA-W previstas até ao final deste século. 
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abstract 

 
Marine organisms that produce biogenic carbonates, such as the shelled 
molluscs in Class Gastropoda and Bivalvia, are especially prone to be negatively 
affected by Ocean acidification (OA) and Warming (W). With shells composed of 
more soluble calcium carbonate polymorphs, these animals’ early life stages are 
potentially more vulnerable to OA-W, a serious problem as larval survival is 
crucial for the species’ persistence. In this sense, the prediction of the effects of 
OA-W in the early life of the marine shelled molluscs is extremely important for 
the assessment of the impacts of these phenomena on marine ecosystems. 
 
This thesis describes the combined effects of OA-W on the survival, ontogenic 
development, growth and integrity of the biogenic carbonates of the early life 
stages of two model species of high ecological and commercial importance, 
respectively, the gastropod Tritia reticulata and the bivalve Venerupis corrugata. 
The early larval stages of both species were exposed, for two months, to OA-W 
experimental scenarios, based on the latest projections of the Intergovernmental 
Panel on Climate Change (IPCC) for the end of the century. 
 
The results revealed an extreme vulnerability of T. reticulata planktonic larval 
stages to the simultaneous occurrence of OA-W, with severe mortalities, reduced 
growth rates, lower shells’ crystallinity, higher dissolution, and even shell loss 
after only 8 of days exposure to the most extreme scenario (22°C pHtarget 7.5). 
These results suggest dramatic effects of warming and ocean acidification on T. 
reticulata in early life, lessening considerably the chances of larvae to survive in 
the wild if projections become effective. 
 
In turn, the bivalve V. corrugata revealed an apparent resilience to OA-W under 
the tested conditions, with increased larval survival under warming and 
acidification (22°C pHtarget 7.6). In this species, the ontogenic development was 
clearly favoured by the temperature rise even under a significant antagonistic 
effect of the pH reduction on growth. However, even knowing that the applied 
experimental scenarios were not exactly the same and thus, it is not possible to 
directly compare the results obtained in both species, the pullet carpet shell V. 
corrugata was shown to be resilient to the tested scenarios. This makes V. 
corrugata a very promising resource for the aquaculture industry as it appears to 
be a species that may be able to cope with future environmental conditions of 
OA-W predicted until the end of this century. 
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Chapter 1  

 

General Introduction





 

3 

1.1. The Molluscs 

It is estimated that over a million of animal species have been described to inhabit our planet 

and, perhaps, as many as 20-50 million more remain to be discovered. Within those 

described, 95% are invertebrates. This important group, whose common feature is the 

absence of a vertebral column (or backbone) is, by far, the largest group within the animal 

kingdom (Brusca and Brusca, 1990), including all animals apart from those in the 

Subphylum Vertebrata. 

Mollusca is the second most numerous and diverse phylum of invertebrate animals 

(following the arthropods). Regarding size, anatomical structure, behaviour and habitat, 

Mollusca includes some of the best well-known invertebrates (Morton, 1967). This phylum 

comprises animals classified in several different classes and able to colonize environments 

as distinct as land, oceans and freshwater bodies. The taxon includes seven classes (Brusca 

and Brusca, 1990) three very familiar comprising clams and mussels (Bivalvia), snails and 

slugs (Gastropoda), squids and octopuses (Cephalopoda), and the other four less well-

known: chitons (Polyplacophora), tusk shells (Scaphopoda), Neopilina and its relatives 

(Monoplacophora), solenogasters and caudofoveats (Aplacophora). 

Molluscs have in common a series of general characteristics such as bilateral 

symmetry, coelomate protostomes, an open circulatory system (hemocoel), thick epidermal-

cuticular sheet of skin (mantel), cavity to host ctenidia, osphradia, nephridiopores, gonopores 

and anus (mantel or pallial cavity), and a mantle with shell glands that secretes calcareous 

epidermal spicules, shell plates or shells. They have also a heart composed of distinct 

ventricle and atria (inside a pericardial chamber), a large and well-defined muscular foot, 

buccal region with a radula, complete gut, large and complex metanephridia. Their 

embryogenesis is typically protostomous, with trochophore larvae usually followed by a 

veliger larva (Morton, 1967). 

Within this widely studied phylum, the most diverse is believed to be Class 

Gastropoda (with several different marine gastropods in which one of the subject of this 

study is included), while the most abundant is Class Bivalvia (especially regarding marine 

bivalves to which the other species included in this work belongs to). 
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1.1.1 The gastropod Tritia reticulata (Linnaeus, 1758) 

Gastropods are commonly known as snails and slugs, and belong to the largest and most 

diverse class within Phylum Mollusca. The netted whelk, Tritia reticulata (Linnaeus, 1758), 

formerly known as Nassarius reticulatus, is the most common nassarid in European waters 

with a wide distribution in the NE Atlantic and throughout the Mediterranean, Baltic and the 

Black Seas (Fretter and Graham, 1994). This marine snail occurs along the open coast into 

the outer parts of estuaries, being ubiquitous at both rocky and sandy bottoms (Lambeck, 

1984; Barroso and Moreira, 1998). Although this species is not commercially exploited in 

Portugal, in many other countries it is vulnerable to overfishing and there is interest to 

develop aquaculture practices for its production (Nasution and Roberts 2004; Carpenter and 

De Angelis 2016). As many other whelks, T. reticulata is a necrophage and has a complex 

olfactory system which allows a rapid detection of 

prey, besides being tolerant to environmental 

changes, such as temperature and salinity (Zupo and 

Patti, 2009). 

This dioecious species has internal 

fertilization and indirect development; indirect 

development because its life cycle includes a 

planktonic phase (Figure 1.1), at the end of which 

larvae undergoes metamorphosis to become benthic 

(Quayle, 1952).  

Breeding occurs between late spring/early 

summer and females lay flattened egg capsules 

containing around 100-120 lecithotrophic embryos 

(Lebour, 1931; Zupo and Patti, 2009). Capsules are 

typically laid on hard substrates and seaweeds, in one 

direction and, normally, in a row (Barnett et al., 

1980; Zupo and Patti, 2009). Inside the capsule, 

organisms pass through a trochophore larval stage 

before hatching as a veliger, roughly after one month 

of development (Fretter and Graham, 1994). Veliger 

Figure 1.1 - Veliger stages of Tritia reticulata 
under light optical microscopy (on the left) and 

their shells under Scanning Electron Microscopy 
(on the right). A - Veliger 1, 2 days after hatching. 
B - Veliger 2, 8 days after hatching. C - Veliger 3 
16 days after hatching. D - Veliger 4, 30 days after 
hatching, ready for settlement. Scale bars on the 
left: 60 µm. Extracted from Zupo and Patti (2009). 
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larvae hatch with a well-formed shell and bilobed velum, on average 12±3 days after capsule 

laying (Lebour, 1931; Zupo and Patti, 2009) and then passes for four stages, from veliger 1 

to veliger 4 (Figure 1.1-A to -D, respectively).  

The first hatching veliger is named Veliger 1 and displays an operculum and a 

circular velum, with thin and long cilia. Veliger 2 is generally observed after 6±2 days under 

control/laboratory conditions and is characterized by presenting the torsion of the shell and 

a thicker, larger velum, with shorter cilia and an elongated shape. After 14±3 days, the 

Veliger 3 already displays a butterfly-shaped, thickened and enlarged velum. The last 

development stage, which precedes crawling and settlement, is called Veliger 4. It is 

distinguished by a very thick and tetra-lobated velum, larger pigmented eyespots, shorter 

cilia and a behavioural modification: this larvae spends more time close to the bottom, 

retracting the velum into the shell, at a moment it is ready to settle to become a juvenile and, 

later, an adult (Zupo and Patti, 2009).  

 

1.1.2 The bivalve Venerupis corrugata (Gmelin,1791) 

Commonly known as “pullet carpet shell”, Venerupis corrugata (Gmelin, 1791) is a marine 

bivalve that belongs to the Family Veneridae. This clam species is traditionally harvested 

for human consumption at the Southwestern and Mediterranean Europe, especially in 

Portugal, Spain, France and Italy (FAO, 2006). This fact increases the importance of this 

species that, beyond its ecological relevance as an ecosystems services provider as filter-

feeder, it is also a strategic economical resource in a wide geographical area with a high 

market value (over 18€ per kg) when compared to most shellfish species (Tridge, 2019). V. 

corrugata is a dioecious species, without sexual dimorphism but with external fertilization 

and indirect development.  

The species spawning season is quite long (Cerviño-Otero, 2011) for instance, in the 

Ria de Aveiro (NW Portugal) it extends from late Winter to the early Summer (Joaquim et 

al., 2011). During spawning, the sperm and oocytes are emitted to the water column by the 

exhalant siphon. When the sperm penetrates the oocyte, a fertilization membrane are formed 

to block the entry of more sperm. During gametogenesis, the newly formed egg has reserves 

stored to ensure the embryonic development of the larvae. The first larval stage is named 
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Trochophore, which is characterized by a cilia crown and an apical plume (Cerviño-Otero, 

2011).  

After 1-2 days post fertilization, a 

planktonic D-larva with total developed velum 

appears. The major characteristic of D-larvae is 

the straight hinge, which gives the D-shape to 

the shell (Figure 1.2-A). It is at this stage that 

the larvae starts to feed independently. About 9 

days after, the hinge starts to curve forming the 

umbo. This characteristic is what defines the 

Umbonate stage (Figure 1.2-B). After 16-18 

days, the Pediveliger stage arises when the foot 

begins to develop while the velum still persists 

(Figure 1.2-C). At this stage, the larvae shorten 

the swimming time in the water column and 

approaches the bottom. During metamorphosis 

the velum retracts completely, and the gills are 

formed to ensure the food intake that previously 

are performed by the velum. About 22 days 

later, the last stage is reached (Figure 1.2-D): 

the Postlarva adopts the adult shape and the 

benthic life starts (Cerviño-Otero, 2011). 

 

1.2 The Mollusc Shell 

Not all current molluscs bear a shell but most of them, included in Subphylum Conchifera 

(MolluscaBase, 2019), secrete biogenic carbonate to build that supportive and protective 

structure. Animals in Class Gastropoda and Bivalvia are among them, and thus the above-

mentioned species that share that common characteristic.  

The molluscan shell is the primary defence against adverse environmental conditions 

playing an essential role in feeding, buoyancy control, pH regulation and defence against 

predation (Comeau et al., 2010; Bednaršek and Ohman, 2015). The most immediate and 

Figure 1.2 - Larval stages of Venerupis corrugata under 
light optical microscopy (on the left) and their shells 
under Scanning Electron Microscopy (on the right). A – 
D-larva, 48 hours after fertilization (scale bar:  20 µm). 

B – Umbonate, 8-9 days after fertilization (scale bar: 50 
µm). C – Pediveliger with 16-18 days (scale bar: 50 µm). 
D – Postlarva, 30 days after fertilization (scale bar: 100 
µm). Adapted from Cerviño-Otero (2011). 
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obvious difference between both shells is that gastropods, such as T. reticulata, have their 

visceral mass covered by a single piece, usually coiled, shell while bivalves, such as V. 

corrugata, have a shell constituted by two distinct valves. Nevertheless, the composition of 

gastropod and bivalve shells is identical as it is mostly composed of calcium carbonate 

(CaCO3), but also of a (comparatively) small amount of organic matrix and other chemical, 

trace elements (Lowenstam and Weiner, 1989). CaCO3 can be amorphous or occur in three 

crystalline polymorphs: calcite, aragonite and vaterite. Calcite is the most stable under 

ambient conditions, aragonite is metastable and vaterite in the most unstable, and rarely 

found. In fact, mollusc shells consist of aragonite and (or) calcite; the presence of vaterite 

has been reported on damaged shell areas that underwent regeneration (Wilbur and Watabe, 

1963). 

 

1.2.1 Shell’s formation 

Shell’s formation starts on the early trochophore stage, at which the shell gland is formed 

(Nielsen, 2004). This gland produces an extracellular lamella that will give rise to the 

periostracum, whose function is to provide the organic support where the minerals will be 

deposited to build the first shell (Nielsen, 2004). The molluscan shell is highly ordered in a 

structure that typically presents three layers: (1) the outer layer, called periostracum 

constituted by organic matter (P in Figure 1.3); (2) a prismatic or columnar crystalline layer, 

added along the edge of the mantle (PL in Figure 1.3); and (3) an internal layer, sometimes 

nacreous, formed from tabular crystals arranged in laminae or columns (NL in Figure 1.3), 

produced by the inner surface of the mantle (Morton, 1967; Wilbur and Saleuddin, 1983; 

Carter and Clark, 1985). 

The entire shell-formation system (Figure 1.3) includes four areas: (1) the external 

medium; (2) the haemolymph and mantle; (3) the extrapallial fluid, located between the 

mantel and the inward shell surface; and (4) the shell itself (Wilbur and Saleuddin, 1983; 

Marin et al., 2012; Suzuki and Nagasawa, 2013). The mantle is the organ that covers the 

inner shell surface and is directly linked to the formation of the above-mentioned layers, 

participating in various processes from crystal deposition to the secretion of the shell’s 

organic matrix. This organ is covered by a layer of epithelial cells, the outer and the inner 

mantle epithelium; the inner is in contact with the external medium (i.e. seawater), which 
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supplies the haemolymph, pallial muscles, connective tissue and nerve fibres. The outer 

mantle epithelium, or outer calcifying epithelium, is the one that faces the shell and that 

secrets all the components needed to its synthesis. 

 

To be able to calcify, molluscs need to be supplied by calcium and carbonate ions. 

The calcium ions (Ca2+) are obtained from the seawater and (or) food, which are absorbed 

in the inner mantle epithelium, gills and digestive system. Carbonate ions (CO3
2-) are 

supplied from bicarbonate (HCO3-) available in the mantle or general body tissues and from 

metabolism (Simkiss and Wilbur, 1989). Figure 1.4 corresponds to a schematic 

representation of the transference of several ions through different body compartments. 

 It is on the extrapallial fluid, between the mantle and the inner shell, that shell 

formation takes place. In fact, it is there that organic and inorganic substances supplied by 

the mantle are deposited to build the shell. Ion fluxes generally occur inward, towards shell 

calcification, but the opposite can also happen in case of  CaCO3 solubilization (Wilbur and 

Saleuddin, 1983). Although the calcification process is similar on the vast majority of the 

Figure 1.3 - Representation of a transversal section of the shell and mantle of a bivalve extracted from Kocot et al. 
(2016). Green and blue triangles represent molecules secreted by the organism mantle. EPS: extrapallial space,  EV: 
exosome, IE: inner epithelium, IF: inner fold, MF: middle fold, NL: nacreous layer, OE: outer epithelium, OF: outer 
fold, P: periostracum, PG: periostracal groove, PL: prismatic layer, PM: pallial muscle, PN: pallial nerve, V: vesicles.  
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molluscs, the most relevant differences between gastropods and bivalves, are observed on 

shell microstructure and on the development stages, as explained in the following sections. 

 

1.2.2 Shell’s microstructure 

Together with its composition, shell microstructure creates the observed layer arrangement 

of the molluscan shell. Thus, molluscan shells contain, at least, two different microstructural 

types, typically arranged in (1) a prismatic layer and (2) a laminar and more internal layer 

also called as nacreous layer (while the periostracum or outer layer is mainly constituted by 

organic matter). According to Carter and Clark (1985), the crystals can be orientated and 

organized in: prismatic, spherulitic, laminar, crossed, helical, homogenous, isolated spicules 

and isolated crystal morphotypes. Inside these categories, the shell microstructure may have 

other types and sub-types, which demonstrates the high complexity of its classification. 

Nevertheless, it is on the laminar, nacreous layer (or mother-of-pearl layer) that most of 

studies are focused on (Marin et al., 2012). As an example, the nacreous layer deposition, in 

bivalves, is made in two dimensions, while in gastropods the crystals “grow” three-

dimensionally.  

In bivalves, the nacreous layer can be deposited in a so called ‘sheet nacre’, were the 

crystals are stacking like stair steps in all vertical sections (Figure 1.5-A). On the other hand, 

Figure 1.4 – Schematic representation of the mineralizing system of a 
mollusc. Extracted from Wilbur and Saleuddin (1983). 



10 

it may also appear in a ‘row-stack nacre’ form, in which the tablets and stair steps are 

oriented in the same direction (perpendicular to the length axes), (Figure 1.5-B), (Wilbur 

and Saleuddin, 1983; Carter and Clark, 1985; Marin et al., 2012). In gastropods, this layer 

may appear as a ‘columnar nacre’ form, in which flattened tablets deposit above the 

subjacent tablets and the crystals’ diameter decrease along the pile’s formation conferring a 

conical form as showed in Figure 1.5-C. It is also shown that the tablets are not completely 

aligned, derived to a small lateral shift (Wilbur and Saleuddin, 1983; Marin et al., 2012). 

 

1.2.3 Shell’s ontogeny 

As referred above, the first shell is formed in early life, in both gastropods and bivalves 

(Nielsen, 2004). In gastropods, the early ontogenetic shell is called protoconch I and is built 

in the late trochophore stage. The protoconch II is deposited during the veliger stage, 

followed by the teleoconch, which corresponds to the post-metamorphosis shell. This latter 

shell is characterized by an ornamental change at the terminal edge of the larval shell 

(Nielsen, 2004; Nützel, 2014). Among bivalves, similar shell stages are found, with a slightly 

different terminology: the prodissoconch I correspond to the first shell developed during 

trochophore stage, followed by the prodissoconch II. The latter is formed during the veliger 

stage and is characterized by concentric growth lines representing a change in the calcifying 

regime (Marin et al., 2012). After metamorphosis, early juveniles produce the dissoconch, 

marking that transition with a sharp ridge on the shell surface (Marin et al., 2012). 

Figure 1.5 – Schematic representation of three types of nacreous layers, extracted from Carter and Clark (1985). A - 
Sheet nacre, B - Row stack, C - Columnar nacre. 
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This subchapter intended to enlighten the complexity and the importance of the 

molluscan shell. Beyond critical functions, such as support and protection, shells have other 

extraordinary particularities, among which the possibility to understand the life story of the 

individual is, because during its formation, shells incorporate information on the physical 

and chemical characteristics of the environment in which they are formed (see review by 

Richardson, 2001). Hence, the chemical and microstructural analysis of shells allow us to 

infer on changes occurring in the environment in which these structures are built. Such 

particularities also prove the dependency that shells’ calcification and mineralization have 

on the external environment, which is constantly changing and may result in relevant impacts 

on calcifying organisms such as the gastropods and bivalves. 

 

1.3 Global Climate Change 

Throughout the Earth's history, and considering the geological record, the climate has been 

changing significantly (IPCC, 2007b). These long-term changes, which include variations in 

temperature and weather patterns, typically at a given place and in a given period of time, 

are called Climate Change (IPCC, 2013b). When occurring under natural influences (e.g. 

solar and/or volcanic activity), climate change is a slow process that takes place over 

hundreds or even thousands of years. However, anthropogenic influence has been 

accelerating the rate at which such changes are occurring (IPCC, 2007c). This situation has 

been mostly attributed to the excessive release of Greenhouse Gases (GHGs) into the 

atmosphere by emissions arising from human activities, altering atmosphere composition 

(US - EPA, 2013). 

The GHGs are constituents of the Earth’s atmosphere and can be of natural and/or 

anthropogenic origin. They comprise natural gases such as Water vapor (H2O), Carbon 

dioxide (CO2), Methane (CH4), Nitrous oxide (N2O), Ozone (O3), but also some synthetic 

chemicals (e.g., Chlorofluorocarbons – CFCs), and they all enter the atmosphere from many 

sources: transport and burning of both fossil fuels and other biological materials and wastes, 

industrial chemical reactions (e.g., metals and chemicals production), agricultural and other 

land-use practices (US - EPA, 2013). These gases absorb and re-radiate the heat emitted by 

the Earth’s surface, trapping it and originating the Greenhouse Effect (IPCC, 2013b). Even 

though this effect is determinant for the Life in this planet, keeping the Earth’s temperature 
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about 33ºC above that it would be if no GHGs were present in the atmosphere (AG-DEE, 

2019), the heat-trapping gases are currently looked at as deleterious since some of them have 

been proved to be responsible for the unprecedent rate at which climate change is occurring 

(Arndt et al., 2019).  

A significant increase of the GHGs emissions to the atmosphere has been registered 

since the Industrial Revolution in the 18th and 19th centuries (White, 2009), namely of CO2 

that is known to be the primary GHG emitted from anthropogenic activities (US - EPA, 

2013). Since that period, as CO2 increased in the atmosphere, the planet’s heat content and 

temperature have also become higher (Harvey, 2014), evidencing the direct relationship 

between CO2 concentration in the atmosphere and the Global Warming (IPCC 2007a). 

Most of the Earth’s heat has, however, been absorbed by the ocean also causing its 

temperature to rise (Hansen et al., 2011), particularly at the sea surface (Carter et al., 2017). 

Ocean Warming has critical impacts, not only in the marine ecosystems but at the planetary 

scale. The phenomenon has been associated with the ice sheets shrinkage, glacial retreat and 

sea level rise (Fath and Fath, 2014). Moreover, there are evidences that climate change and 

ocean warming promote more frequent extreme events such as heat/cold waves, storms, 

hurricanes, droughts, intense rainfalls, but also changes in the oceans’ circulation, in the 

vertical distribution of nutrients (IPCC, 2007b) and Ocean Acidification (Royal Society, 

2005). 

 

1.4 Ocean Acidification (OA) and Warming (W) 

The rise of atmospheric CO2 (ρCO2) from anthropogenic emissions is known to be a critical 

problem linked with both Ocean Acidification (OA) and Warming (W), endangering  marine 

life (Rhein et al., 2013). 

As mentioned above, ocean warming is induced by the absorption of the excess of heat 

at the interface atmosphere-hydrosphere, resulting in the increase of energy transferred into 

the water column, increasing its temperature and making the oceans’ warmer (Garciá 

Molinos et al., 2016). Moreover, the oceans make up more than 70% of the surface of planet 

Earth and play a key role on controlling GHGs concentrations due to the capacity of 

sequestering most of the atmospheric excess of CO2 (Carter et al., 2017). In fact, about half 

of the CO2 emissions produced since pre-industrial times have been absorbed by the oceans 
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(Royal Society, 2005). This capacity is related with the carbon flow between and within 

marine trophic levels, that allow CO2 transformation especially derived by phytoplankton 

but also the transference of carbon from the surface layer to the deep ocean (Royal Society, 

2005). Therefore, the ocean is a sink not only of the excess of heat but also of the excess of 

CO2, helping to reduce its atmospheric concentration and, somewhat, ameliorating the 

climate impacts (Freedman, 2014). Still, the excess of CO2 in seawater has created a critical 

indirect effect of climate change on the oceans that is OA, a phenomenon characterized by 

the reduction of the pH caused by the dissolution of CO2 in seawater. 

In brief, CO2 reacts in seawater, hydrating slowly to yield carbonic acid (H2CO3) that 

ionises to form bicarbonate (HCO3
-) and carbonate (CO3

2-) ions, releasing protons (H+) and 

decreasing pH (since pH=-log[H+]), (Dickson, 2011). Moreover, H+ is quite unstable and 

has the tendency to bind CO3
2-, decreasing its availability to react with calcium (Ca+) and 

form calcium carbonate (CaCO3), essential to marine calcifiers such as the shelled molluscs 

(Haugan and Drange, 1996) as described above in this General introduction. 

 

The assessment of the evolution of OA-W throughout time is very important in order 

to foresee its harmful impacts and future risks, and help the development of measures to 

protect the Earth and its Life. The Intergovernmental Panel on Climate Change (IPCC) is 

the body of the United Nations responsible for the assessment of the science related to 

climate change (IPCC, 2019). It is also responsible for the projections on OA-W occurrence, 

a role that is as needed as it is difficult, given the huge variability of forcing agents involved 

in climate change and the uncertainty linked to the path those forcing agents will follow. In 

this context, the IPCC had developed Representative Concentration Pathways (RCPs) that 

correspond to scenarios under which climate modeling has been performed to project future 

climate. Those scenarios are derived from the information available on the multiple driving 

forces, and correspond to paths that the concentrations of GHGs will potentially follow (and 

not just simply to their emissions), describing different climatic projections in the near and 

the long-term (Collins et al., 2013; Kirtman et al., 2013). The most used RCPs are four –

RPC2.6, RCP4.5, RCP6.0 and RCP8.5– and their labels correspond to the respective total 

radiative forcing in year 2100 relative to 1750 (i.e., 2.6, 4.5, 6.0 and 8.5 Wm-2, respectively; 

Moss et al. 2010; IPCC 2013c). Hence, the worst case scenario considered is RCP8.5, in 

which no additional efforts to constrain GHGs emissions are considered, being the closest 

scenario to the so called business-as-usual (Riahi et al., 2011; Cubasch et al., 2013). 
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Based on model simulations forced by the RCPs, the IPCC had projected future 

conditions of OA-W, considering the near- and the long-term (i.e., the middle and the end 

of the 21st century; Kirtman et al., 2013 and Collins et al. 2013, respectively). Briefly, 

considering the RCP 8.5, the ocean surface temperature is expected to rise at a rate >0.1 ºC 

per decade, yielding increases from about 1 to above 3 ºC (Collins et al., 2013; IPCC, 2013a; 

Kirtman et al., 2013), and the sea surface pH, that had decreased 0.0024 units yr-1 since the 

Industrial Revolution, might drop -0.3 to -0.5 pH units more in the northern hemisphere 

(Ciais et al., 2013). 

The available projections are what currently guarantee the forecast of the conditions 

of OA-W we will have to face in the future. However, models have always associated a 

certain degree of uncertainty and it is also known that conditions above temperature and pH  

global averages have already been registered in some places (Ciais et al., 2013; IPCC, 2014; 

Allen et al., 2018). Moreover, the current trends are likely to continue, or even accelerate, in 

the upcoming years, if no effective measures to (1) constrain GHG emissions and (2) 

mitigate human-induced climate change are applied (Allen et al., 2018). In that case, the 

harmful effects for the marine life are as unpredictable as potentially negative. 

 

1.4.1  Impacts of OA-W on shelled molluscs 

The scientific community has been showing some significant impacts of OA-W on marine 

shelled molluscs (Byrne, 2011; Kroeker et al., 2013) and their habitats (Queirós et al., 2015). 

These phenomena occur simultaneously and involve two environmental stressors –pH and 

temperature– that are known to limit marine invertebrates’ distribution, morphology and 

physiological performance (Ross et al., 2011; Doney et al., 2012; Leung et al., 2017). Most 

of the studies address these stressors separately (e.g., Zippay and Helmuth, 2012; Wessel et 

al., 2018). Although, OA-W are concomitant phenomena and, thus, it is critical to investigate 

their interactive effects as they could induce additive, antagonistic or synergistic effects, 

better reflecting the reality of their simultaneous occurrence in the oceans. Even though some 

studies have been addressing the interaction between these stressors (Byrne, 2011; Kroeker 

et al., 2013; Navarro et al., 2016; Leung et al., 2017) most of the available literature concerns 

the effects of each stressor separately. 
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The isolated effect of the pH decrease on marine calcifying organisms has been widely 

studied (Manríquez et al., 2014; Foo et al., 2018; Wessel et al., 2018; León et al., 2019). In 

fact, OA is a determinant factor on the secretion of biogenic CaCO3, as it decreases the 

availability of CO3
2-, and it also induces dissolution by promoting carbonate undersaturation. 

Although, there is a certain controversy on how carbonate saturation states may influence 

calcification (Cyronak et al., 2016; Waldbusser et al., 2016), it is generally agreed that a 

higher energy supply is needed in order to manipulate the physical chemistry at the 

calcification site. Thus, it will most certainly generate different responses among different 

organisms. Some authors have revealed negative impacts on growth, calcification, 

reproduction, fertilization, cleavage and settlement on early developmental stages of several 

marine calcifiers (e.g., Kurihara, 2008; Milano et al., 2016; Foo et al., 2018). Generally, 

bivalves have been pointed as being negatively affected by OA, since the pH decrease under 

elevated concentration of CO2 has been often proved to decease calcification rates (e.g., 

Gazeau et al., 2007). However, results are sometimes contradictory and, for instance, while 

some authors proclaim reduced calcification under acidity, others report resistance to low 

pH, and this for the same species (e.g., in the bivalve Crassostrea gigas; see Gazeau et al., 

2007 vs Ko et al., 2013). In gastropods, reports seem to be more consensual, which might 

be due to their lower economic importance (when compared to the bivalves) or simply 

because responses are, indeed, in that same direction. For instance, Nucella lapillus 

(Linnaeus, 1758) and Tritia nitida (Jeffreys, 1867) calcified structures are affected by OA, 

revealing lower shell density, corrosion (loss of the characteristic whorls), cracks and some 

perforations (Keklikoglou et al., 2015). Shell damage by dissolution is widely recognized 

and there is even a scale for its classification: from Type I - partial dissolution of the 

prismatic layer to Type III - sever dissolution of the deepest carbonate layer (Bednaršek et 

al., 2012). Developed using the pteropod Limacina helicina (Phipps, 1774) as model, the 

study that describes that scale also concludes that the most severe shell damage was found 

on specimens held under carbonate undersaturation (Bednaršek et al., 2012), the same that 

was also reported in the same species in its natural environment (in the top 100m of the water 

column with higher percentage of undersaturated water; Kurihara, 2008). More recently, 

Wessel et al. (2018) have exposed Haliotis tuberculata (Linnaeus, 1758) larvae to future OA 

scenarios and not only the survival of abalone early life stages was significantly lower, but 
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delayed growth and development, and a higher proportion of malformed or unshelled larvae, 

were registered under acidy. 

Some studies on the effects of warming solely are also available in the literature  

(e.g., Sokolova, 2013; Peng et al., 2016). Temperature is thought to play an important role 

on the aerobic metabolism of poikilothermic organisms as these are known to be 

temperature-dependent. Typically, metabolism increases with the rising temperature to cope 

with the demand for high energy to maintain cellular functions, until it can no longer do so 

(Sokolova, 2013). When this state is reached, the imbalance on the energy budget may 

eventually lead to decreased development, growth, and ultimately survival (Sokolova et al., 

2012; Sokolova, 2013). Temperature increase is also associated with increased ocean 

stratification (O2 is less soluble in warm water), which restricts nutrient supply to 

photosynthetic organisms in surface water, that in the marine ecosystem are the basis of the 

trophic chair (Tyson and Pearson, 1991; Keeling et al., 2010). 

Due to the marked effects of both environmental stressors involved in OA-W 

processes, and because marine organisms are being subject to these phenomena 

simultaneously rather than independently, it is of utmost importance to study their combined 

effects. The study of OA-W in marine calcifiers are emerging on the scientific literature 

(e.g., Byrne, 2011; Lischka et al., 2011; Byrne and Przeslawski, 2013; Davis et al., 2013; 

Zhang et al., 2014; Manríquez et al., 2016). In the green sea urchin, Lytechinus variegatus 

(Lamarck, 1816), the exposure to OA-W scenarios decreases larval fertilization rates but 

accelerates development, with smaller and more asymmetric individuals being reported. In 

this case, OA did not affect fertilization, but induced delayed larval development, diminished 

growth and increased asymmetry; while W decreased fertilization success and accelerated 

larval development, but had no effect on growth. These results show that the combination of 

OA-W had addictive effects (Lenz et al., 2019). Furthermore, Lischka et al. (2011) studied 

the impact of OA-W on early juveniles of the pteropod L. helicina. Results revealed that 

temperature had an overriding effect on mortality (and the pH had also some influence on 

that effect). However, lower shell diameter, lower increment and higher degradation were 

only promoted by the decreased pH. Another example is the exposure of Argopecten 

purpuratus (Lamarck, 1819) juveniles to OA-W conditions by Lagos et al. (2016): at 

ambient temperature and low pH, scallops showed higher shell dissolution and low growth 

rates, the same happened on warmer and acidic conditions, although in a lower rate, 
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revealing that elevated temperature reduces the negative effect caused by acidification. 

These and many other studies constitute an effort of the scientific community to predict the 

effects of the expectedly warmer and more acidic future oceans. Typically, the effects 

disclosed are addictive or synergistic (Pörtner, 2008; Queirós et al., 2015; Leung et al., 2017; 

Rühl et al., 2017). However, as shown above, different responses are also apparent. Hence, 

there is a pressing need to investigate the combined effects of these phenomena on more 

species, particularly those that are admittedly more vulnerable, such as those of shelled 

molluscs in Class Gastropoda and Bivalvia, and specifically in early life. 

 

1.5 Thesis Rationale and Objective 

In the light of the international agenda, climate change and oceans’ sustainability have been 

top priorities. Ocean Acidification (OA) and Warming (W) are ongoing processes, occurring 

at unprecedented rates and transforming marine ecosystems. Thus, there is a pressing need 

to understand their combined effects on marine Life, particularly in the most susceptible 

forms, at realistic/expected levels. The early life stages of marine shelled molluscs are known 

to be especially prone to OA, reason why are here studied. 

These reasons motivated this work, aimed at determining the impacts of OA-W 

projected scenarios on the performance of the early life stages of gastropods and bivalves 

using, respectively, Tritia reticulata (Linnaeus, 1758) and Venerupis corrugata (Gmelin, 

1791) as model species. 

 

The dissertation is organized in four chapters, starting with a General introduction 

(Chapter 1) followed by two original scientific works assessing the concomitant effects of 

OA-W on the ontogenic development, growth and survival of  the early life stages of T. 

reticulata (Chapter 2) and V. corrugata (Chapter 3) and, finally, presenting the Main 

conclusions (Chapter 4). 

 

Chapter 1 introduced the subject of this study, namely by performing (1) a brief 

description of the model species with special focus on the early larval development and their 

shell formation and characterization, (2) showing the state of the art regarding OA-W and 

(3) its known impacts on marine shelled molluscs. 
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Chapter 2 is focused on the concomitant effects of OA-W on the development, 

growth, shell integrity and composition, and on T. reticulata survival at 12 experimental 

scenarios for the first 2 months of life. Part of this chapter has been recently submitted for 

publication on the international journal Global Change Biology and yield three presentations 

in both national and international scientific meetings. 

 

Chapter 3 is aimed at assessing the effects of OA-W on the development, growth, 

shell malformation and V. corrugata survival at 9 experimental scenarios for the first 2 

months of life. Part of this chapter also yield two presentations in international scientific 

meetings. 

 

Chapter 4 summarizes the main conclusions obtained in Chapter 2 and Chapter 3, 

stating the general effects of OA-W on the performance on early life stages of the marine 

shelled molluscs’ studied. 
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Abstract 
Aquatic organisms that produce biogenic carbonates, such as gastropod molluscs, are especially prone to be 

negatively impacted by ocean acidification and warming (OA-W). To assess the concomitant effect of the pH 

decrease and temperature rise on early life stages of Tritia reticulata –a common gastropod species in the NE 

Atlantic coast with a high ecological importance on estuarine and coastal systems– a factorial experimental 

design of three pH conditions (targeting 8.1, 7.8 and 7.5) at four temperatures (16, 18, 20 and 22ºC) was 

applied. Newly hatched veligers were exposed to 12 OA-W experimental scenarios and the development, 

growth and survival followed for two months. Our results show effects of the stressors involved, pH and 

temperature (TºC), individually or interactively, on development, survival, growth and shell integrity at 

different exposure times. All endpoints were initially affected by pH, with impaired development and high 

mortalities being recorded in the first week of exposure, constrained by the most acidic scenarios tested (pHtarget 

7.5). Development was also significantly driven by TºC, resulting in earlier settlement under warming. After 

two weeks of exposure, larval performance and survival were highly affected by the interaction between pH 

and TºC: growth was only evident under warming (TºC≥20ºC) and under carbonate saturation (pH≥7.8). In 

fact, aragonite undersaturation was registered in the most acidic treatments (pHtarget 7.5), under which critical 

larval mortality (100%) at 22ºC was recorded and the occurrence of extremely vulnerable, unshelled species 

was observed at all tested TºC. Shell loss by specimens exposed to the most acidic condition was, perhaps, the 

most unexpected and striking result of this work. Furthermore, acidity was also proved to alter shell 

crystallinity, making larval shell mineral matrix more amorphous and, thus, fragile and prone to dissolution. 

Only 4 OA-W projected scenarios plus the control resisted until settlement. Afterwards, growth and survival 

stabilized under control pH, but mortality continued to rise under acidity, with less dense shells being recorded 

in juveniles reared under pH 7.8 (the only pH level under test by that time). These results reveal the extreme 

sensitivity of this species’ early life stages to future OA-W. As recruitment cohorts are the foundation for future 

populations, our results point towards the extreme vulnerability of this species to OA-W scenarios projected 

by the Intergovernmental Panel on Climate Change (IPCC) to the end of this century for the northern 

hemisphere, where T. reticulata is ubiquitous. Increased veliger mortality associated with reduced growth rates, 

shell dissolution and loss under future OA-W will compromise larval performance, jeopardizing T. reticulata 

subsistence. 

 

 

 

 

 

Keywords: Tritia reticulata, gastropod mollusc, climate change, development, growth, shell 

dissolution, carbonate, mortality, shell loss
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2.1 Introduction 

Tritia reticulata (Linnaeus, 1758) is a common gastropod with a wide distribution in the 

Northeast Atlantic –along the European coastline, from the Canaries to Norway– and 

throughout the Mediterranean, Baltic and the Black Seas (Fretter and Graham, 1994). In the 

Portuguese coast, the presence of this ubiquitous gastropod extends along the open coast into 

the outer parts of estuaries, colonizing different habitats from sandy beaches to muddy flats 

(Lambeck, 1984; Barroso and Moreira, 1998).  This species spawns from mid-winter to 

summer, laying egg capsules onto hard substrates (algae, rocks and/or other molluscs’ 

shells). Inside the capsule, organisms pass through a trochophore larval stage before hatching 

as veliger, roughly after one month (Fretter and Graham, 1994; Barroso and Moreira, 1998). 

The veliger stage corresponds to the free-swimming, planktonic larval period typically 

characterized by the presence of shell, foot and velum. Depending mainly on the temperature 

(but also, at a lesser extent, on other abiotic factors), this stage may last between 1 to 3 

months as larvae reaches competency before settling to the substrate, and metamorphosing 

to became benthic (Tallmark, 1980; Fretter and Graham, 1994). This transformation 

comprises the disappearance of the velum, the development of the foot and the organization 

of the reproductive organs and digestive gland (Marin et al., 2012). Due to its nature as 

scavenger, T. reticulata plays an important role on the environment leading to the transfer 

of nutrient and energy across different ecosystems as well as on the carbon cycling, 

distribution and sequestration into the oceans (King et al., 2007). 

Oceans’ sustainability is a top priority of the international agenda as a number of 

threats known to cause irreparable damage to both the Earth’s climate and to marine 

ecosystems have been identified. Among them are ocean acidification (OA) and warming 

(W), recognized as being worsened by human activities, particularly those involving 

greenhouse gas (GHG) emissions such as carbon dioxide (CO2). The rise of atmospheric 

pCO2 levels from anthropogenic emissions is known to be a critical problem directly linked 

to an increase of the ocean temperature and acidity (Rhein et al., 2013). Following the 

Intergovernmental Panel on Climate Change (IPCC) projections, under RCP8.5 

(Representative Concentration Pathway 8.5; Riahi et al., 2011; Cubasch et al., 2013), the sea 

surface temperature (SST) is estimated to rise globally at a rate >0.1ºC per decade, 

accounting for increases from about 1 to above 3 ºC by the end of the 21st century (Collins 
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et al., 2013; IPCC, 2013). Regarding sea surface pH, IPCC anticipates a decrease between 

0.3 and 0.5 units in the northern hemisphere by the same period (Ciais et al., 2013) although 

conditions greater than the SST and pH global averages have already been experienced in 

many regions (Ciais et al., 2013; IPCC, 2014; Allen et al., 2018). These projected trends are 

likely to continue or accelerate in the upcoming decades if no mitigation actions are taken to 

constrain GHG emissions and human-induced climate change (Ciais et al., 2013; IPCC, 

2014). 

Ocean acidification (OA) and warming (W) have a significant impact on marine 

invertebrates and the ecosystems they inhabit (Ross et al., 2011; Kroeker et al., 2013). These 

processes alter the seawater carbonate chemistry, affecting carbonate (CaCO3) secretion by 

marine calcifiers (such as gastropod molluscs), and its dissolution. In this sense, early life 

stages, whose shells are composed of more soluble CaCO3 polymorphs, have an increased 

vulnerability to OA-W (Ries, 2011; Ries et al., 2016). Moreover, carbonate statoliths 

included in these animals’ gravireceptors (the statocysts; see Galante-Oliveira et al., 2013 

and 2014) are also formed in early life. Such structures are involved in key functions like 

balance and spatial orientation (Levi et al., 2004) and can also be affected by abnormal 

calcification under OA. Thus, the panorama for the early life stages is, indeed, of particular 

concern as their survival is the bottleneck for the species persistence (Byrne, 2011). In fact, 

OA is thought to be the determinant factor on the formation of biogenic CaCO3 as it 

decreases the saturation of carbonate ions, thus reducing its availability that is required for 

calcification (Orr et al., 2005). On the other hand, temperature also plays an important role 

on the aerobic metabolism that is known to increase with warming to cope with the high 

energy demand to maintain cellular functions (Sokolova et al., 2012). The assessment of the 

combined effects of OA-W is therefore essential, as marine organisms, in their natural 

habitat, will be exposed to these stressors together rather than independently. Moreover, the 

importance of these studies is even greater due to the discrepancy between results from 

previous studies. Ko et al. (2013) have studied the resistance of larvae and post-larvae of 

Crassostrea gigas (Thunberg, 1793) to elevated CO2 and no physiological, developmental 

and calcifying effects were observed. On the other hand, the same team Ko et al. (2014) have 

also reported combined effects of OA-W and reduced salinity, on early-life stages of C. 

gigas, namely impacts on metamorphosis success as well as on larval and juvenile growth. 

In the case of early juveniles of Limacina helicina (Phipps, 1774) elevated temperature and 
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acidification was proved to affect mortality (with temperature being the overriding effect), 

shell degradation and growth (mainly affected by OA, and not by temperature), (Lischka et 

al., 2011). The same was tested in juveniles of Littorina littorea  (Linnaeus, 1758) and the 

results suggested that, in a not too distant future (2100), this individuals will have smaller, 

thinner and rounded shells being, thus, more vulnerable to predators (Melatunan et al., 

2013).  

The aims of this chapter are to investigate the concomitant effects of OA-W on T. 

reticulata ontogenic development and survival, as well as the growth and integrity of both 

larvae and juveniles’ biogenic carbonates - statoliths and shells - under 12 OA-W 

experimental scenarios. These scenarios were established as series of progressive 

environmental conditions based on IPCC near to long-term projections for the oceans, in the 

northern hemisphere. Conditions to which this species is likely to be exposed in its natural 

habitat over time, in an attempt to foresee its performance under future OA-W. 

 

2.2 Material and Methods 

2.2.1 Sampling 

Egg capsules of the netted whelk, Tritia reticulata (L.) were collected, by hand at the 

intertidal during low tide, inside Ria de Aveiro estuarine system (NW Portugal) at 

40°38’34.65’’N - 8°44’06.80’’W. Once in the laboratory, egg capsules were acclimated for 

3 days in 1µm-filtered synthetic saltwater (Ocean Fish, PRODAC, Italy) at a salinity of 30, 

18±1ºC and 12L:12D photoperiod. Following the protocol of Génio et al. (2008) mature 

capsules –containing larvae with well-developed eyes, statocysts and beating velum– were 

selected under a stereomicroscope (Leica S8 APO, Leica Microsystems, Switzerland) and 

ripped to release nearly hatching veligers. These larvae were kept in 1µm-filtered synthetic 

saltwater at salinity 30 and maintained as follows. 

 

2.2.2 Maintenance of newly hatched veligers 

Veligers were kept at a salinity of 30, 18±1ºC and 12L:12D photoperiod for an additional 

24h-acclimation period, at a density of 2 larvae ml-1 and fed an appropriate microalgae blend 

based on the diet applied by Chatzinikolaou and Richardson (2007) but using the following 

species and cell numbers: Isochrysis galbana (20 cells µl-1), Skeletonema costatum (10 cells 



36 

µl-1), Rhodomonas salina (5 cells µl-1) and Tetraselmis chui (0.5 cells µl-1). With the 

exception of T. chui (Phytobloom Prof Tetraselmys, Necton S.A., Portugal), which was used 

as a freeze-dried supplement, all other species were produced at our facilities, following the 

dynamics of a batch culture (Figure 2.1-A to -D): an inoculant per species (provided by C-

FOOD clams’ farmers, Coimbra, Portugal) was cultured until maximum or near-maximum 

density was reached, being then harvested until it runs out (Stappen, 1996). This culture 

protocol was applied to avoid potential contaminations of both the microalgae culture and 

the experiment itself.  

Briefly, Schott-glass bottles of different volumes (500mL, 1L and 2L) were used to 

culture microalgae cells (Figure 2.1-A). Bottles were supplied with glass pipettes to aerate 

and, simultaneously, mix the cultures with 0.2µm-filtered ambient air (Air Venting Filter 

50/0.2 PTFE, WhatmanTM ReZist, Germany), allowing light and nutrients equal exposure to 

all cells, also avoiding sedimentation. Smaller bottles (100mL) or Erlenmeyer flasks 

(250mL) were used to maintain back-up stock inoculants in the stationary phase (Figure 2.1-

D). All the material used was washed with a solution of Alconox detergent (Sigma-Aldrich, 

Germany) at 10g L-1. Pipettes and smaller material were autoclaved. 

 

One µm-filtered saltwater at a salinity of 30 was used as growing medium after 

disinfection by 2mL L-1 of a solution of 2.5% of sodium hypochlorite (NaClO) for at least 

24h. After that period, medium was neutralized under asepsis, by adding 3mL L-1 of a 

autoclaved solution of 2.5% sodium thiosulfate (Na2S2O3) and being kept under strong 

aeration for at least 2 hours. The flasks used to maintain stock inoculants were autoclaved 

already with the saltwater at salinity 30, in order to maintain the medium as aseptic as 

possible, avoiding contamination by further manipulation. 

Figure 2.1 - Microalgae batch culture. A – Inoculation of a 2L Schott-glass bottle. B – Addition of nutrient medium to new 
inoculum. C – Microalgae culture. D – Stock solution on 250mL Erlenmeyer flasks. 
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After neutralization, the culture medium was inoculated following the protocol 

showed in Table 2.1. Normally, the culture in 500mL-bottles was used to inoculate 1L-

bottles, and this to inoculate 2L-bottles, expanding the culture to the volumes required 

weekly to feed T. reticulata veligers throughout the exposure to OA-W experimental 

scenarios until settlement. New cultures were supplemented with nutrients (1mL L-1 of a 

pre-prepared nutrient medium; Nutri Bloom Plus, Necton S.A., Portugal; Figure 2.1-B) and, 

in the case of the diatom S. costatum, silicates (1mL L-1 of a solution of sodium silicate; 

Nutri Bloom Silicates Solution, Necton S.A., Portugal). Finally, the bottles were aerated with 

0.2µm-filtered ambient air and kept on shelves, illuminated by fluorescent tubes, at 18±1 ºC 

and under 12L:12D photoperiod (Figure 2.1-C). These procedures were repeated once every 

week to avoid culture aging. Stock (back-up) inoculants, which were kept under the same 

temperature but in the dark (in order to slow growth), were picked to a new medium once a 

month. 

 

Culture concentrations per species were assessed by counting the number of cells 

mL-1 on Neubauer counting chambers (Figure 2.2). Larvae were usually fed from culture at 

1 and 2L-bottles, after calculation of the volume needed to achieve the concentration 

mentioned above for each species. 

 

 

 

 

 

 

Table 2.1 - Microalgae culture protocol. To a given Schott-glass bottle (Bottle volume), the most 
appropriate ratio inoculant: medium (Proportion) is indicated, as it is the volume of the Algae 
inoculum and the Saltwater used. 
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After the 24-acclimation period, and right before the start of the exposure period (at 

day 0, T0), veligers were collected in a 100 µm-sieve, back-washed in a 5L beaker to be 

counted, and aliquoted adequately to be randomly distributed by experimental containers at 

a density of 1.6 larvae mL-1 (n  4800 per container) to be exposed to 12 OA-W scenarios 

as explained above. 

 

2.2.3 Experimental setup, design and treatments 

Newly hatched veligers of the netted-whelk T. reticulata were exposed for 60 days (from T0 

to T60) to 12 OA-W scenarios generated in an Experimental Life Support System (ELSS) 

developed by Coelho et al. (2013). This system was developed to perform microcosm 

simulation of climate change scenarios, namely of CO2-induced acidification and warming 

in coastal and estuarine environments. 

Basically, this system consists of four autonomous saltwater reservoirs (each with 

approximate volume of 230L; see Fig.1 in Coelho et al. 2013) in which the pH is 

independently manipulated through a CO2 bubbling diffuser. This diffuser is coupled to a 

water pump allowing an efficient CO2 gas mixing in seawater. CO2 injection is controlled 

by a feedback pH control system that includes a pH electrode connected to a controller (V2 

control pH controller, TMC, UK) and a pressure regulator with an integrated solenoid valve 

(V2 pressure regulator pro, TMC, UK). On the digital display it is possible to adjust the pH 

value that controls the opening of the solenoid valve. Whenever pH increases above the pre-

set value, CO2 is injected until water pH returns to the value set. To simulate tidal cycles, 

water is pumped at predetermined time intervals to the microcosms. Temperature in the 

microcosms is controlled by their partial immersion (at least 2/3) in temperature-controlled 

Figure 2.2 – Microalgae cell counting. A – Neubauer-improved counting chamber. B – Scematic representation of the 
central part of the counting chamber, where counts are made. C – Detail of one square with Skeletonema costatum cells 
observed at 400x magnification. 
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water baths. Diel light cycle simulation is made by 4 programmable luminaires (ReefSET®, 

Aquariofilia Lda., Portugal). 

Modifications to its original version were performed in order to: (1) increase the 

number of pH and temperature (T ºC) levels generated in the system that, in a factorial 

experimental design, broaden the range of OA-W scenarios simulated from four (two pH * 

two T ºC levels) to twelve (three pH * four T ºC levels; Figure 2.3); and (2) adapt the 

microcosms or experimental units to the exposure of planktonic larvae (from 3L-rectangular 

aquaria with automatic drainage by outflow pumps operated with digital timers, to inverted 

carboys with aeration and gravity drainage by outlet pipes with 100µm-mesh filter-protected 

output, at such a height to allow a maximum interior volume of 3L). 

 

Synthetic saltwater was prepared by mixing freshwater purified by a reverse osmosis 

(V2 Pure 75, TMC, UK) with a commercial sea salt (Ocean Fish, PRODAC, Italy) at 30g L-

1 (salinity 30). The saltwater was prepared at least 24 h prior to use, in order to allow a 

complete salt dissolution. 

Saltwater pH was manipulated in three of the four reservoirs to generate three distinct 

pH levels, targeting 8.1, 7.8 and 7.5: a control (~8.1) corresponding to the actual pH 

measured at the veligers sampling site, plus two acidified conditions of about -0.3 and -0.5 

pH units, corresponding to the interval of sea surface pH projected by the IPCC for the end 

of the 21st century in the northern hemisphere under RCP8.5 scenario (Ciais et al., 2013), 

Figure 2.3 - A – Experimental Life Support System (ELSS) modified to generate 12 OA-W experimental scenarios to 
expose veligers of Tritia reticulata in duplicate for 60 days. B – Experimental design for that experiment, including four T 
ºC (16, 18, 20 and 22ºC) and three pH levels (targeting 8.1, 7.8 and 7.5). 
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and following the available guidelines applied to OA research (Riebesell et al., 2010). The 

fourth reservoir was used to keep unmanipulated saltwater to refill the remaining three as 

needed. Saltwater in all the reservoirs were recirculated for 15 min every two hours to 

promote water mobilization and to force pH adjustment. 

Regarding TºC, the two water baths initially installed (see Fig.1 in Coelho et al. 

2013) were replaced by four of half of their size. Each new bath was equipped with a 

temperature control system, similar to the original, but scaled to its dimension. Four TºC 

levels were then generated (Figure 2.3-B): two possible control conditions –16 and 18°C– 

corresponding, respectively, to the mean seawater surface temperature (SST) at the Ria de 

Aveiro mouth and the mean temperature registered during T. reticulata spawning season at 

the site where veligers were obtained (Barroso and Moreira, 1998); plus two warming 

conditions –20 and 22°C– that, according to the IPCC projection under RCP8.5 of a global 

increase in the SST of up to 4ºC (Collins et al., 2013; Kirtman et al., 2013), correspond to 

the end of the century scenarios for controls 16ºC and 18ºC, respectively. 

Each of the 12 OA-W scenarios generated were tested in duplicate (and not in 

triplicate for logistic constrains). The Ria de Aveiro semi-diurnal tidal regime and the water 

renewal percentage at its central area (Coelho et al., 2013) were simulated by 50% exposure 

medium exchange twice a day (manually at 9 am and 6 pm), by addition at the bottom of 

each experimental unit through an inlet pipe, forcing the excess of medium to drain by 

gravity from the outlet pipe installed at the top. A complete exchange of the medium was 

performed weekly until settlement and every two weeks thereafter, in order to clean the 

experimental containers reducing the risk of bacterial contamination by excessive 

accumulations of organic detritus.  

A 12hL:12hD photoperiod was applied, at half of the light intensities considered by 

Coelho et al. (2013), as well as gentle aeration at 1 bubble seg-1, at intervals of 15 min during 

the day and 15 min every 2 h at night (reduction to compensate the logistical constraint of 

effecting media exchanges at 9 am and 6 pm, which implied a further 6 h stay of the media 

during the night period until the morning exchange). Also, until settlement, food was 

provided at the end of the day in order to avoid pH imbalance due to microalgae 

photosynthesis under light, and since veligers of marine bottom invertebrates seems to feed 
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more actively during the dark (Mileikovsky, 1973). After settlement was first recorded, the 

diet was supplemented with small pieces of fish ad libitum (generally, twice a week).  

A pre-assay to monitor the diel cycles of pH and TºC generated in the system under 

such conditions was carried out and the respective control systems’ settings adjusted to avoid 

treatment overlapping and to allow the predetermined scenarios to be obtained: pH 

controllers were set to 7.95, 7.35 and 6.95, and cooler/heater thermostats to 16/16, 17/18, 

19/20 and 21/22 °C. 

The physico-chemical parameters of the exposure media (pH, TºC, salinity, total 

dissolved oxygen, carbonate chemistry) and biological endpoints (mortality, developmental 

stage, feeding/nourishment status, statolith and shell growth and integrity) were periodically 

assessed as follows. 

 

2.2.4 Exposure media physico-chemical analysis 

Probe measurements (Multi 3430 IDS, WTW, Germany) of pH (in the NBS scale) and TºC 

were recorded before and after both daily medium exchanges for three consecutive days 

from T0, to characterize the daily variation to which specimens would be exposed. Then, 

those parameters were periodically monitored, at least before one of the two daily medium 

exchanges until day 14 (T14) and at least once a week afterwards. Probe measurements of 

salinity (SAL) and total dissolved oxygen (DO) were recorded weekly, before the morning 

medium exchange. Total alkalinity (TA) was determined by manual volumetric titration 

following Frommlet et al. (2015) protocol, in 20mL samples of 0.2µm-filtered exposure 

medium collected at T0, and before and after the morning medium exchange once a week 

until T14 and every two weeks from then until T60, in at least one replicate per treatment. 

The values of TA and of pH, TºC and SAL read at the time of media sampling, were 

the inputs to calculate the CO2 partial pressure (pCO2) and carbonate (CO3
2−) ion 

concentration, and the saturation states of calcite (ΩCa) and aragonite (ΩAr) using the 

Microsoft Excel macro CO2Sys_v2.1 (Pierrot et al., 2006), with K1 and K2 carbonate 

dissociation constants from Mehrbach et al. (1973) refitted by Dickson and Millero (1987), 

and KSO4 from Dickson (1990). 
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2.2.5 Analysis of biological endpoints 

Larval culture 

The performance of the larval culture under OA-W experimental scenarios was evaluated 

through the analysis of biological endpoints at 3 sampling moments: at day 2 (T2), to assess 

the randomness of the initial veliger distribution among tanks and the mortality across 

treatments; and at days 8 (T8) and 14 (T14), to assess, beyond mortality, the developmental 

stage, the feeding/nourishment status, the shell lenght, growth rates and shell integrity. Due 

to its nature, growing at a very slower rate than the shell, statolith size and growth from T0 

were only assessed at T14. 

 

 Accordingly, at T2 veligers were collected in a 100 µm-sieve, back-washed into a 

beaker, suspended in 3L of the respective exposure medium. The living larvae were counted 

in three aliquots of 5mL per replicate (i.e., 6 per treatment) to determine survival and 

calculate mortality. Then, at T8 and T14, larvae were again collected in a 100 µm-sieve but 

suspended in a volume adjusted to the number of live individuals in each replicate. The living 

larvae were counted in two aliquots of 10mL per replicate (i.e., 4 per treatment) to determine 

survival and calculate mortality. Of those larvae, 12 per replicate (i.e. 24 per treatment) were 

randomly selected and placed in a 24-well plate (1 larva per well). Plates were observed 

under a stereomicroscope (Leica S8 APO, Leica Microsystems, Switzerland) to determine: 

(1) each specimen developmental stage –categorized into four (I to IV) veliger stages 

following Zupo and Patti (2009) classification; (2) the presence or absence of gut content 

(i.e., digesting food in each larvae gut); (3) the presence or absence of shell. Then, and in 

addition to a representative sample of the initial (T0) pool of recently hatched larvae 

preserved in absolute ethanol, 20 veligers per replicate were preserved in 70º ethanol to 

measure the shell length (SL) and 

the statolith diameter (StD), (Figure 

2.4-A and -B, respectively). Other 

20 larvae per replicate were 

preserved in absolute ethanol to 

study shell microstructural integrity 

under Scanning Electron 

Microscopy (SEM). 

Figure 2.4 - Measurements of Tritia reticulata biogenic carbonates after 
14 days of exposure. A – Shell length (SL). B – Statolith diameter (StD). 



 

43 

 

Individuals preserved in 70º ethanol were photographed under the stereomicroscope 

that is equipped with a digital camera (MC170 HD, Leica Microsystems, Switzerland). The 

SL was measured posteriorly using the equipment software (Leica Application Suite, Leica 

Microsystems, Switzerland; Figure 2.4-A). The mean SL per treatment was used to calculate 

growth rates, per treatment, in the first (T0-T8) and the second week (T8-T14) of 

development under OA-W experimental conditions. The same specimens were then 

rehydrated with distilled water for few minutes, slightly squeezed between a glass slide and 

a coverslip, and observed under a light optical microscope (Axiolab E, Zeiss, Germany) also 

equipped with a digital camera (Moticam 2300, Meyer Instruments, USA) with which were 

photographed. The StD was, then, measured using the equipment software (Motic Images 

Plus v2.0, Meyer Instruments, USA; Figure 2.4-B). 

Finally, the veligers preserved in absolute ethanol were prepared for SEM, following 

the protocol developed by Bednaršek et al. (2012) to characterize juvenile pteropod shell 

dissolution under acidity but adding an extra step of ethanol 70º overnight prior to the 

cleaning and drying procedures, in order to rehydrate the samples for easier periostracum 

removal. Briefly, after hydration by immersion in ethanol 70º overnight, samples were 

further hydrated by immersion for 3 min. in 50º ethanol and for another 3 min. in distilled 

water (dH2O). Then, the periostracum, bacteria and microalgae on the shell’s surface were 

digested by two periods of 2.5 min. in 6% hydrogen peroxide (H2O2), after which the solution 

was removed by keeping samples in dH2O for 5 min. twice. After cleaning, samples were 

dried by a series of rinses in several solvents: at first in 50% methanol for two periods of 5 

min., then in 80% methanol for 10 min., followed by two distinct periods in 2,2‐

dimethoxypropane (DMP) for 15 min., an additional period of 10 min. in a solution of DMP 

and 1,1,1,3,3,3‐hexamethyldisilazane (HMDS) 1:1 for 10 min. and, finally, two periods of 

20 min. in HMDS. Cleaned and dried shells were left inside a desiccator, in a Petri dish, until 

being mounted on a conductive double-sided carbon tab on a glass slide for SEM analysis. 

Larval shells were observed and photographed in a benchtop SEM (Hitachi TM3030, Hitachi 

High-Technologies Corporation, Japan) at 15kV in MIX mode (simultaneous backscattered 

and secondary electrons imaging) with charge-up reduction. 

After SEM analysis, the mineralogy and crystallinity of the shells were assessed by 

micro-Raman spectroscopy (MRS) in a Horiba Jobin Yvon LabRam 800HR Raman system 
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(Horiba Ltd., Kyoto, Japan). Two spectra were acquired randomly from cleaned and dried 

surfaces of two shells per treatment, by the means of a 441.6nm line of a Kimmon He-Cd 

laser (Kimmon Koha Co. Ltd., Tokyo, Japan) up to ~10mW, a 100× (NA 0.9) objective, a 

grating with 1,800 grooves mm-1 and a pinhole of 250μm. Resolution was of ~2cm-1 in the 

range between 120 and 3,500 cm-1. Repeated acquisitions of each spectrum were 

accumulated (four scans of 15 s each) to improve the intensity of the signal. Spectra were 

calibrated using the 520.5 cm-1 line of a Si wafer. 

 

A very low number of live individuals were available in some of the replicates after 

sampling at T14. For that reason, larvae were kept growing under the same conditions until 

settlement was recorded without further sampling. 

 

Settlement and post-settlement culture 

Settlement was first recorded 28 days after T0. At T28, specimens were collected in a 

200µm-sieve, back-washed into a beaker and suspended in 500mL of the respective 

exposure medium. Swimming larvae and settled juveniles –identified by the presence of foot 

and absence of velum (Zupo and Patti, 2009)– were counted separately in three aliquots of 

5mL to determine mortality and settlement percentages. By that time, there were only live 

specimens at control pH (8.1) at all TºC (16, 18, 20 and 22ºC) and at pHtarget 7.8 at 18ºC with 

a very low number of animals per replicate (only one replicate under pH 8.1 at 22ºC. For 

these reasons, replicates were put together per treatment, and suvivors’ development and 

growth continued to be monitored under the same test conditions, being assessed as follows. 

At T34, mortality was assessed as at T28 and at T53 - as 100% settlement was recorded, all 

animals were counted. The experiment ended at T60, moment at which all juveniles were 

counted to determine mortality and preserved in absolute ethanol to be measured and 

processed for SEM to assess shell integrity. 

Measurements of juvenile SL (Figure 2.5) were taken 

as described above for larval SL. Likewise, six of the 

individuals preserved for SEM were prepared under the 

protocol described above to assess larval shells integrity by 

SEM, but the times were increased proportionally to the 

larger size of the juveniles: hydration periods of 15 min. in 

50% ethanol and dH2O were applied; digestion was 
Figure 2.5 - Measurement of Tritia 

reticulatashell length (SL) after 2 
months of exposure. 
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performed using a stronger solution –30% H2O2 and sodium hydroxide (NaOH) 0.1M, 1:1– 

and was accelerated at 50ºC in an oven for 3-4h (controlling surfaces cleaning under a 

stereomicroscope every hour). Digestion was stopped by rinsing surfaces in dH2O for 10 

min. three times. Drying only required HMDS for two periods of 30 min. Structures were 

mounted and photographed under the same conditions described above for larvae from T14. 

 

2.2.6 Statistics 

Permutational multivariate analysis of variance (PERMANOVA; Software PRIMER v7) was 

used to test for significant effects of pH, TºC and the possible interaction between these 

factors for each endpoint analysed during the larval culture until T14, since after T28 no 

statistical treatment was possible (no replication was available at least in one of the 

treatments). For mortality, one value per replicate (typically the mean of three observations) 

was used in order to preserve a balanced PERMANOVA design. All other variables were 

tested per individual organism. Euclidean distance was applied to generate the resemblance 

matrix. A two-way crossed design (pH * TºC) was applied with a type III partitioning of the 

sums of squares and the permutation of residuals under a reduced model based on 9999 

permutations to obtain the P-value. After a significant PERMANOVA result, a pair-wise t 

test was used to understand which levels of the factor were responsible for the significant 

results. 

 

2.3 Results and Discussion 

2.3.1 Experimental conditions 

Figure 2.6 shows the 12 OA-W scenarios generated in the ELSS (mean temperature vs mean 

pH probe measurements ± standard deviations). All treatments were significantly  

different (Pseudo-F=2406.1, p=0.0001) and no difference between replicates from the same 

treatment was observed (p>0.05). Salinity (30.14±0.18) and dissolved oxygen (7.09±0.309 

mg L-1) were registered throughout the experiment, before the morning media exchange.  

Carbonate chemistry of the exposure media is presented in Table 2.2. “Before” and “After” 

measurements characterize the variation of the system parameters to which the organisms 

were exposed during 24h. Temperature (TºC) varied within ±1ºC, mostly due to water baths’ 

control systems; even so, variation was slightly higher at 22ºC since and initial 15 min. 
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equilibrium period after media exchange was recorded (Figure  2.6). In its turn, pH tended 

to increase over time until its re-establishment to target levels upon media exchange and 

thus, variation was higher in amplitude at lower pH levels (Figure 2.6, Table 2.2). Calcite 

and aragonite saturation states followed pH variation pattern and understaturation was only 

observed at the most acidified condition. Moreover, regarding aragonite, undersaturation 

(Ω<1) was registered both “Before” and “After” medium exchange whilst for calcite, that 

condition was only observed “After” media exchange. 

 

 

 

 

 

 

 

 

Figure 2.6 - Graphical representation of the 12 OA-W scenarios generated during the experiment corresponding to the 
temperature (T ºC) and pH daily variation per treatment. Mean values and respective standard deviation of probe 
measurements of TºC (measured before media exchange twice a day from T0 to T8, once a day until T14 and every two 
weeks from T15 to T60) and pH (measured before and after media exchange twice a day for 3 consecutive days from T0, 

once a week from T4 to T14 and every two weeks from T15 until the end of the experiment at T60). 
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2.3.2 Mortality 

Figure 2.7 shows the cumulative mortality registered per treatment throughout the two 

months of exposure. At T2, mortality was proved to be driven by the pH only (Pseudo-

F=8.0715, p=0.0073) with higher mortalities observed at the most acidic treatments (pHtarget 

7.5) and significantly differing from the controls (8.1: t-test=3.8953, p=0.0063) and the 

intermediate pH scenarios (7.8: t-test=3.852, p=0.0062). At T8, not only the pH reduction 

(Pseudo-F=4.2679, p=0.038) but also the increasing TºC (Pseudo-F=7.1707, p=0.0059) were 

found to account for higher larval mortality. The highest TºC (22ºC) was significantly 

different from all others contributing with highest mortalities while the difference between 

pH levels was only significant between 8.1 and 7.5 treatments (t-test=2.6867, p=0.0296) 

across temperatures. At both T14 and T28, TºC and pH interactively affected survival (T14: 

Pseudo-F=11.723, p=0.0002; T28: Pseudo-F=25.817, p=0.0001). At these timepoints, 

comparisons within the pHtarget 8.1 showed that at 16ºC a significantly lower mortality was 

registered. No significant differences were observed within the acidified conditions. 

Table 2.2 - Mean carbonate system parameters calculated from samples taken periodically throughout the experiment 
(see Material and Methods), “Before” and “After” the morning exchange of 50% of the exposure medium in, at least, 

one replicate per treatment. The treatment column refers to target temperature (Ttarget) and pH (pHtarget) levels following 
IPCC (2013) projections as explained in the Material and Methods section. The partial pressure of CO2 (pCO2), the 
carbonate ion concentration (CO3

2-) and the saturation states of calcite (ΩCa) and aragonite (ΩAr) were derived from 
probe measurements of salinity (SAL), temperature (TºC) and pH, and from total alkalinity (TA) determined by 
volumetric titration. Values for all carbonate species “After” media exchange were estimated by CO2Sys Exel macro 
from Ttarget levels as output parameter (since Ttarget was achieved after ca. 15 min. from the 50% media exchange). Values 
in bold evidence calcite/aragonite undersaturation. 
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Comparisons in between TºC showed significant differences between control (8.1) and the 

two other treatments but only at 16 and 20ºC at T14, and at 16ºC at T28. 

From T34 onwards, mortality was assessed on the remaining five treatments, without 

replicates, and thus no statistical comparisons were possible. Four of these treatments 

correspond to control pH (8.1) at all TºC and only one acidic condition, pHtarget 7.8 at 18ºC. 

This situation suggests that 18ºC might be the condition that best mirrors the control TºC, 

allowing specimens to resist to a slight reduction in pH (7.8) only at this TºC level. Even so, 

our data must be confirmed by further studies. Yet, mortality at T34 varied from 95.5 at 16ºC 

to 99.1% at 22ºC and also under pH 7.8 at 18ºC. From then, mortality stabilized under control 

pH and, by the end of this study (at T53 and T60) about 1% of the total larvae survived under 

pH 8.1, with 99.8% mortality being registered under acidity. 

 

Hence, T. reticulata survival in early life was proved to be affected by both stressors 

under study (pH and TºC), individually or in combination. After only two days exposure to 

acidification and warming, pH reduction was proved to be lethal to early veligers, especially 

Figure 2.7 - Cumulative mortality calculated for each of the 12 OA-W scenarios throughout the 60 days of exposure at T2, 
T8, T14, T28, T34, T53 and T60. 
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under the most acidic treatment: ~100% mortality was registered in both replicates at 20ºC 

and 100% at 22ºC. Species with an open circulatory system, such as gastropods, are known 

to have low capacity to maintain the acid-base balance of their extracellular fluid under 

acidified conditions, owing to low metabolic rates and large volumes of extracellular fluid 

(Pörtner, 2008). As a substantial part of the metabolic energy may be required for acid-base 

regulation, these animals are vulnerable to developmental delays, hindered growth, 

hypercapnia and even death, due to energy trade-offs (Pörtner, 2008; Sokolova et al., 2012). 

This seems to be a plausible explanation for the extreme mortalities registered in T. reticulata 

early veligers. 

At T8, T14 and T28, temperature played a significant role on survival, with 22ºC 

associated to higher mortality when compared with the specimens reared at 16 and 18ºC. It 

is widely recognized that temperature has a major influence on the development of marine 

invertebrate larvae, with metabolic depression being suggested at levels before and beyond 

the species’ thermal tolerance range (Pörtner, 2008; Parker et al., 2009; Zhang et al., 2014) 

Even though, it is not possible to state here that 22ºC correspond to this species tolerance 

limit; however, this work shows that 22ºC cause a high stress, leading to enhanced mortality. 

 

2.3.3 Larval culture 

Development 

Results on veligers’ development in the larval phase, specifically from 24h post-hatching 

(Veliger stage I at T0) to T14, are presented in Figure 2.8-A, together with those on the larval 

nourishment status in Figure 2.8-B. 

At T8 (Figure 2.8-A1), the majority of the larvae were still at the first stage of 

development (veliger I). Even so, a significant effect of both warming (Pseudo-F=4.8099, 

p=0.0033) and acidification (Pseudo-F=3.9199, p=0.022) at this early stage of development 

was registered: development was lower at 16°C (16 vs 18ºC: t-test=2.3857, p=0.0164; 16 vs 

20ºC: t-test=3.1916, p=0.0017; 16 vs 22ºC: t-test=3.4464, p=0.001) and under pH 7.5 (7.5 

vs 7.8: t-test=2.883, p=0.0048; 7.5 vs 8.1: t-test=2.1586, p=0.035). Also, a significant effect 

of the pH (Pseudo-F=3.916, p=0.0162) and, even greater, of the TºC (Pseudo-F=7.2252, 

p=0.0004) on veligers’ nourishment was evident (Figure 2.8-B1). Approximately 20% of the 

larvae were not properly fed at 20 and 22ºC since no digesting food was observed inside the 
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larval gut. The presence of food in the digestive track did not differ significantly between 

larvae reared at 20 and 22ºC or between 16 and 18ºC. However, significant differences were 

observed between 16 vs 20ºC (t-test=3.578, p=0.0004), 16 vs 22ºC (t-test=3.2057, 

p=0.0007), 18 vs 20ºC (t-test=2.9732, p=0.0039) and 18 vs 22ºC (t-test=2.9433, p=0.003). 

Despite the pH effect, treatments 8.1 and 7.5 were not significantly different (p>0.05). 

Nonetheless, differences between all other treatments were statistically significant (7.5 vs 

7.8: t-test=2.1351, p=0.0322 and 7.8 vs 8.1: t-test=2.7357, p=0.0061). 

At T14 (Figure 2.8-A2), TºC was found to be the development single driver (Pseudo-

F=12.495, p=0.0001), with the larvae at 22ºC being considerably more developed than the 

ones reared under all other TºC (16 vs 22ºC: t-test=5.5661, p=0.0001; 18 vs 22ºC: t-

test=3.1456 p=0.0028; 20 vs 22ºC: t-test=3.653 p=0.0006). A significant difference on the 

larvae development reared at 16 and 18ºC was also registered (t-test=1.8402, p=0.0473). 

Moreover, no significant effects of any of the stressors under study (or their interaction) on 

the nourishment status were registered at this timepoint (Figure 2.8-B2). 

Figure 2.8 - T. reticulata larval culture endpoints (shown in different rows: A–Percentage of veligers at development stage 
I, II or III; B–Percentage of veligers with or without visible gut content) by timepoint (shown in different columns: 1–After 
8 days of exposure, at T8; 2–After 14 days of exposure, at T14).*treatment without survivors (100% mortality). Upper case 

letters represent significant differences between pH levels, at a same temperature. Lower case letters represent significant 
differences between temperature levels, at a same pH. 
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The performance of T. reticulata larval development is of upmost importance since 

the planktonic phase is the period during which individuals develop the competence to 

metamorphose and settle, in order to start the benthic phase and become adults. Larval 

development was affected by both TºC and pH alone (and not interactively) after 8 days of 

exposure, although only TºC was proved to have a significant effect at T14. Temperature is 

known to account for optimized development and growth of marine invertebrates’ larvae 

but, as already mentioned in the Mortality results section, within the thermal tolerance 

window (Pörtner, 2008; Byrne, 2011). For instance, Przeslawski and co-authors (2005) have 

also shown that temperature might have negative impacts on larval development in the early 

life stages of three rocky shore gastropods, slowing it down due to physiological stress. 

Nevertheless, even considering the beneficial effect of TºC on the overall larval 

performance, it is only possible if enough food is available  (Zippay and Helmuth, 2012): in 

fact, under food limitation, ocean warming might cause death, more than acidification 

(Mackenzie et al., 2014). However, despite our veligers were proved to be somehow 

malnourished at T8, specifically at TºC ≥20ºC and pH 8.1 and 7.5, it is relevant to stress that 

food availability was monitored during the experiment to assure it was kept ad libitum; so, 

the stress induced by higher TºC and low pH must have disturbed larval feeding ability itself. 

As stated by Parker et al. (2013), the simultaneous stress induced by ocean acidification and 

the low food availability (that here might be attributed to a reduced food intake by larvae 

rather than to microalgae unavailability) may cause “greater disturbance in acid-base 

balance and mediate unfavourable trade-offs in the energy budget” delaying development 

and compromising survival. 

Looking at Figure 2.8-A2, the same tendency was also apparent at T14, although the 

results were not statistically conclusive possibly due to the extreme mortalities registered in 

the most acidic treatments (pHtarget 7.5). Even so, and as expected for that stressor, it is 

undisputable that TºC drives larval development after 14 days under warming scenarios. 
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Biogenic carbonates’ growth and shells’ integrity 

Veligers shell length (SL) was assessed at T0, T8 and T14 in order to understand how pH 

and temperature affect this species’ growth (Figure 2.9). After 8 days of exposure a 

significant effect of the pH on SL was clearly observed (Pseudo-F=17.763, p=0.0001). 

Significantly smaller shells were recorded in the most acidic condition (7.5 vs 8.1: t-

test=4.5655, p=0.0002; 7.5 vs 7.8: t-test=4.8417, p=0.0001). This was reflected on the lower 

growth rates of the most acidic treatments (Figure 2.9). Despite low, growth rates were 

positive, without obvious signs of shell dissolution at this timepoint. However, unshelled 

larvae were observed under the most acidic condition tested (Figure 2.10-A). These 

unshelled veligers were specimens actively swimming without a shell. They were first 

recorded at T8, only at 18 and 20ºC and in a low percentage (4%); although, a significant 

effect of pH was proved (Pseudo-F=2.4839, p=0.0343). Their occurrence increased at T14, 

being exclusively observed at pH 7.5 treatments, increasing in percentage, progressively, 

with increasing TºC (33.3% at 16ºC, 52.6% at 18ºC and 66.7% at 20ºC).  

Figure 2.9 - T. reticulata mean shell length (SL) evolution across timepoints, namely at the beginning of the experiment 
(T0), after 8 (T8) and 14 (T14) days of exposure. Solid, dotted and dashed lines correspond to the pH targets 8.1 (control), 
7.8 and 7.5, respectively. Temperatures (and pHs) are labelled on the right side of the graph, next to the correspondent line. 
The insert (table) on the upper left corner compiles the number of animals measured (N measured) per treatment and 

timepoint, and the growth rate (expressed in µm day-1) on the first (T8-T0) and second (T14-T8) week of exposure. Bold 
values evidence negative growth rate (reflecting shell dissolution). 
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Accordingly, a strong significant effect of pH was proved at this timepoint (Pseudo-

F=48.079, p=0.0001), with the most acidic treatment being significantly different from the 

other two (8.1 and 7.8). Even if apparent in Figure 2.10-B, the increasing trend with warming 

was not significant. 

 

It is also important to note that shell loss was not due to an abnormal secretion, or 

even non-secretion, of the shell as reported previously for abalone species (Byrne et al., 

2011; Guo et al., 2015; Wessel et al., 2018), nor to their complete dissolution as in pteropods 

(Comeau et al., 2010). Instead, we observed the literal shell loss, with veligers swimming 

while their shells were empty on the bottom of the tanks. To confirm this unusual 

observation, a subsequent experiment in which veligers were individualized in 24-well plates 

and exposed to pH~7.5 was performed, and shell loss occurred again (Oliveira et al., 2018). 

This was possibly the most striking result of the current work, which is still under study. 

Yet, although shell loss under pH 7.5 was not due to dissolution, this effect was also verified. 

In fact, negative growth rates were observed at the existing 7.5 treatments (at 16 and 

18ºC) between T8 and T14 (Figure 2.9), suggesting significant shell dissolution after only 

14 days of exposure. Moreover, a significant interaction of TºC and pH on SL was observed 

at T14 (Pseudo-F=2.9759, p=0.0201) with animals increasing in size with warming, and 

diminishing under acidification. Comparisons within the same pH showed that under control 

pH (8.1), only the two most extreme treatments were not significant in-between them, 

namely 16 vs 18ºC and 20 vs 22ºC. All other were statistically significant (16 vs 20ºC: t-

test=5.1114, p=0.0001; 16 vs 22ºC: t-test=6.744, p=0.0001; 18 vs 20ºC: t-test=4.6456, 

p=0.0002; 18 vs 22ºC: t-test=6.2894, p=0.0001). Within pH 7.8, SL means differed 

Figure 2.10 - T. reticulata shell loss. Percentage of veligers with or without shell (shelled or unshelled, respectively). A – 
after 8 days of exposure (T8, left plot). B – after 14 days of exposure (T14, right plot). 
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significantly between treatments with the single exception of 18 vs 20ºC, and no significant 

differences were observed within the two existing treatments from pH 7.5. 

The growth of another biogenic carbonate was also analysed in the current work: the 

statolith. The mean diameter of the statoliths at T0 was 18.1±1.7µm (dashed line in Figure 

2.11) and the statolith diameter (StD) measured in larvae preserved at T14 is showed per 

treatment in Figure 2.11. Similarly to that described for shells, an effect of the interaction 

between TºC and pH on StD was statistically proved (Pseudo-F=5.5336, p=0.0003). 

However, results are difficult to explain as no clear pattern was registered. Even so, TºC 

seems to boost statolith growth: comparisons within the same pH showed that under control 

pH (8.1), only the two most extreme treatments were not significant in-between them, 

namely 16 vs 18ºC and 20 vs 22ºC (all others were statistically significant – 16 vs 20°C: t-

test= 4.1065, p=0.0004; 16 vs 22°C: t-test= 5.2822, p=0.0001; 18 vs 20°C: t-test=5.978, 

p=0.0001; 18 vs 22°C: t-test=7.5179, p=0.0001). At pH 7.8, StD means differed significantly 

between treatments, with the single exception of 18 vs 20ºC. Unexpectedly, this intermediate 

acidification level seems to favour statolith growth, with significant differences recorded 

between 7.8 and the other two pH levels at 18ºC (8.1 vs 7.8: t-test= 4.1172, p=0.0005 ; 7.8 

vs 7.5 : t-test= 3.1152, p=0.0024) and with pH 8.1 at 22º C (t-test= 2.1612, p=0.0334). 

Figure 2.11 - T. reticulata statolith diameter (StD) at 14 days of exposure, T14. Upper case letters represent significant 
differences between pH levels, at a same temperature. Lower case letters represent significant differences between 

temperatures, at a same pH level. The dashed line crosses the vertical axis at the mean statolith diameter measured in 
samples preserved at T0 (StDT0). *no available sample due to high mortality at T14. 
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Furthermore, no significant differences were registered between the two existing treatments 

at pHtarget 7.5. 

Even though shell dissolution was recorded under the most acidic treatments, this 

was not the case for the statoliths, whose diameter under pH 7.5 was maintained when 

compared to pH 8.1. This result was expected since statoliths are internal carbonates, isolated 

from the exterior and subject to physiological control (Winans and Purcell, 2010), being 

protected from the direct exposure to undersaturated exposure medium. However, reduced 

statolith size under OA was not registered in the current work, as it was by Manríquez et al. 

(2014) for the early life stages of the gastropod Concholepas concholepas (Bruguière, 1789). 

By now we can only speculate that it was not confirmed in T. reticulata since no samples 

were available for measurements under pH 7.5 at 20 and 22ºC. 
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Shell dissolution was then confirmed under SEM (Figure 2.12). Increased porosity 

corresponding to the type I dissolution, described by Bednaršek et al. (2012), was observed 

Figure 2.12 - T. reticulata larvae under Scanning Electron Microscopy (SEM). Aspect of the veligers’ shell collected at 
T0 (top image) and at T14 after exposure to 12 OA-W experimental scenarios (indicated at the top left of each image; 

scale bar = 150m). Inserts in the lower left corner of each image are shells’ surface at 1000x magnification (scale bar = 

20m). Pictures of unshelled veligers after critical point drying, detected only at pH~7.5 scenarios, were kindly provided 
by the colleague Mariana Hinzmann, and are shown overlaid on the right side of the image of the respective treatment 

(scale bar = 100m). 
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under pH 7.8; severe dissolution, of types II and III, were evident in shells built at pH 7.5 

were evident. Under undersaturation (pH 7.5), extensive damage was observed: surfaces 

were covered by numerous dissolved patches, compromising shell integrity and making it 

extremely fragile. 

Shells’ structure is directly related with its mineralogy and crystallinity (Marin et al., 

2012). It is generally accepted that amorphous calcium carbonate (ACC) is the first mineral 

polymorph deposited by mollusc veligers (Weiss et al., 2002), followed by aragonite and 

calcite. It is also known that along these CaCO3 polymorphs, the matrix stability and 

robustness increase (Galante-Oliveira et al., 2014). Shells’ mineralogy and crystallinity was 

assessed by comparing the standard Raman spectra of biogenic ACC, aragonite and calcite 

(Figure 2.13) with those acquired from samples preserved at T0 (Figure 2.14) and at T14 

(Figure 2.15). 

Figure 2.13 - A – Raman spectra of biogenic amorphous calcium carbonate (ACC). B – standard 
Raman spectra of aragonite. C – standard Raman spectra of calcite. Adapted from Wehrmeister 
et al. (2011) 



58 

 

Figure 2.14 - Typical micro-Raman spectra acquired from Tritia reticulata larval shells collected at T0. The upper spectrum 
was acquired from a surface that was digested/cleaned and dried (T0 cleaned). The lower spectrum was acquired from a 
surface not subject to the cleaning and drying process (T0 not cleaned). The values above the spectrum are the Raman shift 
value at each visible peak. 

Figure 2.15 - Typical micro-Raman spectra acquired from Tritia reticulata larval shell collected at T14. A –Spectra 
acquired from shells from specimens reared at 18ºC under different acidified treatments (8.1, 7.8 and 7.5). B –Spectra 
acquired from shells from specimens reared at 22ºC under different acidified treatments (8.1and 7.8).  The legend above 
each plot indicate the correspondence between the line colour and the different pH conditions. The values above the 
spectrum are the Raman shift value at each visible peak. 
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Generally, the most intense and characteristic band in the CaCO3 Raman spectrum is 

the symmetric CO3 stretching vibration (mode 1) at around 1085.5 cm-1 (Wehrmeister et 

al., 2011). Moreover, if present, the above referred CaCO3 polymorphs are characterized by 

the following additional high intensity peaks: (1) the biogenic ACC at 155cm-1 and 281cm-

1; (2) the aragonite at 155cm-1, 206cm-1 and three distinct signals between 700 and 720cm-1; 

and (3) the calcite at 155 cm-1, 281cm-1 and 711cm-1 (Figure 2.13). 

At first, the typical spectra acquired from T0 samples (Figure 2.14) proved the 

carbonate nature of T. reticulata veliger shell (possibly protoconch II since T0 was 24h post-

hatching) since the sharpest and highest peak in both spectra is the mode 1 (1082.1 cm-1). 

Moreover, in the same figure are shown spectra acquired from samples that were and were 

not subject to the H2O2 digestion, proving that (1) spectra have the same structure, and so 

cleaning does not seems to alter the sample itself, and (2) the cleaning procedure allows the 

exposure of the crystalline matrix since more defined and intense peaks are revealed. 

The spectra acquired from samples collected at T14 (Figure 2.15) generally confirm 

the carbonate nature of the samples (sharpest and highest peak at around 1082 cm-1). 

Moreover, all spectra revealed the same crystalline composition, with three distinct peaks 

between 100 and 300cm-1 and a single one at ~702cm-1. These signals are indicative of the 

presence of both aragonite and calcite. The formation of the mollusc shell is described in 

Chapter 1 (General introduction) and based on Weiss et al. (2002), ACC acts as a precursor 

for the crystalline polymorph aragonite. The presence of calcite on larval shells are not so 

common (Eyster, 1986; Jardillier et al., 2008; Auzoux-Bordenave et al., 2010); even so, 

Carter and Clark (1985) suggested that both crystalline polymorphs –aragonite and calcite– 

could coexist in the prismatic layer. As a single peak at ~702cm-1 was found in all our MRS 

spectra, here we report admixed fractions of aragonite and calcite in T. reticulata veliger 

shell. 

Additionally, other two signals were detected in some of the spectra: ~1136.7cm-1 

and ~1537.1cm-1 (Figure 2.14 and 2.15). According to Komura et al. (2018), these peaks are 

related with nonmethylated polyenes associated to yellow pigments in gastropod shells. We 

suggest that this might be also the case in T. reticulata larval shells that are, in fact, 

yellowish. These peaks were not present in some of the spectra, possibly due to a non-

homogenous shell pigmentation. 
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A very important result is related to the decreased crystallinity perceived by 

comparing the gradual reduction in the intensity of the Raman vibrational bands between 

spectra of decreasing pH (8.1>7.8>7.5) for a given TºC. Analysing the typical spectra in 

Figure 2.15-A, the intensity of the sharp, well-resolved peaks on the pH 8.1-spectrum 

decrease progressively in intensity until only broad peaks, typical of biogenic AAC, are the 

only ones present in the pH 7.5-spectrum. This corroborates the results on the increased 

fragility and the dissolution of the shells built under pH 7.5 for 14 days (i.e., at T14). Due to 

the higher solubility of ACC (when compared with the crystalline polymorphs), the 

organisms that use ACC as a precursor to aragonite and/or calcite are thought to have the 

final product of their shells’ mineralization compromised by acidification (Ries, 2011). 

Hence, dissolution rate was possibly faster than shells’ repair under pH 7.5 since our veligers 

were not able to move towards a more stable CaCO3 polymorph. 

 

2.3.4 Settlement and post-settlement period 

Settlement 

Settled juveniles were firstly observed at T28. The percentage of settled individuals from 

then until 100% was reached in all treatments at T53 as shown in Figure 2.16. 

 

 

Figure 2.16 - Percentage of settled T. reticulata from settlement first record at T28 until 100% was reached at T53. Solid 
and dashed lines correspond to the pH targets 8.1 (control) and 7.8, respectively. Temperatures (and pHs) are labelled on 
the right side of the graph 
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Even though statistical testing was not performed at T28, due to the lack of 

replication in some of the treatments (8.1_22ºC), it seems graphically obvious a delayed 

settlement at 16ºC. Only 5 treatments with no replication subsisted from T28 onwards (pH 

8.1 at the four different TºC, and a single acidified treatment, pH 7.8 at the most adequate 

control TºC, 18ºC). Settlement percentage seems to be higher at higher temperatures, 

achieving 100% at T34 for 20 and 22ºC, and only at T53 for 18 and 16ºC. These results agree 

with the already referred faster development at higher TºC, and also with several other 

studies that report favoured development by warming; accordingly, as organisms under 

warming develop faster, they will settle earlier than at lower temperatures (Byrne, 2011; 

Byrne et al., 2011). 

 

Shell growth and integrity 

After two months of exposure, the SL of the juveniles reared under pH 8.1 at 16, 18, 20 and 

22ºC was 1.700.39mm, 1.730.40mm, 1.940.63mm and 1.830.31mm, respectively, and 

under pH 7.8 at 18ºC was 1.430.33mm. No significant differences in juvenile mean SL 

between the different treatments were found.  

Juvenile shell integrity was studied by SEM in specimens exposed to control and 

acidic pH (8.1 and 7.8, respectively) at 18°C. Pictures are compiled in Figure 2.17. 

 

Figure 2.17 - T. reticulata juveniles under Scanning Electron Microscopy (SEM). Aspect of the shell of the juveniles 
collected after two months of exposure to the OA-W experimental scenarios indicated above each line of pictures. From 
left to right, pictures are of the whole animal, the juvenile shell, the larval shell and the shell growing edge. 
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T. reticulata larval and juvenile shells are discerned by the difference in the 

ornamental pattern: juvenile shell is reticulate (Nützel, 2014). Juvenile shells were 

apparently intact, with no signs of dissolution even under acidity (pH 7.8). However, the 

larval shell exhibit the type I dissolution of Bednaršek et al. (2012) as already mentioned 

above in the Larval culture results section. Similar results were also observed in Nucella 

lapillus (Linnaeus, 1758) juveniles (Rühl et al., 2017). Different degrees of shell damage 

between life stages may be due to differences in the shell composition: it was already 

described that CaCO3 shells vary on composition during development, becoming more 

crystalline (Jardillier et al., 2008). Going back to the Raman spectrum acquired from shells 

built at 18ºC under pH 8.1 and 7.8 (Figure 2.14-A), larval shells were proved to be of both 

calcite and aragonite, but less crystalline under pH 7.8 than under 8.1. 

When the teleoconch is formed, the calcifying regime changes (Marin et al., 2012) 

and the juvenile shell becomes more robust. However, even though the external surface of 

the juvenile shell does not appear to lack any integrity change, the growing edge of the shells 

built under pH 7.8 reveal lower density than the compact edge at pH 8.1 (Figure 2.17). This 

less dense edge should confer less resistance to the juvenile shell compromising its integrity 

even at this intermediate acidified scenario. 

 

2.4 Conclusion 

This study proves the extreme vulnerability of T. reticulata early life stages to projected OA-

W. All the studied endpoints were significantly affected by either each stressor individually 

or interactively: (1) survival was affected by both pH and TºC in a synergistic effect, since 

warming and acidification were proved to increase mortality; (2) larvae development was 

accelerated by warming, causing premature settlement relatively to control TºC, being  

delayed by acidification in an antagonistic effect of both stressors involved; (3) pH and TºC 

also seem to have an antagonistic effect on larval growth, with larger shells at warmer 

treatments but smaller, dissolved and chemically soluble shells under acidity; (4) statolith 

growth followed shell growth but no dissolution was verified; (5) besides shell dissolution, 

shell loss under aragonite undersaturation was recorded; and (6) the only specimens 

surviving to until settlement were those reared under pH control and under intermediate 

acidity under control temperature (18ºC); (7) after settlement, growth and survival stabilized 
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under pH control but continued to rise under acidity; and (8) less dense shells were recorded 

in juveniles reared under the only available acidic scenario. 

Critical impacts of the OA-W experimental scenarios tested were evident, 

particularly on the planktonic stages, lessening considerably the chances of larvae to survive 

in nature. The negative effects documented here, especially those occurring at the most 

extreme scenarios –lowest pH (7.5) and highest temperature (22ºC)– that correspond to 

IPCC projections to the end of the current century, were proved to prevent this species 

survival only after a week of exposure. Even considering that adaptive processes to OA-W 

cannot be disregarded, this study shows the extreme vulnerability of T. reticulata larvae to 

the concomitant effects of these phenomena. Our results highlight the risk of climate change-

induced OA-W to marine gastropods and calls for the urgency of the mitigation actions 

towards biodiversity protection. 
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Abstract 
The simultaneous increase in the global temperature and carbon dioxide in seawater, alters the physical and 

chemical properties of the oceans. In this chapter, early life stages of the pullet carpet shell, Venerupis 

corrugata (Gmelin, 1791) –a common bivalve traditionally harvested and produced at the Southwestern and 

Mediterranean Europe– were reared for two months under experimental conditions correspondent to Ocean 

Acidification (OA) and Warming (W) projected scenarios, generated by applying a factorial experimental 

design of three pH conditions (targeting 8.1, 7.8 and 7.6) at three temperatures (18, 20 and 22 ºC). The 

combined effects of OA-W experimental scenarios were investigated by assessing the ontogenic development, 

growth, shell malformation and survival during the exposure period (i.e., throughout all larval stages, 

metamorphosis, settlement and until one month post-settlement). The results confirm a significant effect of pH 

and temperature (TºC) individually on mortality and development at different exposure times. An additive 

effect of OA-W on mortality was registered specifically at the moment when complete settlement was recorded 

(100% settlement in all treatments at 28 days of exposure), favouring survival. Moreover, development and 

settlement were significantly faster at the warmest condition tested (22 ºC). Both larvae and juveniles were 

proved to grow more and better at 22 ºC, although the growth rates under acidity were generally lower than at 

control pH (8.1), an effect attenuated by the concomitant warming. These results prove that the warmer 

scenarios tested are within the thermal tolerance range of this species, and suggest that V. corrugata larval 

culture might be favoured, in both growth and survival, under such conditions. Production at higher TºC than 

the currently applied in hatcheries is also suggested as a way of improving its profitability. However, results 

also show that acidification has a significant antagonistic effect, delaying growth, suggesting that the acid-base 

unbalance might force an additional energetic demand to maintain basal functions towards survival, not 

allowing the organism to allocate enough energy to all the other biological requisites such as calcification and 

growth. Still, the OA-W scenarios projected to the end of this century by the Intergovernmental Panel on 

Climate Change for this species’ geographical range, tested within the experimental conditions of this study, 

point towards the resilience of V. corrugata early life stages to warming, even if the worst acidification scenario 

become effective. In addition, the pullet carpet shell is suggested as a very promising species to aquaculture in 

a future environment, since warming will potentially compensate growth rates’ decrease caused by 

acidification. 

 

 

 

 

Keywords: Venerupis corrugata, bivalve mollusc, aquaculture, climate change, 
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3.1 Introduction 

The pullet carpet shell, Venerupis corrugata (Gmelin, 1791) is a clam species traditionally 

harvested at the Southwestern and Mediterranean Europe, mainly in Portugal, Spain, France 

and Italy (FAO, 2006). This lamellibranch can be found from the mean tide level to the lower 

shore up to 35 meters in depth, buried up to 5 cm deep in mixed sandy substrates (Rayment, 

2007). It is also adapted to live in habitats with high amount of organic detritus in suspension 

due to wave action (Johannessen, 1973). V. corrugata spawns massively; spawning is 

seasonal and dependent on many biotic and abiotic factors but it occurs, generally, from late 

Winter to the early Summer in the Ria de Aveiro (NW Portugal) (Joaquim et al., 2011). Even 

so, mature specimens can be found almost all year round (Cerviño-Otero, 2011). Fertilization 

is external, so females and males emit their gametes to the water column. After fertilization 

a high number of newly planktotrophic larvae are formed. Larval development is external 

and includes several ontogenic stages –trochophore, D-Larvae, Umbonate, Pediveliger– 

until it undergoes metamorphosis and settlement, becoming Postlarva (Cerviño-Otero, 

2011). This transition from the planktonic to the benthic life comprises (1) the complete 

retraction of the velum and the formation of the gills, which from this moment assumes the 

feeding function; (2) the development of the byssal gland, whose function ensures that spat 

will adhere and fix to the substrate (this is especially important on specimens at coastal 

environments under greater wave activity) and (3) formation of the dissoconch that, being 

more robust that larval shell, provides additional protection (Quayle, 1952). This change, 

from the free-living larvae to a sedentary juvenile form, is recognized as the most critical 

stage along this bivalve life-history. 

Poor management and pathogen-induced mortality determined natural stocks’ 

reduction, forcing V. corrugata aquaculture production in order to respond to a high market 

demand. With an actual high market value (wholesale price over 18€ per kg; Tridge, 2019) 

when compared to most shellfish species, intensification of V. corrugata aquaculture 

production is very likely, in order to support stocks’ recovery under high consumption and 

increased mortality due to disease outbreaks and extreme climatic events, predictably more 

frequent under future environmental reality in a changing climate. This includes several 

undergoing global phenomena such as ocean acidification (OA) and warming (W), 

recognized as being worsened by human activities, particularly those involving greenhouse 
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gas (GHG) emissions such as carbon dioxide (CO2). The rise of the atmospheric CO2 (i.e., 

the pCO2 levels) from anthropogenic emissions is known to be a critical problem directly 

linked to an increase in the ocean temperature and acidity (Rhein et al., 2013). The latest 

long-term projections of OA-W, to occur by the end of the 21st century, were presented by 

the Intergovernmental Panel on Climate Change (IPCC) considering several Representative 

Concentration Pathway (RCP) scenarios (Cubasch et al., 2013): under RCP8.5  –scenario 

without additional efforts to constrain current emissions (Riahi et al., 2011; Cubasch et al., 

2013)– the sea surface temperature (SST) might increase from about 1 to above 3 ºC (Collins 

et al., 2013; IPCC, 2013), while sea surface pH might decrease 0.3 to 0.5 units in the northern 

hemisphere by the same period (Ciais et al., 2013). Nevertheless, conditions greater than the 

SST and pH global averages have already been felt in many regions (Ciais et al., 2013; IPCC, 

2014; Allen et al., 2018) and it is certain that the projected trends are likely to continue or 

accelerate in the upcoming decades if no mitigation actions are taken to constrain GHG 

emissions and human-induced climate change and OA-W (Ciais et al., 2013; IPCC, 2014). 

The oceans have been change gradually for decades (IPCC, 2013); although, 

nowadays, the change is happening much faster than in the geological past (Byrne, 2011). 

Therefore, it is important to determine the potential impacts of that changes and, if possible, 

to assess if that adaptation might occur at that same rate, in order to avoid local populations 

and species extinctions (Byrne, 2011). In that sense, many studies have been performed and 

many descriptions of harmful effects of OA-W on marine invertebrates (and their habitats) 

are available in the literature (e.g., Przeslawski et al., 2005; Kroeker et al., 2013; Queirós et 

al., 2015). The study of the impacts of OA-W in early life is even more relevant, not only 

because their survival is the bottleneck for the species persistence (Byrne, 2011) but also 

because many authors have concluded that marine invertebrates’ larvae and early juveniles 

are more sensitive, and suffer more damaging effects when exposed to temperature and/or 

pH changes (Pankhurst and Munday, 2011; Talmage and Gobler, 2011; León et al., 2019). 

Effects caused by OA are mainly due to the fact that the phenomenon alters seawater 

carbonate chemistry, affecting carbonate (CaCO3) biogenic deposition by marine calcifies, 

such as the bivalve molluscs (Orr et al., 2005). Moreover, the constant exposure to acidified 

conditions can also induce shell dissolution, particularly concerning early life stages, whose 

shells are composed of amorphous calcium carbonate (ACC), the most soluble of the CaCO3 

polymorphs (Jardillier et al., 2008; Ries, 2011). On the other hand, temperature plays a very 
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important role on the aerobic metabolism that is known to increase with warming. This 

happens since organisms need to keep the ATP supply enough to maintain several functions 

beyond the basal metabolism, like development, growth, among others (Sokolova et al., 

2011 and 2012). When the stress induced is considered moderate, all the ATP metabolized 

is directed to basal maintenance (i.e., survival), so the other functions are jeopardized 

(Pörtner, 2012). For this reason, if warming is the one inducing an extreme stress situation, 

the temperature rise leads to decrease development, growth and ultimately survival 

(Sokolova, 2013).  

Many studies on the isolated effects of temperature (TºC) and pH mention the need 

and urgency of assessments of the combined effects of OA-W (Zippay and Helmuth, 2012; 

Gazeau et al., 2013; Sokolova, 2013; Milano et al., 2016; Lenz et al., 2019). According to 

Folt et al. (1999), the combination of environmental stressors can have simple additive 

effects (both have or not a significant interaction) or have complex interactive effects, 

presenting synergistic (increasing stress) or antagonistic (decreasing stress) effects on 

biological processes. All types of effects have already been described when OA-W are 

studied interactively: Talmage and Gobler (2011) demonstrated additive effects on bivalve 

larvae, just like Lenz et al. (2019) on green sea urchin larvae; however, synergistic 

(Przeslawski et al., 2005; Lagos et al., 2016) and antagonistic (Mackenzie et al., 2014; 

Clements and Darrow, 2018) effects have also been reported. Nevertheless, according to 

Byrne and Przeslawski (2013), additive negative effects are most commonly reported, 

followed by antagonistic effects, in which TºC reduce the negative effect of acidification, 

and less commonly, synergistic. 

In this context, this study aims to investigate if there are any concomitant effects of 

OA-W on V. corrugata ontogenic development, growth and survival and, if so, which are its 

nature and extent. With that purpose, experimental scenarios of OA-W were generated after 

being established as a series of progressive environmental conditions based on IPCC near to 

long-term projections for the oceans in the northern hemisphere (where this species is 

currently distributed). Thus, the experimental treatments are intended to correspond to 

conditions to which this species is likely to be exposed in its natural habitat over time, in an 

attempt to foresee its performance and resilience to future OA-W. 
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3.2 Material and Methods 

3.2.1 Spawning induction and fertilization 

Local V. corrugata broodstock was obtained from a shellfish farmer from Ria de Aveiro 

(NW Portugal). Approximately sixty adults were transported to the laboratory and kept dry 

during 48h at 18±1ºC. After that period, animals were washed with running tap water and, 

then, with 1μm-filtered and UV-sterilized (V2 Vecton 600, TMC, UK) artificial seawater 

(Red Sea Salt, Red Sea Europe, France) at salinity 35 to remove all remaining sediment and 

epibionts from the shells’ surface. 

Cleaned clams were placed in a temperature-controlled water bath at 22±1ºC (Figure 

3.1A) for spawning stimulation. Two consecutive thermal shocks were applied, alternating 

immersion in the hot bath at 22±1ºC for 2h and in a cold bath at 11±1ºC for other 2h. First 

gamete emission was noticed after almost 8 hours. About 50% of the breeders had spawned. 

Spawning males and females were individualized in 1L-glass flasks kept at the same TºC as 

the main hot bath (Figure 3.1B) as soon as spawning was noticed. 

 

Oocytes from ten females were mixed, passed through a 100µm-mesh and suspended 

in 10L of 1µm-filtered and UV-sterilized seawater at 21°C. The eggs were fertilized with 

about 200mL of a mixture of sperm from six males and kept at room temperature, at about 

20°C. Thirty minutes later, the fertilization rate was assessed in two aliquots of 1mL using 

a Sedgewick rafter counting chamber under a light optical microscope (Axiolab E, Zeiss, 

Figure 3.1 - Thermal stimulation of Venerupis corrugata broodstock. A – Individuals in the hot bath at 22ºC. B – Individual 
containers kept at 22ºC to individualize specimens after spawning is detected. 
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Germany), and the quantity of spermatozoids per oocyte was checked in order to keep it at 

10:1 avoiding low fertilization rates (if under that value) or polyspermy (if above). The 

container was placed again in the water bath at 22°C and the fertilization continued for 30 

min. more. After that period, the number of fertilized eggs (identified by having polar body 

or already in cell division; Cerviño-Otero, 2011) were counted in four aliquots of 1mL and 

their total number was determined. Fertilized eggs were, then, cultured to obtain D-larvae as 

follows. 

 

3.2.2 Culture of fertilized eggs to obtain D-larvae 

Fertilized eggs were kept in 30L-plastic tanks at a density of 50 fertilized eggs mL-1 in 1µm-

filtered and UV-sterilized seawater, at salinity 35, 18±1°C and 12L:12D photoperiod. 

Twenty-four hours after fertilization, 75 cells µL-1 of Isochrysis aff. galbana (T-iso) was 

added to the incubation medium since D-larvae might develop earlier and need to be fed 

(Cerviño-Otero, 2011). Microalgae used in this experiment – T-iso and also Chaetoceros 

calcitrans (Cha), used to feed individuals during the exposure to OA-W scenarios as 

described below – were produced at our laboratory, following the batch culture protocol 

detailed in Chapter 2. However, here, the inoculants were obtained from Aqualgae, SL – 

Portugal, as was the culture medium (Gold Medium, Aqualgae, Spain) and the 40% sodium 

silicate solution (Sodio Silicato QP, Quimipur, Spain). 

Seventy-two hours (i.e., 3 days) post-fertilization, D-larvae were collected using a 

60µm-sieve (Figure 3.2A). Those retained were resuspended in 4L of 1µm-filtered and UV-

sterilized seawater at salinity 35 and counted in four aliquots of 1mL (Figure 3.2B). The D-

larvae were then concentrated in 1L and kept ready to be aliquoted adequately and randomly 

distributed by the experimental containers for their exposure to OA-W scenarios. 

 

 

 

 

 



80 

 

3.2.3 Experimental setup, design and treatments 

The Experimental Life Support System (ELSS) available at the Centre for Environmental 

and Marine Studies (CESAM) of the University of Aveiro (Portugal) was used to expose the 

D-larvae of V. corrugata to 9 OA-W scenarios, in triplicate, for two months (Figure 3.3). 

 

The ELSS (Figure 3.3-A), originally developed by Coelho et al. (2013), was adapted 

for the exposure of veligers of the gastropod Tritia reticulata to 12 OA-W scenarios in 

Chapter 2 (Material and Methods section). The expanded version, after the modifications 

described in Chapter 2, was also able to accommodate the factorial design of 3 TºC and 3 

Figure 3.2 - Venerupis corrugata D-larvae. A – Larvae retained in the 60µm-sieve, 3 days after fertilization. B – D-
larvae observed under the light optical microscope (at 100x magnification). 

Figure 3.3 - Experimental setup and design used on the exposure of V. corrugata early life stages to 9 projected scenarios 
of OA-W. A – Experimental Life Support System (ELSS) after the modifications needed for this experiment. B – Factorial 
design of 3 temperatures (18, 20 and 22ºC) and 3 pH target levels (8.1, 7.8 and 7.6) resulting in the 9 OA-W treatments to 
which D-larvae will be exposed in triplicate. The ELSS alteration included the possibility of experimental containers’ 
randomization that is not shown in the scheme but was performed weekly. 
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pH levels (3x3) of the current experiment (Figure 3.3-B). However, as D-larvae rearing is 

optimized for the production of bivalves’ seed in hatcheries, and the protocol includes slow 

and continuous aeration and the exchange of 100% of the culture medium with the sanitation 

of the tanks in which larvae are grown two to three times a week (Helm and Bourne, 2004; 

Cerviño-Otero, 2011), additional modifications were needed. Accordingly, the experimental 

containers of the ELSS were changed by new ones, hermetically sealed, avoiding the 

exchange of CO2 at the interface ambient air-exposure medium, keeping the pH stable, at 

target levels, for three days. These new containers were smaller (1.65L) than the used in 

Chapter 2 since the density recommended for the culture of V. corrugata D-larvae is about 

ten times higher than the required to culture T. reticulata veligers. Moreover, as these larvae 

need to be continuously aerated, the reservoirs used to manipulate seawater pH were also 

changed by hermetically sealed ones, allowing to generate a CO2-enriched atmosphere inside 

the reservoir while pH equilibration by CO2 bubbling is performed. This equilibrated 

atmosphere was then captured and pumped (with common aquaria pumps) to circulate the 

medium inside experimental containers of the respective treatment, with the desired pCO2, 

keeping pH at target levels for three days. 

 Synthetic saltwater was produced on a fourth reservoir of 250L, by mixing reverse 

osmosis purified freshwater (V2 Pure 75, TMC, UK) with Red Sea Salt (Red Sea Europe, 

France) to obtain salinity 35. The water was prepared and UV-sterilized for at least 24 h 

prior to use. Saltwater was then distributed by the three new, hermetically sealed reservoirs 

(50L/each) and manipulated to generate three distinct pH levels: control (pH ~8.1) plus two 

acidified conditions of -0.3 and -0.5 pH units, corresponding to the interval of sea surface 

pH projected by the IPCC for the end of the century in the northern hemisphere under the 

RCP8.5 (Ciais et al., 2013), and following the available guidelines applied to OA research 

(Riebesell et al., 2010). The fourth reservoir (of 250L) was used to keep unmanipulated 

saltwater and refill the remaining three as needed. Saltwater in all the reservoirs was kept 

under constant recirculation to promote water mobilization and force pH adjustment (by the 

same equipment used in Chapter 2; V2 control pH controller/monitor and V2 pressure 

regulator pro, TMC, UK). Regarding TºC, three levels were then generated: one control 

condition –18°C– corresponding to the mean SST registered during V. corrugata spawning 

season in Ria de Aveiro (Joaquim et al., 2011) and described as the optimum TºC for the 

species production in laboratory/hatchery (Cerviño-Otero, 2011); plus two warming 
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conditions –20 and 22°C– corresponding, respectively, to near and long-term scenarios 

according to the IPCC projection of a global increase in the SST of up to 4ºC under RCP8.5 

by the end of the century (Collins et al., 2013; IPCC, 2013). The 1.65L experimental 

containers were partially (2/3) immerged in temperature-controlled water baths at this TºC 

in order to keep it constant (as in Chapter 2). Each of the 9 OA-W scenarios generated were 

tested in triplicate, under continuous aeration of 3 bubbles s-1 (by CO2-enriched air obtained 

as explained above) and under 12hL:12hD photoperiod. Exposure medium was renewed 

completely every three to four days and the tanks were washed with a brush soaked in a 1:1 

mixture of soap (Alconox detergent, Sigma-Aldrich, Germany) and commercial bleach at 

5%, rinsed off thoroughly with tap water. 

A pre-assay to monitor the pH and TºC generated in the system under such 

conditions, during three days, was carried out. The pH and TºC control systems’ settings 

were adjusted to avoid treatments’ overlapping and allow the predetermined OA-W 

scenarios to be obtained: pH controllers were set to 7.68 and 7.30, and cooler/heater 

thermostats to 17/18, 19/20 and 21/22°C. 

At the beginning of the exposure (at T0), the experimental containers were filled with 

the respective exposure medium, and equilibrated during the previous 24h. The D-larvae 

retained in the 60µm-sieve (Figure 3.2), which were counted and concentrated in a volume 

of 1L, were aliquoted adequately and distributed randomly for a density of 16 larvae mL-1 

(n≈26 400 per container, following the densities suggested by Joaquim et al. 2014). Tanks’ 

location in each water bath was randomly assigned by using Microsoft Exel, a procedure that 

was repeated weekly. 

Larvae were fed ad libitum with a blend of equal proportions of T-Iso and Cha, 

following the diets applied by Joaquim et al. (2014) and Fernández-Pardo et al. (2016). The 

availability of microalgae in the exposure media was guaranteed by adjusting the diet in 

terms of feeding time (morning/late afternoon) and quantity (ration), according to the 

specimens’ development in different treatments and the stability of the pH of the exposure 

medium. Those adjustments were generally applied to all tanks under a same TºC, at least 

until complete settlement (i.e., 100% of settled individuals at all treatments, registered after 

28 days of exposure) as no differences between different pH treatments for a given TºC were 

registered by then. The rations applied until day 28 (T28) are indicated in Table 3.1. During 
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this period, microalgae were provided in the late afternoon, in order to avoid pH imbalance 

due to photosynthesis during the day and as larvae of marine benthic invertebrates are 

considerably active in the water column during dark hours, favouring feeding (Mileikovsky, 

1973). However, from T21 onwards, the larvae at 22°C were fed in the morning and a 

supplement (25 T-Iso cells µL-1 + 25 Cha cells µL-1) was needed and provided in the late 

afternoon. 

 

After complete settlement (Table 3.2) the differences in the specimens’ development 

between treatments were more marked and varied. The diet was ajusted as a function of the 

Table 3.1 - Venerupis corrugata diet applied during the exposure of D-larvae to OA-W 
experimental scenarios, before settlement. 

Table 3.2 - Venerupis corrugata diet applied during the exposure of D-larvae to OA-W 
experimental scenarios, after complete settlement. 
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TºC and individuals were feed in the morning, with the exception of the ones at 18ºC, visibly 

less developed, to which half of the ration was added in the morning and the other half in 

late afternoon (otherwise pH imbalance would occur due to the consumption of CO2 through 

photosynthesis during the day by an excess of microalgae in the medium). 

 

These adjustments were done along the experiment with the constant monitoring of 

the exposure medium physico-chemical parameters performed as follows. 

 

3.2.4 Exposure media physico-chemical analysis 

Probe measurements (Multi 3430 IDS, WTW, Germany) of pH (NBS scale) and TºC were 

taken three times per day, for six consecutive days from T0, to characterize the daily 

variation to which larvae would be exposed for the period of three days between 

maintenance. Then, those parameters were periodically monitored, at least once a day until 

the end of the experiment (after 56 days, at T56). Measurements were taken in early morning 

and/or late afternoon, always before feeding. In addition, probe measurements of salinity 

(SAL) and total dissolved oxygen (DO) were recorded at least once a week in the 

experimental containers (although salinity was checked every three days, at the time 

saltwater was produced). Total dissolved inorganic carbon (DIC) was quantified in 15mL of 

0.2µm-filtered exposure medium collected after the morning measurement at day 1 (T1), 

once a week until day 14 (T14) and every two weeks from then until T56, in at least one 

replicate per treatment. Analyses were performed immediately after samples collection, in 

CESAM’s Carbon analyser (Multi N/C 3100, Analytik Jena, Germany), following the 

manufacturer instructions and standard protocols applied on OA research (Goyet and 

Snover, 1993; Dickson, 2011). The values of DIC and of pH, TºC and SAL measured at the 

time of media sampling, were the inputs to calculate the CO2 partial pressure (pCO2), 

bicarbonate (HCO3−) and carbonate (CO3
2−) ion concentrations, and the saturation states of 

calcite (ΩCa) and aragonite (ΩAr) with the Microsoft Excel macro CO2Sys_v2.1 (Pierrot et 

al., 2006), using K1 and K2 carbonate dissociation constants from Mehrbach et al. (1973) 

refitted by Dickson and Millero (1987), and KSO4 from Dickson (1990). 
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3.2.5 Analysis of biological endpoints 

The survival, the ontogenic development and the growth of V. corrugata, reared under the 

experimental OA-W scenarios from D-larvae to the juvenile stage, was assessed throughout 

exposure at different timepoints. Monitoring and/or specimens’ sampling were performed 

every three to four days until complete settlement was recorded, and once a week thereafter 

[i.e., at all times of tanks’ maintenance at: day 3 (T3), day 7 (T7), day 10 (T10), day 14 

(T14), day 18 (T18), day 22 (T22), day 25 (T25), T28, day 35 (T35), day 43 (T43), day 49 

(T49) and at the end of the experiment, at T56].  

Due to the species indirect development, including irreversible morphological 

alterations during metamorphosis, undergone at the end of the planktonic (larval) phase to 

become benthic (after settlement), some biological endpoints are only meaningful in certain 

stages of the animal life and so were not assessed at all timepoints (e.g, settlement). 

Accordingly, the mortality (calculated from survival), the development stage and shells’ 

malformation were assessed throughout exposure at all timepoints. Settlement was 

determined until 100% was registered in all treatments (calculated from the number of 

postlarvae recorded at all timepoints until T28). Growth rates (calculated from shell length 

measurements in preserved specimens) was determined for both the larval culture (between 

T0 and T14), and the benthic, post-settlement period (between T28 and T56). The protocol 

for the assessment of all the endpoints is detailed below, in chronological order. 

 

Larval culture 

A sample of the initial pool of D-larvae was collected at T0 and preserved in 70% ethanol 

for posterior measurement of the shell length (SL, Figure 3.4-A). After three days of 

exposure, at T3, the randomness of the initial distribution of D-larvae and the survival across 

Figure 3.4 - Venerupis corrugata pictures taken during the exposure to 9 OA-W scenarios for the measurement of the shell 
length (SL) and the classification of the development stage at different time points. A – D-larva. B – Umbonate. C – 
Pediveliger. D – Postlarva. 
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treatments were monitored.  Larvae were collected in a 60µm-sieve, back-washed into a 

beaker, resuspended in 400mL of the respective exposure medium and counted in two 

aliquots of 1mL per replicate (i.e., 6 per treatment). This procedure was repeated at all 

moments of larval culture maintenance, adapting the volume in which the larvae were 

resuspended to the number of specimens available, and also using and adequate mesh of the 

sieve to the size of the specimens (60µm was used until T18, 80µm from T22 to T25). In 

addition, while counting the specimens, their development stage was categorized into four 

different stages (D-larva, Umbonate, Pediveliger or Postlarva) following Cerviño-Otero 

(2011) classification (Figure 3.4) and the number of specimens exhibiting malformed shells 

was also registered and those specimens were photographed. Furthermore, at T14, beyond 

counting the live larvae in two aliquots of 1mL, classifying their development stage and 

registering any shells’ malformation, the specimens observed were also preserved in 70% 

ethanol to assess growth. For that, animals were observed under the light optical microscope 

equipped with a digital camera (Moticam 2300, Meyer Instruments, USA) and photographed 

for posterior measurement of SL (figure 3.4), using Software Motic Images Plus v2.0. The 

growth rate between T0 and T14 was then calculated. 

 

Post-settlement culture 

Settlement was achieved in all treatments at T28. Different densities between treatments, 

and even between replicates, were registered at this timepoint, forcing density adjustment 

due to the consequent imbalance of the pH conditions. Density was normalized throughout 

replicates by collecting the postlarvae in a 100 µm-sieve, counting to determine mortality, 

and returning only 600 individuals to the respective tank (new density of 0.36 larvae mL-1). 

The remaining specimens were preserved in 70% ethanol to assess growth as described 

above. The replicates in which the number of live animals were not enough, ceased at T28. 

From T28 to the end of exposure (at T56), it was possible to discern live from dead 

individuals under a stereomicroscope (Leica® S8 APO, Leica Microsystems, Germany). 

However, some of the specimens were too small at T35, reason why mortality was not 

determined at this timepoint, but it was at T43 as already described. From T28 to T43, 

animals were collected in a 200µm-sieve.  
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At T49 the specimens reared under pH 7.6 at 18ºC were still collected in the 200 µm-

sieve while the 300µm-mesh was used in the remaining treatments. Animals were then 

counted and the mortality determined. At this timepoint, the densities were again normalized 

(new density 0.12 individuals mL-1). The remaining juveniles were preserved in 70% ethanol 

to be analysed if necessary. 

The exposure ended at T56 (59 days post 

fertilization). All the specimens were collected 

in the 300µm-sieve, placed on filter paper and 

photographed with a 12MP camera 

(M1805D1SG, Xiaomi, China) to measure SL 

(Figure 3.5) using the open source Software 

ImageJ (National Institutes of Health, USA). 

Finally, juveniles were preserved in 100% 

(absolute) ethanol, to be posteriorly processed 

for Scanning Electron Microscope (SEM) to 

study shells’ microstructural damage, if 

necessary. 

 

3.2.6 Statistics 

Permutational multivariate analysis of variance (PERMANOVA; Software PRIMER v7) was 

used to test for significant effects of pH, TºC and the possible interaction between these 

factors at each endpoint analysed. For mortality, development stage, shell length and shells’ 

malformation, three mean values per treatment were used (one mean per replicate). From 

T28 onwards, and since some replicates have ceased, the mean of all observations per 

treatment was considered. Euclidean distance was applied to generate resemblance matrices. 

A two-way crossed design (pH * TºC) was applied with a type III partitioning of the sums 

of squares and the permutation of residuals under a reduced model based on 9999 

permutations to obtain the p-value. After a significant PERMANOVA result, a pair-wise t-

test (or Monte Carlo test –MC– if the number of unique permutations were less than 20) was 

used to understand which levels of the factor were responsible for the significant results. 

SL 

 

Figure 3.5 - Venerupis corrugata juveniles, 
photographed at T56 for the posterior measurement of 
the shell length (SL), distance indicated by the blanck 
arrow. 
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3.3 Results and Discussion 

This study was designed to investigate the effects of the concomitant Ocean Acidification 

(OA) and Warming (W) on the performance of Venerupis corrugata early life stages, in an 

attempt to foresee the resilience of this ecologically and economically relevant species to 

future environmental conditions they are expected to face. In that sense, we determined the 

mortality, followed the ontogenic development registering shells’ malformation, and 

determined the growth rates in both the planktonic and the early benthic phase, while rearing 

the animals under OA-W projected scenarios. The results obtained and its discussion is 

presented below. 

 

3.3.1 Experimental conditions 

Figure 3.6 corresponds to the graphical representation of the 9 OA-W experimental scenarios 

to which specimens were exposed for two months, while the carbonate chemistry of the 

exposure media is compiled in Table 3.3. Moreover, the average salinity and total dissolved 

Figure 3.6 - Graphical representation of the 9 OA-W scenarios generated in the ELSS during the experiment. Values 
correspond to the temperature (TºC) and pH daily variation per treatment and are means and respective standard deviations 
of probe measurements of TºC and pH measured three times per day from T0 to T6 and twice a day from then until T55 
(the day before the end of the experiment). 
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oxygen registered throughout the experiment were 34.31±0.62 and 9.05±0.69 mg L-1, 

respectively.  

 

Although variability between replicates within the same treatment has been 

registered, all treatments were proved to be significantly different (Pseudo-F=2823.8, 

p=0.0001). Temperature varied less than ±1ºC (see Figure 3.6), while the pH, which was 

supposed to vary ±0.05 due to the controller specifications, showed higher variation, 

decreasing over time until re-establishment to target levels upon CO2 injection on the 

reservoirs, a more marked tendency at higher TºC (Figure 3.6). As expected, calcite and 

aragonite saturation states followed the pH variation pattern (Table 3.3). However, despite 

the acidification of the exposure media, undersaturation (Ω<1) was never registered 

regarding both calcite and aragonite. Although total alkalinity was not quantified, the 

commercial salt mixture used (Red Sea Salt) is known to provide elevated alkalinity (see the 

manufacturer description of the product; Red Sea, 2019). Also, this mixture is optimized to 

maintain calcifying organisms in closed systems, reason why high DIC and both bicarbonate 

Table 3.4 - Mean carbonate system parameters determined in samples taken at T1, T4, and every two weeks from T8 until 
T55 (in two replicates per treatment). The treatment column refers to target temperature (Ttarget) and pH (pHtarget) levels 
following IPCC (2013) projections as explained in the Material and Methods section. The partial pressure of CO2 (pCO2), 

the bicarbonate (HCO3
-) and carbonate (CO3

2-) ion concentrations, and the saturation states of calcite (ΩCa) and aragonite 
(ΩAr) were derived from probe measurements of salinity (SAL), temperature (TºC) and pH, and from total dissolved 
inorganic carbon (DIC) quantified by acidification, gas stripping and infrared detection in a Carbon analyser. Values for 
all carbonate species were estimated by the Microsoft Exel macro CO2Sys from Ttarget levels as output parameter. 
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and carbonate ions concentrations in the exposure medium were evident (Table 3.3), 

avoiding carbonate undersaturation even in the most acidic conditions (at pH~7.6). 

 Even so, saturation was reduced in our acidified scenarios, and very close to 1 

regarding aragonite in the most acidic ones (of pHtarget 7.6). In this sense, our experimental 

treatments can be used as proxies of the environmental conditions expected under some of 

the OA-W scenarios projected for the near and long-term future. 

 

3.3.2 Mortality 

Figure 3.7 shows the cumulative mortality of V. corrugata early life stages per experimental 

treatment, throughout the 2 months’ exposure. Significant differences between treatments 

were only found at T28. At T28, TºC (Pseudo-F=5.1061, p=0.0182) and pH (Pseudo-

F=5.6073, p=0.0131) were proved to significantly affect mortality, although no significant 

interaction between the stressors was found. Control TºC (18ºC) revealed significantly 

higher mortality than both warmer treatments: 20ºC (t-test=2.8649, p=0.0152) and 22ºC (t-

test=2.5943, p=0.0253) while higher acidity (pHtarget 7.6) revealed lower mortality than the 

specimens reared under the other two conditions: pHtarget 8.1 (t-test=2.6652, p=0.0222) and 

7.8 (t-test=2.6692, p=0.0227).  

 

Figure 3.7 - V. corrugata cumulative mortality calculated from survival determined throughout the exposure to 9 OA-W 
scenarios at T3, 7, 10, 14, 18, 22, 28, 43, 49 and 56. Solid, dotted and dashed lines correspond to pHtarget levels (8.1, 7.8 

and 7.6, respectively) and different colours, from light to intermediate to dark grey indicate the increasing TºC tested (18, 
20 and 22ºC, respectively). Treatments are labelled on the right side of the graph. 
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Based on these results, V. corrugata early life stages seem to be resilient to the OA-

W scenarios tested. The high mortality registered until settlement (>95%) was expected as 

reported by other authors (Cerviño-Otero, 2011; Joaquim et al., 2016), and also due to the 

species reproductive strategy of emitting large number of gametes originating high numbers 

of larvae that suffer high mortality in the water column (Thorson, 1950). Moreover, the 

frequent larvae handling to change the exposure medium and clean the small experimental 

containers (1.65L) might have caused higher losses than in hatchery (Cerviño-Otero, 2011).  

Regarding the absence of significant effects of the stressors under study during the 

larval phase (before T28), it is not completely unreasonable to assume some error associated 

with sampling implying high variability within replicates: at first because estimates were 

needed, despite their associated error, but also since the resuspension of postlarvae (after 

settlement was first recorded at T10; see below) yielded higher variance within groups that 

might have masked some of the effects of the experimental treatments. Then, as complete 

settlement was recorded at T28 and the density was normalised among treatments, the 

variance was reduced, as no estimates were necessary (all animals were counted and the 

determined mortality was, so to say, “real”). 

Nevertheless, significant effects of TºC and pH, individually, were proved at T28. 

This species revealed to be resilient to warming, at least under the tested temperatures. This 

was somehow expected since other authors have reported remarkable resistance of this 

species' juveniles to higher TºC. Although not completely comparable, as older/larger 

individuals were used rather than newly settled postlarvae, Santos (2018) has exposed V. 

corrugata juveniles to different TºC (from 16 to 28ºC) and mortality was only significantly 

increased under the warmest; the author has also registered about 90% survival among the 

other TºC tested, showing that in a 4ºC-range (16-20ºC) the individuals resist to temperature 

fluctuations. The most surprising was that, in this work, mortality was significantly higher 

at 18ºC than under the warmer conditions tested (20 and 22ºC), suggesting that warming, in 

fact, favours survival. Thus, it seems that all the TºC values tested here are within the species 

thermal range but that 20 and 22ºC should be the optimal conditions for V. corrugata in early 

life. It is also important to stress that both estuarine and sedentary organisms, such as our 

model, have naturally higher adaptability to environmental fluctuations due to the constant 

exposure to variable conditions, namely regarding salinity, temperature, pH and tide 

(Kroeker et al., 2013). Thus, a certain adaptation to variable thermal conditions can expand 
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the optimal thermal range, enhancing thermal tolerance (Sokolova et al., 2012). Also, as 

mentioned above in Introduction , when organisms are exposed to moderate stress, energy 

is allocated to survival instead of being used to perform other functions (Pörtner, 2012). 

These two last explanations are also valid to justify a significantly higher percentage of 

survivors under our most acidified treatment (pH 7.6) shown at T28. Following Cunha et al. 

(2005) pH values at Ria de Aveiro’s water could range between 7.6 and 8.5 and in sediment 

it could reach even lower values (6.6-6.9). As V. corrugata broodstock were obtained at Ria 

de Aveiro it is likely that they were adapted to pH variations. Thomsen et al. (2017) 

compared two populations of Mytilus edulis (Linnaeus, 1758) – one that habit in a CO2-

enriched habitat and the other in an nonenriched habitat - and they have documented that 

larvae from CO2-enriched habitat as successfully settled and presented higher fitness under 

acidified conditions, than the larvae originate from the nonenriched population. Another 

study performed by Baria et al. (2015) hypothesises that parents that have been exposed or 

acclimatized to OW could transfer to offspring this adaptation (e.g. cellular protective 

mechanism and high amount of heat shock proteins (HSP)).  Moreover, taking into account 

the results reported by other authors (O’Brien et al., 2016; Kandler et al., 2018) we can also 

speculate that changes in the microbiome might have been the source of the increased 

survival registered under lower pH. Even possible, this hypothesis requires confirmation by 

further studies. 

 

3.3.3 Malformations 

The occurrence of shells’ malformations was periodically assessed throughout the 

experiment. A sample of the deformities detected are shown in Figure 3.8. The percentage 

of malformation was highly variable among exposure times and no significant differences 

between treatments at each timepoint and among timepoints were revealed (p>0.05). The 

maximum value of 25% was detected only once (T7) and in a single treatment (18ºC_pH 

7.8). Thus, malformations were apparently random, not caused by the experimental 

conditions but rather by natural causes or due to the specimens handling. Even so, some of 

the deformities showed in Figure 3.8 have already been reported as being caused by exposure 

to OA scenarios (Kurihara, 2008; Byrne and Przeslawski, 2013; Guo et al., 2015). Thus, 

although no significant differences between treatments were obtained, a slightly lower 

average percentage of malformation (~3%) was registered under control pH (among all 
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temperatures and during the entire experiment) when compared to that registered under the 

highest acidic treatment (~6% at pHtarget 7.6). 

 

3.3.4 Larval culture performance 

The assessment of the larval culture performance was carried out by following the veligers’ 

development and growth until complete settlement was recorded at T28 (i.e., from T0 to T28 

at T3, T7, T10, T14, T18 and T22). Until T28, the development was exclusively driven by 

TºC being confirmed a significant acceleration after 14 and 18 days exposure (T14: Pseudo-

F=13.755, p=0.0003 and T18, Pseudo-F=8.1121, p=0.0016). As pH did not reveal a 

significant effect on development, Figure 3.9 presents the results on our classification per 

TºC and timepoint.  

Significant differences were found between the development registered at 22ºC and 

the two lower levels tested at both T14 (18 vs 22ºC: t-test=6.7313, p=0.0001; 20 vs 22ºC: t-

test=2.7551, p=0.0175) and T18 (18 vs 22ºC: t-test: 6.536, p=0.0001; 20 vs 22ºC: t-

test=2.7304, p=0.0104). It is widely recognized that TºC has a major influence on 

development: warmer temperatures seem to accelerate the transition between stages 

resulting in earlier settlement (Byrne, 2011), exactly what happened in the present study. At 

T14, ~30% of postlarvae were recorded at 22ºC while at 18 and 20ºC only ~2% and ~13% 

were registered, respectively. As postlarvae corresponds to the development stage 

immediately after larval metamorphosis, it indicates that the development was indeed 

significantly accelerated at 22ºC. The same scenario was apparent at T18, with 80% of 

postlarvae at 22ºC, whereas at 18 and 20ºC approximately 60% of larvae had not yet 

undergone metamorphosis (i.e., were umbonates and pediveligers). Hence, the warmest 

temperature tested (22ºC) seems to favour development, being within the thermal tolerance 

Figure 3.8 - V. corrugata shell malformations observed along the exposure to 9 OA-W experimental scenarios. A -convex 
hinge (at T3), B -disproportional height due to triangular form(at T7), C –rounded shell with no marked umbo (at T18), D 
–disproportional length due to lateral elongation (at T43) and E –ventral deformation (at T49). 
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range of the species V. corrugata, otherwise the effects would have caused metabolic 

depression (Pörtner, 2008) compromising the development. 

 

 In face of these results, the shell length (SL) was measured in specimens collected at 

T0 and T14 in order to (1) calculate growth rates per treatment during the early planktonic 

life, and (2) define if and how the environmental stressors under study –pH and TºC– affect 

this species’ growth. Results on the SL and growth rates are compiled in (Figure 3.10). 

A significant effect of the interaction between pH and TºC on the SL at T14 was 

proved (Pseudo-F=5.6481, p=0.0031). At pH control (8.1), specimens reared at 22ºC grew 

significantly more (18 vs 22ºC: t-test=0.1036, p(MC)=0.0118; 20 vs 22ºC: t-test=0.1007, 

p(MC)=0.004) while at pH 7.8 significant differences between 20 and 22º C were detected 

(t-test=0.1024, p(MC)=0.0487). Also, significant differences in the SL of specimens reared 

in different pH treatments at 22º were found, evidencing higher SL at pH control (8.1 vs 7.8: 

t-test=3.4475, p(MC)=0.028; 8.1 vs 7.6: t-test=3.1773, p(MC)=0.038) as shown in Figure 

3.10). This is in accordance with the growth rates calculated that are highest at pH control 

(8.1) at the warmest TºC tested (22ºC): 16.6 m day-1 between T0 and T14. The growth input 

Figure 3.9 - V. corrugata development until complete settlement was recorded at T28 by timepoint and per temperature, 
categorized into the four stage classification by Cervino-Otero (2011): D-larva, Umbonate, Pediveliger and Postlarva. ** 
p<0.01, ***p<0.001. 
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caused by temperature is possibly due to an increase in metabolism that consequently, 

increase filtration rate and absorption (Sokolova, 2013). However, this would only be 

possible if the temperature increase was within the thermal tolerance range of the species 

(Pörtner, 2008) and if food was available in in the required amount (Zippay and Helmuth, 

2012). Based on studies developed by Peng et al. (2016) and Lazo and Pita (2012) both 

Crassostrea iredalei (Faustino, 1932) and Mytilus galloprovincialis (Lamarck, 1819) larvae, 

respectively, showed higher growth rates when exposed to warmer conditions (within the 

favour to the species). The negative effect of OA on bivalves’ growth could be caused by a 

metabolic depression that affects acid-base balance calling for a higher energy demand to 

restore the normal condition (Pörtner, 2008). In line with the results presented here, 

Crassostrea gigas (Thunderg, 1793) larvae also reveal lower growth rates under acidified 

conditions (Barros et al., 2013). However, it is also evident in this work that the proved 

significant interaction between TºC and pH on SL correspond to antagonistic effects of these 

stressors on V. corrugata growth (since, for instance, the growth rate of specimens reared 

under pH 7.6 at 22º was higher than the one at under the same pH at 18º). In this sense, it 

Figure 3.10 - V. corrugata mean shell length (SL) evolution from T0 to T14. Solid, dotted and dashed lines correspond to 
pH target levels (8.1, 7.8 and 7.6, respectively) and different colours, from light to intermediate to dark grey indicate the 
increasing TºC tested (18, 20 and 22ºC, respectively). Treatments are labelled on the right side of the graph, next to the 
correspondent line. The insert (table) on the upper left corner compiles the number of animals measured (N measured) per 
treatment and timepoint, and the growth rate (expressed in µm day-1) during the first two weeks of exposure. 
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seems obvious that here, similarly to what was described by other authors (Byrne and 

Przeslawski, 2013), warming counteracts the negative effects of acidification, reducing it. 

 

3.3.5 Settlement and post-settlement culture 

The first postlarvae were recorded at T10 for TºC ≥20ºC, in a very low percentage (less than 

~1%). The pH was proved to have no significant effect (p>0.05) on the number of postlarvae 

registered per treatment at any timepoint until complete settlement was recorded at T28. As 

so, Figure 3.11 presents the percentage of settled animals from T10 to T28 only by TºC. By 

a simple observation of the plot, it seems clear that warmer treatments induced an 

earlier/faster settlement, as expected since the development throughout the larval culture (see 

above) was also increased at higher TºC. 

Statistically, a significant effect of TºC on settlement was proved at T14 and T18 

(T14: Pseudo-F=13.858, p=0.0006; T18, Pseudo-F=9.9636, p=0.0021). Although, while the 

percentage of settled animals was significantly different among all TºC at T14 (18 vs 20ºC: 

t-test=2.4663, p=0.03; 18 vs 22ºC: t-test=6.5313, p=0.0001; 20 vs 22ºC: t-test=2.4241, 

p=0.0342), the differences at T18 were only registered between the warmest and the other 

two levels (18 vs 22ºC: t-test=7.058, p=0.0003; 20 vs 22ºC: t-test=2.95, p=0.0142), 

indicating that settlement was only significantly increased under 22ºC at this timepoint. Once 

more, these results corroborate not only our data on the larval development, but also the data 

in the literature, since marine 

benthic calcifiers (such as 

bivalves) under warming, as 

long as within their thermal 

window, are known to settle 

sooner than those at lower 

temperatures (Pörtner, 2008; 

Byrne, 2011). Examples of this 

were reported in C. gigas larvae 

by Kheder et al. (2010) but also 

on larval stages of Limnoperna 

fortune (Dunker, 1857) by 

Figure 3.11 - V. corrugata settlement registered throughout the exposure to 
9 OA-W scenarios. As no significant effects of pH were registered, the 
percentage of settled individuals is presented by temperature (18, 20 and 

22ºC) from the first time it was registered, at T10, to the complete settlement 
recorded at T28. 
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Cataldo et al. (2005) – in which the metamorphosis phase that precedes settlement, have 

occurred earlier in larvae exposed to higher temperatures. 

 The SL of V. corrugata juveniles was measured at T28 –timepoint at which 100% 

settlement was recorded in all treatments and so only postlarvae were recorded– and at the 

end of the experiment, at T56. Its evolution between both timepoints and the growth rates 

calculated per treatment in that period are compiled in Figure 3.12. 

 

After 28 days of exposure, both the TºC (Pseudo-F=54.324, p=0.0001) and the pH 

(Pseudo-F=11.497, p=0.0012) were proved to have significant effects on the SL, but no 

significant interaction between both stressors was found. The SL of the specimens reared at 

all TºC levels was significantly different from each other (18 vs 20ºC: t-test=4.6396, 

p=0.0003; 18 vs 22ºC: t-test=13.212, p=0.0002; 20 vs 22ºC: t-test=4.911, p=0.0008) and the 

most acidic treatment (pHtarget 7.6) was significantly different from the other two (8.1 vs 7.6: 

t-test=4.4715, p=0.0013, 7.8 vs 7.6: t-test=4.6789, p=0.0008).  

Figure 3.12 - V. corrugata mean shell length (SL) evolution between complete settlement (at T28) and after 56 (T56) days 
of exposure. Solid, dotted and dashed lines correspond to pH target levels (8.1, 7.8 and 7.6, respectively) and different 
colours, from light to intermediate to dark grey indicate the increasing TºC tested (18, 20 and 22ºC, respectively). 
Treatments are labelled on the right side of the graph, next to the correspondent line. The insert (table) on the upper left 
corner compiles the number of animals measured (N measured) per treatment and timepoint, and the growth rate (expressed 
in µm day-1) during the last four weeks of exposure. 
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These results follow the pattern exhibited by the larval growth described above 

regarding the fact that warming was proved to favour clams’ size while acidification had the 

opposite, antagonistic effect. However, in this early benthic life, these stressors act 

separately and not interactively, exactly as reported by Navarro et al. (2016) for juvenile 

mussels exposed to comparable levels of warming (within the range of thermal tolerance) 

and acidification. As shown by those authors for Mytilus chilensis (Hupé, 1854), the positive 

effect of TºC on V. corrugata early juvenile growth could also be related to a potential energy 

gain (for instance, from the increased rates of processes like feeding, visibly increased under 

warming; see Table 3.2), energy that was possibly allocated for growth. In turn, the lower 

pH (at levels inducing moderate stress) might have reduced the energy allocated for growth 

by redirecting it to vital functions, as survival, instead of secondary issues such as growth 

(Pörtner, 2012). Thus, under most acidic treatments (pHtarget 7.6), V. corrugata juveniles 

might have allocated a considerable part of the energy budget to basal functions, 

compromising growth. Even though, the antagonistic effect of the stressors under study, in 

this species, after settlement, at T28, is translated into a negative pressure of acidification 

masked by a positive pressure of TºC at 22ºC. 

The positive effect of warming was also verified at the end of the exposure at T56: 

TºC was proved to affect significantly juveniles’ size (Pseudo-F=9.717, p=0.0366) and the 

growth rates calculated per treatment for the benthic period (see the insert in Figure 3.12) 

were similar under warming (20 and 22ºC) and lower at control 18ºC. However, differently 

to the registered at T28 and even being close to the significance (p=0.0524), pH did not have 

a significant effect on SL after 2 months of exposure. Accordingly, the growth rates 

calculated for that period reveal variable results between different pH levels tested. This can 

be a sign that, as referred before to explain this species survival under lower pH, V. corrugata 

is possibly adapted to environmental fluctuations of pH in its benthic life, due to the constant 

exposure to variable conditions (of pH but also salinity, temperature, tide, etc) in its estuarine 

habitat (Ria de Aveiro -NW Portugal; see Cunha et al. 2005) in which the range of pH that 

the specimens should be prepared to face are within the range tested in our experiment. 

 



 

99 

3.4 Conclusion 

Ocean acidification (OA) and Warming (W) are unequivocally changing our oceans’ 

dynamic and, thus, marine life. However, within some limits and under certain conditions, 

some species might be resilient to OA-W projected scenarios as shown in the current work. 

V. corrugata survival and growth were proved to be significantly affected by either 

warming and acidification, separately or interactively, at different phases of the specimens’ 

early development. Even so, both the planktonic and benthic early life stages seem to be 

significantly favored by the concomitant OA-W, with additive positive effects of both 

stressors involved (TºC and pH) on larval survival, and antagonistic effects on larvae and 

juvenile growth, with the higher temperature mitigating the negative effects of lower pH. 

The ontogenic development was proved to be accelerated by warming and a significant 

reduction of the most fragile, planktonic life period, by premature settlement at higher 

temperature was evident. Furthermore, shell malformation was not significantly different 

between and within treatments in the first two months of life under OA-W projected 

scenarios. 

Despite being promising results, pointing towards the species resilience under the 

tested scenarios, increased survival and growth under such conditions are dependent on its 

occurrence within the range of the species tolerance and with higher food intake under 

warming, requisites that might limit such a response in some regions, both in the wild and 

in productive environments (hatcheries and nurseries). The same being applied to 

acidification, since only carbonate saturation was tested here. 

Nevertheless, this chapter documents the response of V. corrugata early life stages 

under several possible future scenarios of OA-W, showing their better performance under 

the levels projected for the end of the century at the species geographical range. These results 

are not only important as indicative of the resilience of the species to the environmental TºC 

and pH levels it is expected to face in its natural habitat; it is also very relevant to the 

aquaculture industry once, contrarily to other shellfish species proved to be severely affected 

by future OA-W, V. corrugata high productive potential under the tested conditions suggests 

that the species is a potential profitable resource to invest. 
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On a global scale, human-induced climate change is altering the composition, diversity and 

several services provided by marine ecosystems. Ocean acidification (OA) and warming (W) 

are two of the most important climate change-related consequences, altering the physical 

and the chemical properties of seawater, with particular effects on marine shelled organisms 

such as the gastropods and the bivalves. In fact, OA-W are now recognized as a joint massive 

disturbance on marine ecosystems, impacting marine biodiversity with difficult, or even with 

no, return. 

 

The urgency in understanding the nature and the extent of such impacts was the 

motivation for this dissertation. Here were tested the effects of the combined occurrence of 

OA-W in two species of marine shelled molluscs: the gastropod, Tritia reticulata, a well-

known bioindicator of environmental quality and, as a scavenger, a species of high 

ecological importance in coastal ecosystems; and the bivalve, Venerupis corrugata, a food 

resource with high market value, and a filter-feeder, thus providing economically and 

ecologically valuable ecosystem services. 

 

In T. reticulata (Chapter 2) the environmental stressors involved –temperature and 

pH– were proved to have dramatic effects, particularly in the early planktonic life, lessening 

considerably the chances of larvae to survive in nature. Severe mortalities, reduced growth, 

shells’ dissolution and loss are amongst the deleterious effects of even short-term exposure 

of the species’ early life stages to some of the OA-W scenarios tested, showing its 

vulnerability under expected environmental conditions. Contrarily, V. corrugata (Chapter 3) 

was proved to be resilient to the same stressors, under the conditions tested. Even 

acknowledging that experimental scenarios applied were not exactly the same, and so no 

direct comparisons between the results obtained in the different species are correct, higher 

survival of V. corrugata larvae under warm and acidic conditions was real, and the 

development was clearly favored by the temperature increase even under a significant 

antagonistic effect of the pH reduction on growth. 

 

 The results here presented report, to my best knowledge and for the first time to 

science, the impacts of future OA-W on these species development, growth and survival. 

Moreover, the data in this thesis are original and contribute to better understand the effects 



110 

of human-induced climate change on coastal and marine ecosystems, of which many shelled 

molluscs are part. 

 

Future work should consider that, in nature, organisms are exposed to many more 

environmental stressors than pH and temperature. In this sense, it is of upmost importance 

to consider other stressors (e.g., salinity, dissolved oxygen, nutrients) in factorial 

experimental designs, bringing research closer to the complexity of the environmental reality 

in which these animals live. Acclimatization is also a relevant topic to take into account, 

since organisms can adapt to the expected environmental conditions faster than it becomes 

effective, never forgetting that adaptation is dependent on a series of species-specific factors 

such as the genetic background. Therefore, it is necessary to study carefully selected species 

so that the conclusions drawn can clarify what will happen in the future for a larger number 

of species and ecosystems. 


