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Abstract 

            limate changes effects include ocean acidification and, possibly, the alteration of 

frequency and magnitude of climate events, such as El Niño. All environmental global 

changes are supposed to be a major threat to ecosystem, both terrestrial and marine. 

despite the amazing bulk of literature on these last, few efforts have been devoted to 

polar regions, which are actually likely to be the most fragile environments on the Earth. 

In this work we want to elucidate the response, to environmental modifications, of three 

Antarctic benthic macroinvertebrates: the scallop Adamussium colbecki, the sea urchin 

Sterechinus neumayeri and the sea star Odontaster validus, inhabiting the littoral area 

of Terra Nova Bay (Ross Sea, Victoria Land). Using long term series, we investigated 

potential correlation between A. colbecki recruitment and environmental variables (sea 

ice cover duration and El Niño events), reporting that A. colbecki recruitment is not 

affected by these variables. We also performed a manipulative experiment in the Mario 

Zucchelli Station to understand the effects of three pH levels (8.16, 7.8 and 7.6) on the 

three species, investigating the response of hard tissues and of the reproductive 

system. Results show that S. neumayeri spines are affected by low pH only at 

nanoscale and only in hardness property, while the shell of A. colbecki is not altered at 

all. As far as reproductive system, we found a significant effect in the gonado-somatic 

index and on stage development of A. colbecki, in addition to some damages in the 

gonad tissue, although not statistically significant. S. neumayeri shows the same disrupt 

tissue all over ovary and testes, although differences from the control are not statistically 

significant. Conversely, O. validus does not show any effect of low pH exposure at all. 

Further investigations are necessary to understand the energy costs of maintenance of 

the polar organisms and its potential consequence on individual life history and, thus, 

populations dynamic. 
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          limate change is a reality, regardless of whether it is driven by anthropogenic 

pressures or by cyclic natural processes. Decades ago, authors already claimed for the 

negative effects of green houses gases (water vapor, carbon dioxide, and ozone) on 

Earth’s climate (e.g. Mitchell 1989). Actually, these gases are the main reason why the 

Earth became a habitable planet, but, since industrialization, human activities have 

resulted in steadily increasing concentrations of the greenhouse molecules (carbon 

dioxide, methane, nitrous oxide, ozone-depleting substances such as 

hydrofluorocarbons, sulphur hexafluoride and perfluorocarbons) in the atmosphere, 

leading to an increase in the radiative heating of the Earth troposphere and, as a 

consequence, to the Earth surface warming. Anthropogenic emissions come from 

combustible burning, land use changes, deforestation and emissions associated with the 

consumption of goods and services. Carbon dixoide alone contributes roughly two-thirds 

to the "enhanced greenhouse effect' and past records suggest that the Earth has 

warmed by 0.5°C and the global sea level has increased by 15 cm since the beginning 

of this century (Jain 1993). Direct consequences are changes in water vapor (and, as a 

consequence, in precipitations), decrease in seasonal and perennial snow, ice and sea-

ice and changes in clouds cover (Karl and Trenberth 2003). Clouds feedback remains 

the greatest source of uncertainty in the predictive models of global mean warming 

(Caldeira et al. 2003). Another source of uncertainty are the complicate and not linear 

processes between atmosphere and oceans, whose large thermal inertia slows down 

the rate of warming with consequences on ocean surface temperature. Quite well 

assessed are the cascading effects already evident in agricultural patterns, 

precipitations, water resources, rise in sea level, inundations of coastal areas and 

occurrence of more frequent and intense extreme events such as droughts and 

hurricanes. 

  Some non-CO2 greenhouse gases have much shorter lifetimes than CO2 and 

this is one of the reason most climate change research focuses on this gas. CO2 

emissions from fossil-fuel burning and industrial processes have been accelerating at a 

global scale. The emissions growth rate since 2000 was greater than for the most fossil-

fuel intensive emissions scenario developed in the late 1990s by the Intergovernmental 

Panel on Climate Change (Raupach et al. 2007). The huge bulk of evidences of climate 
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change ecological impacts spreads from polar terrestrial to tropical marine environments 

and from species to community level. 

 Oceans cover more than two-thirds of the planet and they are a global reservoir 

and redistribution agent for several important constituents of the Earth’s climate system, 

among them heat, fresh water and carbon dioxide (Curry et al. 2003). The waters move 

in a global circulation system, driven by subtle density differences and transporting huge 

amounts of heat. Anything that changes in the atmosphere is going to be, sooner or 

later, transferred to the upper oceans layers because of the fluxes that take place at the 

air-water interface in which energy and matter (heat and gases) are exchanged. 

Ramanathan (1981) clarified the role of ocean-atmosphere interactions in determining 

the surface waters warming to an increase pCO2. The primary contribution is from the 

enhanced tropospheric infrared emission, which is due to the increased water 

evaporation from the warmer oceans (warmer because of the CO2 rich atmosphere). 

Great differences are present among regional ocean areas and may be the cause of 

difference patterns in future climate change pattern. For instance, warming has been 

larger in the Western Equatorial Pacific than in the Eastern Equatorial Pacific over the 

past century, and Hansen et al. (2006) suggest that the increased West–East 

temperature gradient may have increased the likelihood of strong El Niños, such as 

those of 1982-83 and 1997-98.  

 In this global change scenario, an important role is played by climatic large-scale 

oscillations, such as the North Atlantic Oscillation (NAO), the Pacific Decadal Oscillation 

(PDO) and El Niño phenomenon. They act like an additional force that drives, and is, in 

turn, driven by climate variability at a scale that spans from large to local. For instance, 

Hoerling et al. (2001) provided evidences that North Atlantic climate change since 1950 

is linked to a progressive warming of tropical sea surface temperatures which forced a 

commensurate trend toward one extreme phase of the NAO during the past half-

century. Several other large-scale climate patterns exist, but, in present-day climate, the 

strongest mode of natural climate variability is the El Niño Southern Oscillation (ENSO), 

a naturally occurring fluctuation that originates in the tropical Pacific region. Whereas 

the NAO represents the dominant climate pattern in the North Atlantic region, the ENSO 

affects weather and climate variability worldwide. ENSO is a coupled ocean–
atmosphere mode centered on the tropical Pacific, with a variable period of 3–7 years. 

This periodic event impacts ecosystems, agriculture, freshwater supplies, hurricanes 

and other severe weather events that occur worldwide because of its effect on the 

global atmospheric circulation. Any assessment of future climate change requires 

knowledge of the full range of natural variability in the ENSO phenomenon (Cobb et al. 

2003). Thise index is also expected to undergo changes due to greenhouse gases 

increase. Gergis and Fowler (2009) reconstructed past climate to provide a historical 
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context for evaluating the nature of 20th century climate change. Their results suggest 

that ENSO may operate differently under pre-industrial and anthropogenic background 

states and suggest priority researches on how ENSO will operate under global warming. 

Despite considerable progress in our understanding of the impact of climate change on 

many of the processes that contribute to El Niño variability, it is not yet possible to draw 

a clear conclusion, mostly because of the complexity of the factors involved, such as the 

strongly regional structure of surface-temperature variations that afflict any search for a 

greenhouse effect and global warming (Trenberth 1990), the feedback processes, the 

wide range of responses of different atmosphere–ocean global circulation models and 

difficulties with model simulation of the present day ENSO (Collins et al. 2005). 

 Large-scale climatic indices are often used to link climate and population 

dynamics. Climate affects ecological processes through local weather parameters such 

as temperature, wind, rain, snow, and ocean currents, as well as interactions among 

these. Paradoxically, these large-scale indices seem to be better predictors of ecological 

processes than local climate. Large scale climate patterns better succeed in capturing 

the complex associations between ecological and weather processes that span several 

months and, consequently, can outperform local climatic factors (Hallett et al. 2004). 

The application of climate indices by definition reduces complex space and time 

variability into simple measures, ‘packages of weather’ (Stenseth et al. 2003). Recently, 

there have been several studies on the impact of large-scale climatic forcing on 

ecological systems. The main advantages of using global climate indices are: (1) 

biological effects may be related more strongly to global indices than to any single local 

climate variable, (2) it helps to avoid problems of model selection, (3)  it opens the 

possibility for ecologists to make predictions and (4) data are typically readily available 

on Internet. The disadvantages are all related to the emerging complexity in linking 

large-scale climate with local ecological dynamic, because: (1) spatial variation, (2) 

seasonality, (3) non-stationarity, (4) nonlinearity and (5) lack of correlation in the 

relationship between global and local climate (Stenseth et al. 2003).  

 CO2 does not bring along only ocean warming as its consequence. In fact, 

despite ocean warming has always been considered a major threat for the marine 

ecosystem, the last two decades have seen a new climate change topic coming to the 

fore: the ocean acidification. The ocean is a significant sink for anthropogenic carbon 

dioxide, taking up to about a third of our emissions (Sabine  et al. 2004). The ocean 

surface waters are a big buffer, thanks to their carbonate system chemistry, composed 

by the carbon species: CO2, HCO3- and CO32-. Thanks to this buffer, oceans contain 

about 65 times more carbon than the pre-industrial atmosphere. But the ocean capacity 

also depends on the rate at which the inorganic carbon is transported downward to the 

oceans depth. While the ocean surface-atmosphere equilibrium is reached in about one 
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year, the equilibrium between ocean surface and depth takes about 1,000 years 

(Siegenthaler and Sarmiento 1993) and that’s why ocean surface water account for 

such a larger amount of pCO2 with respect the pre-industrial time, a fact that has lead to 

a lowering of their pH, the phenomenon called ocean acidification (OA). The biological 

fluxes are usually not included in carbon-cycles models designed to study 

anthropogenic perturbations, because biological productivity is mostly controlled by 

macronutrient (e.g. nitrogen or phosphorous), micronutrients (e.g. iron) and light, but not 

by CO2 concentration. That is, CO2 is not a limiting factor, so the biological fluxes do 

not sequester anthropogenic CO2. Indeed, in an unperturbed stationary state, the 

biogenic flux downward is totally compensated by an equal upward transport of 

dissolved inorganic carbon by water motion (except for a negligible fraction that sinks 

into the sediment, but can always be removed by chemical processes). In marine 

ecosystems, rising atmospheric CO2 and consequent OA potentially account for a wide 

range of biological effects. Population-level shifts are occurring because of physiological 

intolerance to new pH, together with local climate-driven invasion and extinction, with 

possible structural changes of the ecosystems. Impacts are particularly striking for the 

poles, because of the sensitivity of polar ecosystems to sea-ice retreat and poleward 

species migrations (Doney et al. 2012). Changes in oceans chemistry may be more 

important than changes in temperature for the performance and survival of many 

organisms. Ocean circulation, which drives larval transport, will also change, with 

important consequences for population dynamics (Harley et al. 2006). 

 Climate change can impact the pattern of marine biodiversity through changes in 

species’ distributions, but the patterns are far to be elucidated. Cheung et al. (2009) 

investigated the fate of 1066 exploited marine fish and invertebrates for 2050 using a 

newly developed dynamic bioclimate envelope model and show that climate change 

may lead to numerous local extinction in the sub-polar regions, the tropics and semi-

enclosed seas. Stressed marine environments are easily colonized by alien species, the 

lesser known aspect of global change, threatening biodiversity (Occhipinti-Ambrogi and 

Savini 2003). Species invasion is projected to be most intense in the Arctic and in the 

Southern Ocean, causing a dramatic species turnover of over 60% of the present 

biodiversity, implying ecological disturbances that potentially disrupt ecosystem 

services. 

 It is now clear that climate change will have different effects on different regions 

and, most of all, on different species. That’s why researches shouldn’t focus on specific 

taxa, but, rather, consider different species with different roles in ecosystem functioning. 

Nowadays, the most studied coastal and open ocean areas are located in the temperate 

regions. This is quite obvious according to the feasibility of the research in the field and 

of the associated logistic requirements. Moreover, temperate species are often target of 
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economical interests, such as fishing and aquaculture. Much less works come from 

polar regions, despite their fragility and importance in terms of biodiversity. In this thesis, 

we focused on the High Antarctic environment, because its particular sensitivity to 

climate change and because its narrow range of abiotic variables. High Antarctic 

endemic species have developed since the isolation of the continent by the Antarctic 

Circumpolar Current, about 24 million years ago (Lawver et al. 2003), so that they 

evolved special adaptations for this particular isolated ecosystem. Moreover, polar 

species are slow-growing and long-living because of their low metabolism. It is exactly 

because of this low metabolism that a negligible adaptation is expected by these 

species (Peck 202; Peck et al. 2010). 

  There are basically two ways to study the effect of environmental change on 

organisms: 1) the study of long time series and 2) manipulative experiments. Both of 

them account for advantages and disadvantages. The first method is not always 

possible: long term series in the marine system are often rare and, when available, 

there is no guaranty that data is collected in a standardized way. This is even more true 

for Antarctic environments where conditions are often harsh and logistic constrains are 

the main limiting factor. But it is also often a matter of scarcity of long term funded 

programs. Manipulative experiments are much more easy as they involve less effort in 

terms of time, logistics and costs, but they usually don’t account for an exposure time 

sufficient to allow adaptation and don’t include periodical variability in the real 

ecosystem, since they are run in controlled conditions. This problem is even higher 

when the considered species are slow-growing and long-lived with physiological 

adaptation time that can be longer than one year (the common reproductive cycle 

duration), such as polar organisms. 

  In this work, we investigated the effects of climate change on three Antarctic 

benthic macroinvertebrates that are key species in the littoral system of Terra Nova Bay 

(Ross sea): the scallop Adamussium colbecki, the sea urchin Sterechinus neumayeri 

and the sea star Odontaster validus. We used both long term series and manipulative 

experiments in order to understand if and how these species will be affected by climate 

change. In the first chapter, we assessed the reproductive cycle of A. colbecki at Terra 

Nova Bay, providing new insights in its reproductive traits and seeking for potential 

correlations between recruitment, sea ice cover duration and ENSO, using long term 

series. In the second and third chapter, we investigated how the mechanical properties 

of S. neumayeri skeletal parts and of the A. colbecki shell may be altered by exposure 

to three seawater pH levels: control conditions (8.16), 7.8 and 7.6. In the last chapter, 

we analyze the potential presence of damages in the reproductive tissues of the three 

species in respect to the three different pH level used in the experiment. We will discuss 

about potential alteration, due to low pH, on reproductive system of A. colbecki,                                 

 



8 

S. neumayeri and O. validus, providing new investigative topics to understand the effect 

of OA on individual life-history. In Fig. 1 (below) we report the  sites where all the 

samples we worked with in this thesis have been collected: Tethys Bay and Road Bay, 

two areas close to Mario Zucchelli Station. 

  Our work improve the knowledge of the three Antarctic species and how they will 

probably cope with global change, still highlighting the needed of new research, 

particularly investigating the costs of maintenance of physiological adaptive 

mechanisms, in order to better understand the potential consequence on individual life 

history and population dynamic of polar invertebrates. 

  

 

Fig. 1. Tethys Bay (TB) and Road Bay (RB), the two sites close to Mario Zucchelli 

Station, where we collected all the samples we worked with for this thesis. of the 

three species we worked with in this work: the scallop Adamussium colbecki, 

Sterechinus neumayeri and Odontaster validus. 

Mario Zucchelli Station 

RB 

TB 
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Abstract

nvironmental changes act in synergy with human impacts to affect the

ecosystems with potential shifts in population dynamics patterns. Long-term

observations are necessary to understand if and to what extent these shifts are

taking place. Unfortunately, long-term studies are not always available, especially

in remote environments, such as polar regions. We present the longest term-

series of population structure of the Antarctic scallop Adamussium colbecki in

Road Bay (Terra Nova Bay, Ross Sea), from 1989-90 to 2014-15. We also elucidate

its reproductive ecology for this area and provide a recruitment success long-term

series that we use to investigate potential correlations with environmental

variables commonly used to understand population dynamics: sea-ice cover

duration (from logistics reports) for local correlation and ENSO index (from NOAA

website) for regional correlation. Our findings provide evidences that the

spawning occurs by mid February and the larvae probably roam in the column for

5 to 6 months. Recruitment does not occur regularly and large inter-annual

differences are observed, without evidence of any link to ENSO index or sea-ice

conditions, suggesting that other factors are triggering the episodic recruitment

success.

E
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Introduction

Knowledge on reproduction and recruitment is fundamental to understanding the

population dynamics and structure of benthic macroinvertebrate species (Stanwell-Smith and

Barnes 1997; Williams andBabcock 2004; Thatje 2012). All the processes that regulate

population dynamics respond to environmental changes and one of these processes commonly

studied by ecologists is recruitment. A high recruitment rate is not always resembled in adult

population abundance because post-settlement processes (species interactions, environmental

stress, predation on spats, etc.) affect the number of recruits. Conversely, low recruitment rate

is a determinant factor in limiting adult abundances (Connell 1985; Gaines and Roughgarden

1985; Minchinton and Scheibling 1991; Menge 2000). The importance of recruitment in

community dynamics and the onset of climate change impacts on ecosystem biodiversity and

functioning lead scientists to the urge of better understanding species reproductive ecology and

how it will affect population and community persistence in the face of the global change (e.g.,

Harley et al. 2006; Parmesan 2006).

A particularly fragile environment whose species interactions and population dynamics

need to be better understood is the High-Antarctic. Despite the logistic constraints that

normally limit the field work in Antarctic researches, many authors keep address key issues to

better understand the reproductive ecology of marine Antarctic species, particularly

invertebrates, whose heterosmotic features makes them particularly sensitive to environmental

changes. A frequently reported reproductive trait of Antarctic invertebrates is the intermittency

recruitment (Berkman et al. 1990; Dayton 1971 and 1989; Dayton et al. 2013 and 2016; Brey et

al. 1995; Clarke 1996; Quetin and Ross 2003; Thatje 2012) that seems to be a consequence of

longevity and low metabolism (Peck et al. 2007; Hoffman et al. 2013; Reed et al. 2014). But

what is triggering the recruitment in one year instead of another? A lot of different factors,

acting on different life stages, are behind recruitment success. From reproduction (success in

gametes encounter, fertilization and embryonic development), through larval development,

settlement, metamorphoses and spats survival, a multitude of abiotic factor act together with

biotic ones (such as food availability and predation on larvae and spats - Stanwell-Smith and

Barnes 1997; Van der Veer et al. 1998; Fraschetti et al. 2003; Kuklinski et al. 2013) in

determining the amount of recruits that will successfully enter the population. Differently from

biological factors, that are very difficult to investigate and to determine, abiotic environmental

parameters can be more easily measured, allowing to seek for potential direct relationships

between environmental drivers and recruitment pattern. These studies may be even more

critical when dealing with highly complex biodiverse communities subject to increasing threats,

such as the Antarctic ones (Williams and Babcock 2004; Thatje 2012).

11
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The Antarctic marine environment has been relatively isolated since the formation of the

Antarctic Circumpolar Current around 24–41 Mya (Hoffman et al. 2011). This has led to the

development of highly adapted species that experience the same ubiquitous conditions of low

temperature, food limitation, strong seasonal variation in sea-ice cover, light and primary

production (Thrush et al. 2006). These environmental factors have contributed to the high level

of endemism and the circumpolar distributions of many key species (Dayton 1994; Arntz et al.

1994). In such a peculiar environment, a question arose in recent years: how will Antarctic

organisms cope with recent climate change (Convey et al. 2009)? Climate change seems to be

even more threatening for invertebrates species, which are heterosmotic and, as so, exposed to

any surrounding environmental variation, and account for slow metabolic activities that, of

course, do not help in physiological adaptation to new conditions (Peck et al. 2002 and 2010).

An important match in the global climate scenario is played by the periodical climate

oscillations that act at large (regional) scale, such as the El Niño Southern Oscillation (ENSO),

the Pacific Decadal Oscillation (PDO), the North Atlantic Oscillation (NAO), etc. Many authors,

by now, deal with large-scale indices in order to evaluate their role in recruitment patterns. The

use of these indexes to explain at least part of the population dynamics has received

contrasting opinions. For instance, Bakun (2010) claims that, since a climate index includes the

measures of large-scale oceans-atmosphere processes in a defined even if huge region, the

generalized findings suffer of inter-correlation among the variables, resulting in a lack of

explanatory power. On the other hand, Hallett et al. (2004) stated that large weather processes,

spanning several months, better capture ecological patterns. The truth seems to be in the

middle: global climate indexes are very useful to simplify relationship, but they lack of the

importance of local climate effects (Stanseth et al. 2003). ENSO is one of the most used indices

used to investigate links between abiotic and biotic processes. Moreover, its frequency is very

high, occurring every 5 to 7 years and it has heavy ecological, economical and social

consequences in all the Southern Hemisphere. Great uncertainties come rise when trying to

understand how El Niño phenomeno will be modified by the increasing greenhouses emissions.

A lot of hypotheses have been made, but none of them clarified a trend of changes for this

climate mode. Conversely, it is definitely evident that ENSO variability changed from pre-

industrial time, since the background pattern are substantial different between pre- and post-

industrial ENSO (Trenberth and Hoar 1996; Timmermann et al. 1999; Diaz et al. 2001; Meehl et

al. 2001; Collins et al. 2005).

Several studies have already investigated the effect of El Niño phenomenon on

invertebrates recruitment (Urban 1994; Arntz et al. 2006; Avendaño et al. 2008; García-

Domínguez 2011) and this connection has also been suggested for Antarctic species (Dayton

1989; Quetin and Ross 2003; Clarke et al. 2007). Indeed, many authors already demonstrated

the strong connection between ENSO and Antarctic ocean and atmosphere circulation (Turner

2004). El Niño has also a direct effect on sea-ice dynamics (Simmonds and Jacka 1995;

12
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Stammerjohn et al. 2008) and, indirectly, it may affect recruitment process of those species

whose early-life history is linked to sea-ice presence (Arrigo and Thomas 2004; Flores et al.

2012a). In fact, sea-ice is an important habitat providing shelter and food for many taxa

(Convey et al. 2014) and hosts larval stages during the winter period (Daly 1990; Fortier et al.

2006). Atkinson et al. (2004) found a positive correlation between krill recruitment and sea-ice

extent in the previous winter.

In order to understand if and to what extent a species recruitment is related to

environmental factors, long term series on population structure are necessary, especially when

dealing with such long-living species with strong interannual variability (Chiantore et al. 2001;

Ahn et al. 2003; Flores et al. 2012b). Long-term series must be long enough to cover the

variability period that characterizes any variable, that is: since El Niño occurs every 5 to 7 years,

in order to detect its potential role behind ecological processes, at least two cycles are

necessary (10 to 14 years). Unfortunately, long term series in Antarctica are quite rare, mostly

because of the remote character of the location which, in turn, rises a bulk of logistic

constrains. Yet, such data are essential to understand how species will respond to climate

change and increasing anthropic impacts in order to provide a better management for

protected species and the areas in which they live.

In this study, we provide the longest series published so far on the Antarctic scallop

Adamussium colbecki population structure. This pectinid is one of the High Antarctic species

with intermittent recruitment and is one of the most studied species because of its importance

in bentho-pelagic coupling (Cattaneo et al. 1997), its role as ecosystem engineer (Cerrano et al.

2006 and 2009), sentinel organism (Regoli et al. 2002; Bonacci et al. 2004) and in regard of its

trophic role (Vacchi et al. 2001; Dell’Acqua et al. 2017). A. colbecki distribution is circumpolar,

but the species is patchily distributed following local environmental features (Schiaparelli and

Linse 2006), allowing the chance of insurgence of ecological divergence. The reproductive

ecology of this scallop has been studied in McMurdo Sound by Berkman et al. (1991), who

concluded (looking at the oocytes diameters) that the spawning takes place in spring, making

the larvae able to feed on the incoming phytoplankton bloom. The same conclusion has been

reached by Tyler et al. (2003) for North Cove, Rothera (Antarctic Peninsula). As far as Terra Nova

Bay, Chiantore et al. (2001) measured an increment in GSI during the summer season, from

early December to the last sampling in early February, suggesting an imminent spawning at the

end of the summer season. Unfortunately, no further sampling was feasible and spent stages

and reabsorbing gametes were not recorded.

ENSO has a strong direct effect on sea-ice extent and duration in the Ross Sea, mostly

causing its retention toward the coast, resulting in a thicker and more compact (other than

more persistent) pack-ice (Arrigo et al. 2004; Liu et al. 2004; Simpkins et al. 2012). The Ross Sea

is already undergoing environmental changes probably related to climate change; these

changes are particularly visible in primary production (PP) patterns (which are directly affected

13
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by sea-ice conditions, Arrigo and Dijken 2004), with potential cascading effects on benthos

reproduction (Chiantore et al. 2002). In this paper we want to answer to the questions: is A.

colbecki recruitment triggered by ENSO index? Or is it driven by local sea-ice conditions? We

used ENSO as many authors already did, in order to investigate regional climate dynamics, but,

since local conditions are also very important and because of the strong biological role of sea-

ice, an assessment of local sea-ice cover duration seems necessary. Normally, it is very difficult

to connect basin-scale processes to local ones (Hallett et al. 2004) and it is beyond the scope of

this paper. But, in order to explore all the possible factors addressing A. colbecki population

dynamics, we also looked for a potential correlation between ENSO and local sea-ice.

In this study, we firstly provide data regarding the gametogenic development of A.

colbecki, using oocytes diameter and histological evidences (only part of which were published

in Chiantore et al. 2001 and 2002, implemented with new data in order to verify consistency). In

fact, it is necessary to understand the size of the youngs of the year in order to compute their

percentage, which is the variable we correlated with ENSO and sea-ice cover duration.

Moreover, we present the longest time series, published so far, of A. colbecki population

structure in Terra Nova Bay, from 1989-1990 to 2014-2015. Finally, we correlated the

percentage of the recruits of each year with the ENSO index and the sea-ice cover duration in

the sampling site (in front of the Italian Station Mario Zucchelli), either separately and in a

multivariate analysis. This work will help to understand if and to what extent A. colbecki

recruitment is affected by large-scale climate variability and/or local conditions, contributing to

the understanding of how this scallop will cope with climate change.

Material and Methods

We re-assessed data collected during several Italian Antarctic campaigns performed in

austral summer, from 1989-90 to 2014-2015. Part of these data has been used in Cattaneo et al.

(1997) and Chiantore et al. (2001 and 2002). We firstly re-analyzed the increase of oocyte

diameter during austral summer 1998-99 in order to show a better comparison with Berkman

et al. (1991) and Tyler et al. (2003). The specimens have been collected in Tethys Bay, an inlet

close to the Italian Station (Fig. 1) and they were sampled periodically as shown in Table 1. Each

time, 3 to 6 females and 4 to 11 males were dissected and gonads preserved in Bouin (see

Chiantore et al. 2001 and 2002).

14
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Tab. 1. List of sampling carried out in Tethys Bay in austral summer 1998-99 on A. colbecki

specimens for gonadic cycle assessment.

Afterwards, we present a series of histological sections of the same specimens, plus new

ones from specimens collected at the end of January in 2000 and in 2015, to provide evidence

of gonad maturation until the spawning in early February. In all the samplings, specimens have

been dissected and gonads fixed in Bouin and, after 24 hours, in ethanol 70%. Once in Italy,

gonads of the three species have been dissected, embedded in paraffin and cut with a

microtome in order to obtain 6 mm thick sections on microscope slides. Afterwards, we

performed Hematoxylin-Eosin staining (Bio Optica Spa, Milan, Italy), mounted the cover slip

with Eukitt (Kindler GmbH, Freiburg, Germany) and let the slides drying for 24 hours.

Our further aim was to provide a long term series of A. colbecki population dynamics.

The scallop population has been sampled with a naturalistic dredge, from 1989-90 to 2014-

2015 in a transect starting from Road Bay, in front of the Italian Station, ranging from -15 m to

around -80 m (see Cattaneo et al. 1997 and Chiantore et al. 2002, for details). Despite not all

the years have been covered, we can still present 16 years of population structure data. Instead

of a size frequency distribution with size classes built on yearly growth rate, we decided to build

a cohort frequency distribution, where the first class is the 0-cohort (young of the year), that is

the newly settled recruits accounting for the estimated age (in month) at the time of the

sampling. This has been possible because the sampling has always been carried out in the

second half of January (strictly linked to local pack conditions) with one week of maximum

difference. Many definitions of recruit are found in literature (Booth and Brosnan 1995;

Bachelet 1986; Stanwell-Smith and Barnes 1997) and in most cases it is observer-defined

(Fraschetti et al. 2003). For our purposes, we considered ‘recruits’ the young of the year

individuals (that is the 0-cohort), those settled and survived until the sampling time so they can

enter in the description of the population structure.

In order to assess the lower and upper size limits of each cohort, we first needed to

estimate the upper limit of the 0-cohort size class (the lower limit is obviously 0 mm). First of

all, we had to estimate the 0-cohort age (in months) at the time of the sampling and put this

value in the t parameter of the Von Bertalanffy Growth Function (VBGF; Heilmayer et al. 2003),

15

Sampling date Dissected females Dissected males

6 December 1998 3 6

26 December 1998 4 10

30 December 1998 4 11

10 January 1999 3 7

21 January 1999 6 4

6 February 1999 5 5
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expressed as months ratio relative to1 year, e.g. 6 months is 0.5. For all the consecutive cohorts

it is enough to add one year for each cohort in the t parameter, that is, for the second cohort, t

becomes 0.5 + 1 (following the example above). The estimate of the young of the year age is

hard since field data on A. colbecki larval stage duration do not exist and we can only rely on

speculation. Tyler et al. (2003) suggest more than 3 months for the larval stage of A. colbecki,

spawning in early spring in Rothera. Guidetti et al. (2006), analyzing the trend in the larval

duration vs temperature data in several pectinids from different latitudes, concluded that A.

colbecki larval stage can last 4 to 5 months. On the other hand, larval duration depends from

the spawning period. In fact, O. validus, that spawns in winter and whose planktotrophic larvae

feed upon dissolved organic matter (DOM) and bacteria, stay in the water column for up to 6

months (Bosch and Pearse 1990; Pearse et al. 1991). We considered either larval stages of 4, 5

and 6 months, corresponding to a recruit of respectively 8, 7 and 6 months of age, which are

the values that we put in the VBGF in order to compute the upper limit of the 0-cohort size

class. The VBGF from Heilmayer et al. (2003) is built on shell height (SH), while our

measurements were always recorded in shell length (SL). We, then, converted the VBGF results

to SL thanks to a relationship between SH and SL computed using biometric data from different

sampling sites and years: 1989-90, 2004-2005 and 2005-06 from Road Bay (the same transect

were the specimens belonging to the long term series are from) and 1998-99 and 2014-15 from

Tethys Bay (the same specimens used for the histological investigation). Once estimated the

upper limit of the 0-cohort size class, we’ve clustered, for each year, all the individuals with SL ≤

upper limit in this cohort and we calculated the percentage of the young of the year on the

sampled population. Finally, we correlated this percentage for each year with ENSO index and in

situ sea-ice persistency data, in order to see if and to what extent these environmental variable

drive episodic recruitment of A. colbecki in Terra Nova Bay.

ENSO index is freely available on NOAA website and we used ENSO 5-month running

mean values from January 1987 to January 2015. As far as sea-ice persistency, we could rely on

almost every year campaign reports that record the almost exact day of the launching of the

vessel used by scientist for research around the Mario Zucchelli Station, included A. colbecki

population sampling belonging to our long term series. A measure representing sea-ice

persistency and that can be correlated with recruit percentage was built by setting the ‘Day 0’ to

the earliest occurring water opening. Then, for the other years, we computed a persistency

delay of the sea-ice as delay from this ‘Day 0’. Afterwards, we calculated, for each year, the

difference from the mean delay. We called this last value (positive or negative) ‘Mean Delay’

(MD) and it is the value we correlated with the recruit percentage for each year. Table 2 reports

year, day of opening, delay and MD.

16



Year Date of opening Delay (days) MD

1989-90 26 Dec 23 -8

1990-91 21 Dec 18 -13

1991-92 24 Dec 21 -10

1992-93 30 Dec 27 -4

1993-94 26 Dec 23 -8

1994-95 14 Jan 42 12

1995-96 26 Jan 54 24

1996-97

1997-98 24 Jan 52 22

1998-99 30 Dec 27 -4

1999-00 20 Jan 48 18

2000-01 30 Jan 58 28

2001-02 02 Jan 30 0

2002-03 25 Jan 53 23

2003-04 13 Jan 41 11

2004-05 03 Dec 0 -30

2005-06

2006-07 01 Feb 60 30

2007-08 12 Dec 9 -22

2008-09

2009-10 29 Dec 26 -5

2010-11

2011-12 10 Jan 38 8

2012-13 10 Jan 38 8

2013-14 09 Jan 37 7

2014-15 20 Jan 48 18

08

Tab. 2. sea-ice duration in situ (in front of the Italian Station) for available years: opening date,

persistency delay and MD.

For all the statistical analyses, we used the software R (R core Team 2013). In order to

look for potential correlations among our series, we firstly removed all the years in which holes

are present, either if they belong to MD or recruit percentage (ENSO index does not account for

any hole). This, obviously, reduces the number of observations, still it is the only way to

proceed, since correlation analyses require no missing values. We then investigated if the

different sampling effort among years at Road Bay would have affected the observed recruit

percentage in the population. We performed a 100 permutation of each year sample in order to
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obtain 100 subsamples on which we made average and which we compared with the observed

recruit percenage to to check if different sampling effort biased our analyses. Afterwards, in

order to look for a correlation among series, we calculated the ENSO yearly average, because

we needed a single value for each year like for the other series. As far as the exploration of the

time series, we couldn’t look for the presence of trend or autocorrelation, since these tests split

the series in constant intervals and analyze if subsequent intervals are somehow affected by

previous ones. But the holes in our series do not occur at constant intervals, with consequent

bias that would become make the analysis useless. Thus we proceeded to the univariate

analyses as they were not time series, but just a series of data and we ran both a linear

correlation test with ‘Pearson’ method and non-linear regressions (Package ‘nls2’; Grothendieck

2013). For the multivariate analysis, we used both linear and non-linear models (Package ‘nls2’;

Grothendieck 2013) and performed an ANOSIM (Package ‘vegan’; Oksanen et al. 2018).

Results

Fig. 1 shows the increment in oocytes diameter from 6thDecember 1998 to 6thFebruary

1999. The largest size is similar to the one found by Tyler et al. (2003) before spawning and it is

larger than the one found by Berkman et al. (1991) last measurement. If we prolong the trend,

we can guess that the spawning occurs around mid February, in late summer.

18

Fig. 1. Trend in oocytes diameter in specimens of A. colbecki collected in Tethys Bay during

austral summer 1998-99. On x-axes are the sampling dates, while on y-axes are indicate the

diameters in mm. Error bars in show the standard deviation for diameter mean.
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Fig. 2. Gonad development in female specimens of A. colbecki, collected in Tethys Bay during

the summer season. Dates and scale bar are indicated in each picture. Red arrows in the last

picture points at the start of spawning.
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Fig. 3. Gonad development in male specimens of A. colbecki, collected in Tethys Bay during the

summer season. Dates and scale bar are indicated in each picture. In the last picture, we can

see the mature spermatozoa filling the lumen (on top left).
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Fig. 2 shows the histological sections of female A. colbecki specimens gonad along the

summer season and it is possible to see the onset of the spawning season in the female gonad

in early February. Since ovary sacs are not synchronous and early spawning has already taken

place in some regions of the ovary (last picture, blue arrows), largest oocytes may already have

left the ovaries. Most probably, spawning is not a matter of a single event, but rather some

events concentrated in time. A. colbecki has a 1-year gametogenic cycle, but we can notice that

a second generation of oocytes starts to differentiate and grow at least one month earlier than

spawning occurs. Fig. 3 shows the same trend as Fig. 2, but in male specimens. In the last

picture, we can see the mature spermatozoa in the lumen space (on the top left). Fig. 4 shows

in detail the initial differentiation of a second cohort of oogons (black arrows show some of

them) that starts around 10th January, much earlier than spawning stage, while usually gametes

start to regenerate right after the spent stage, during recovery. Although the oogon

differentiation starts later and is less substantial, the fact that a second cohort is present also in

specimens collected in different sites and years seems to confirm that it is a reproductive traits.

We observe this trait in the histological sections of the specimen collected at the end of January

2000 from Adelie Cove and from another specimen collected in Tethys Bay and dissected at the

end of January, in 2015.

Equations from 1 to 5 report the power low function that binds SH and SL for specimens

from Road Bay transect in 1989-90 (eq. 1), 2004-05 (eq. 2) and 2005-06 (eq. 3) and from Tethys

Bay in 1998-99 (eq. 4) and 2014-15 (eq. 5). Eq. 6 pools the data together and verifies the

consistency.

1) SH = 1.529*SL0.891 R2 = 0.993 N = 243

2) SH = 1.823*SL0.851 R2 = 0.943 N = 659

3) SH = 1.746*SL0.857 R2 = 0.906 N = 751

4) SH = 1.739*SL0.865 R2 = 0.985 N = 162

5) SH = 2.972*SL0.741 R2 = 0.853 N = 44

6) SH = 1.624*SL0.878 R2 = 0.970 N = 1859

Since data come from different years and from two different sites, the high R2 of eq. 6

from the pooled data shows a stable biometric parameter. Considering three possible ages (in

months) of recruits, the three SL we obtained with VBGF and eq. 6 are 4 mm for both 6 and 7

months of age and 5 mm for a recruit of 8 months. When we built the two distributions

clustering the 0-cohort either in 0 to 4 or 0 to 5 mm size and computing the other cohorts

accordingly, we realized that the latter was more clustered and depicted a more plausible

population dynamic throughout the years. Instead, using a 0-4 mm class, the cohort frequency

distribution resulted more flattened and dispersed without clearly explicating the moving

onwards of the cohorts throughout the years. This conclusion seems to be confirmed by a

21
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Fig. 4. Histological sections showing differentiation of a second cohort of eggs, indicated by

black arrows. All the specimens are from Tethys Bay except for the one with the label ‘AC’ that

comes from Adelie Cove. Dates and scale bars are indicated in each picture.
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collection of recruits on 17th January 2000 (similar to sampling date of long term series

transects), when a mooring was recovered after one year in Terra Nova Bay. Along the

chain,Chiantore found around one hundred of recruits ranging from 2 to 5 mm (unpublished

data). Accordingly all the above observations, we considered 5 mm as the upper limit of the 0-

cohort size class. In the t parameter of the VBGF, 8 months correspond to 0.67. To compute the

SH upper limit of the second cohort, the t parameter is 1.67, for the third is 2.67 and so on.

Finally, we converted all the size classes in SL using eq. 6 and we built the cohort frequency

distribution for each year of our long term series, from 1989-90 to 2014-15 (Fig. 5).

Fig. 6 shows the boxplot of recruit percentage resulted from the 100 permutations,

overlapped with the observed recruit percentage (black circles). In this case, the median in each

box indicates the value of recruit percentage that we would have probably observed in case of

an equal sampling effort in each year. Althought some years do not completely overlap, we can

affirm that sampling effort didn’t affect our observations and, consequently, we used the raw

data in the step where we looked for potential correlation among recruit percentage, ENSO

index and sea-ice MD. Fig 7 and 8 show, respectively, the ENSO index series and the in situ sea-

ice MD through the whole period of interest, overlapped with recruits percentage. Since ENSO

index accounts for a 1 month resolution of values, its representing line in the chart seems to

depict a continuous measure, while, since for the MD we have 1 value each year, we used bar

chart. In both cases, already from this qualitative point of view, it is possible to neglect any

pattern of correlation.

Qualitative conclusions are confirmed by statistical tests. The only models that didn’t fail

to converge in both univariate and multivariate analyses were the exponential. Univariate

analyses indicate that ENSO index is not correlated with sea-ice MD (p = 0.7358 for normalized

cross-correlation and p = 0.161 for exponential regression), nor with recruit percentage (p =

0.4111 and p = 0.162 for exponential regression); there is also absence of correlation between

sea-ice MD and recruit percentage (p = 0.9448 and p = 0.109 for exponential regression). As far

as the multivariate analyses, linear models gave statistical not significance (p = 0.7159), while

the only non linear model that didn’t fail to converge is the equation (7), but it provided not

significant weigh of ENSO (p = 0.342) and sea-ice MD (p = 0.636) on recruits percentage. Since

there are no patterns in recruitment dynamics, for ANOSIM we divided the recruits in only two

groups: zero and above zero and performed the test with both Manhattan and Euclidean

distances. Both running test confirmed the previous results, providing the same p-value of

0.814. In Fig. 9 we can better see the lack of multivariate effect on A. colbecki recruitment

pattern: no groups of similar values of recruit percentage are detectable in correspondence of

combinations of the two variable here considered: ENSO index and sea-ice MD.

(7) recruits % = e (a*MD + b/ENSO)

23
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Fig. 5. Cohort frequency distribution of A. colbecki

population over 16 years, sampled in Road Bay (RB). On

x-axis are reported the size classes, corresponding to the

different cohorts; frequency (in %) is reported on y-axis.
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Fig. 6. Boxplot of the recruit percentage estimated with 100 subsample permutations for each

year of sampling effort, overlapped with the observed recruit percentages (black circles). On

x-axis the sampling years and on y-axis the recruit percentage.
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Fig. 7. ENSO 5-month running mean continuous trend (dotted line) overlapped with recruit
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axis the ENSO index and on the right y-axis the recruit percentage.
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Fig. 8. Sea-ice in situ MD (bars) overlapped with recruit percentage (rhombus). On x-axis the

austral summers from 1989-90 to 2014-15; on the left y-axis is the sea-ice MD and on the right

y-axis is the recruit percentage.
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Discussion

While A. colbecki spawns in early spring in McMurdo and Rothera to allow larvae to

feed on phytoplankton production, in Terra Nova Bay, the spawning is shifted to mid February,

in late summer, as argued by Chiantore et al. (2002), and the summer bloom is used to fuel the

gonad growth (Cattaneo et al. 1997; Albertelli et al. 1998). In support of these findings, the only

described A. colbecki larva in Terra Nova Bay has been found on 21st February 1999 (Chiantore

et al. 2000). In bivalve molluscs, the reproductive cycle is generally closely linked to a cycle of

energy storage and utilization (Harvey and Vincent 1989; Nakaoka 1998). Antarctic continent is

characterized by high seasonal productivity, but with different magnitude across different

regions, and this affects the distribution of the species (Dayton and Oliver 1977; Schiaparelli and

Linse 2006; Thrush et al. 2006). Consequently, the different spawning period may be an

adaptation to a different physical environment or a way to avoid competition with parental

generation or both competition with and predation by meiofauna of the same size (Warwick

1989; Pechenik 1999).

Analysing the histological material, we observed the onset of a second cohort of eggs in

the ovaries, but not before early January, confirming that A. colbecki is a one year gametogenic

cycle species. Yet, oogon differentiation starts much before spawning instead of after oocytes

re-absorption. This reproductive trait may be a way to fully take advantage of the big, but time-

limited high algal productivity during the summer season, investing the energy surplus in

reproduction investment for the next year. O.validusis is another key species that spawns

gametes in late summer/early winter and its larvae feed during winter on DOM and bacteria

(Rivkin et al. 1986; Rivkin et al. 1991; Pearse et al. 1991). This may be the reason of the slow

larval development and of its extended period spent in the water column (up to 6 months,

Bosch and Pearse 1990). Bosch and Pearse (1990) suggested that winter spawning of O. validus

may be an adaptation to the slow larval development which allows the demersal bipinnaria

larvae to start feeding appear during the summer bloom.

As far as the estimate that 5 mm in SL corresponds to a 8 months old recruit, this leads

to an estimate of a 4 months lasting larval stage. If in McMurdo Sound and Rothera A. colbecki

larvae have 3 to 4 months long larval stage, in coincidence with the bloom, one could expect a

longer period in Terra Nova Bay, more similar to O. validus larvae. The VBGF has been built with

specimens kept in aquarium, where the growth is quite lower in respect to the natural

environment (Chiantore et al. 2003) and accounts for a greater error in the smallest size. As the

scallop sizes rise, the growth in aquarium tends to overlap the growth in the natural

environment. It is much probable that A. colbecki larval stage lasts more than 4 months

(probably up to 6) and that spats grow faster than supposed by VBGF in the left months of the

year (probably around 6). 8 months of age for the recruits find at the time of the sampling could
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be an overestimate: 5 mm SL could be reached in much less time. Unfortunately, we have no

field data on the destiny of A. colbecki larval stage in Terra Nova Bay and we can’t be sure about

the larval period in the column nor where the larvae spend the winter (beneath the sea-ice or

in the column).

In any size-frequency distribution, size classes are built around a center that is the mean

of the interval chosen to cluster a representative class, such as the interval size in 1 year of

growth. A 0.5 mm of error in a growth-curve function could make the difference in making an

individual 1 year younger or older. Obviously, our cohort distribution accounts for the same

chance of error, especially when we calculated the 0-cohort, since it’s the space in which of the

greatest VBGF error falls. Still, with annual growth rate, the distribution would have been an

artifact. Trying to best estimate the young of the year size at the time of the sampling, we

wanted to reach our purpose: to represent the real local population dynamic, that is, the

dynamic of the cohorts throughout the years. From these dynamics, we can clearly see that A.

colbecki has a typical irregular recruitment that characterizes Antarctic invertebrates.

The lack of correlation between ENSO and local sea-ice cover duration indicate that

large–scale processes are not directly transferred to local ones. Arrigo and Dijken (2004) found

non-significant differences in sea-ice conditions nor primary production (PP) between the

summer season 1998-99 and 1999-2000 in the Ross Sea area close to McMurdo Station.

Conversely, Chiantore et al. (2002) found large differences in the sea-ice and PP in the area

close to the Italian Station. If the pack-ice and PP conditions are so different in two localities

that are about 500 km apart, we can easily state that there is a lack of direct correlation

between basin-scale and local scale processes. All the previous findings about the influence of

ENSO on sea-ice extent are, indeed, based only on basin view (e.g. Yuan 2004; Song et al. 2011).

As far as recruitment, basin-scale processes of sea-ice do not actually matter. In fact, A.

colbecki larvae probably do not swarm too far from the original population, as confirmed by

genetic studies (Guidetti et al. 2006). Spawning happens in late summer, so that larvae swarm

for only two to three weeks of ice-free waters after spawning and it is supplied with the second

algal bloom. If sea-ice acts as a refuge for larvae, in the years following a shorter sea-ice cover

duration (more open water exposure), we would expect a lower percentage of recruits, but this

is not observed (see, for instance, the summer ’92-’93 and the subsequent 1993-94 compared

to the summer 2000-01 and the following 2001-02 in Fig. 7). If sea-ice duration is shorter, the

increased availability of PP should fuel an increased gametes production and more food from

the water column for the recently settled spats. In this case, we would expect a higher number

of recruits in the following summer, but this was not observed as well. During winter time,

larvae swarm under sea-ice, probably feeding on bacteria and DOM, but we do not have any

information about winter sea-ice conditions. Nonetheless, the whole Terra Nova Bay is covered

by sea-ice from March to December, so we don’t expect large differences in sea-ice processes

that are able to affect A. colbecki recruitment patterns.

28



20
El Niño phenomenon has several different effects on water parameters and the

relationship may simply be not direct. Indeed, despite we didn’t find a statistical direct

correlation between ENSO index and A. colbecki recruitment, it is surprising that the highest

presence of recruits was recorded in austral summer 1998-99, one year after the 1997-98 El

Niño, the strongest event after the 1982-83. The 1997-98 El Niño has been proved to be the

cause of the high recruitment in barnacles (Connolly and Roughgarden 1999) and, in general, to

have exerted several effects on invertebrate and fish recruitment (Cubillos and Arcos 2002;

Grove et al. 2002; Garcia et al. 2003; Guzmán del Próo et al. 2003; Palomares-García et al.

2003; Avendaño et al. 2008). In Terra Nova Bay, the 1997-98 El Niño event had strong effects on

sea-ice retention and, in turn, caused a decrease in PP (Arrigo and Dijken 2004). What we think

is that ENSO most probably exerts an effect on Antarctic invertebrate recruitment, including A.

colbecki, but the correlation is not easily traceable.

Finally, many other factors can be behind recruitment success, both physical

(hydrography, iceberg scouring, snow cover, etc.) and biological (competition and/or predation),

included phytoplankton productivity, despite direct correlation with this last is yet to be found.

Biological factors act at a very small scale, but, despite this, are much more complex than

abiotic interaction and usually far from being fully understood. Investigating the recruitment

patterns and triggering mechanisms is never simple and always fundamental. That’s why more

effort needs to be put in studying population dynamics and set a baseline to compare future

potential ecological shifts in response to climate change.
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Abstract

tmospheric CO2 concentration is rising since industrial revolution mostly

because of anthropogenic reasons. This is supposed to lead to a decrease of the

ocean surface water pH of 0.2 to 0.4 units by the end of the century, a

phenomenon called ocean acidification (OA). Literature very much dealt with this

threat to marine organisms, but it still lacks knowledge on how the Antarctic

species will cope to OA. In this work we assessed the potential effects of pH on

the Antarctic sea urchin Sterechinus neumayeri, through an acidification

experiment in which we exposed specimens to three different pH level: control,

7.8 and 7.6. We analyzed skeletal parts of the sea urchin test with SEM and we

investigated macro- and nanomechanic skeletal properties. Results show a

negligible effect of pH on the mechanical properties fracture toughness, elasticity

modulus and hardness, except for the spines. The nanohardness of the spines

resulted to be affected by the lowest pH level, indicating a possible risk for this

species when it will face OA, as the spines account for many functions, not last

defense from pathogen agents and predator, which are supposed to invading

Antarctica because of the global warming together with alien species

introduction.

A
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Introduction

Atmospheric CO2 concentration is rising since industrial revolution mostly because of

fossil fuels, deforestation and land use (Sabine et al. 2004). Uptake of this gas by the oceans is

increasing seawater pCO2 and, as a consequence of the carbonate system chemistry, is reducing

the availability of surface carbonate ions and the calcium carbonate (CaCO3) saturation state

(Feely et al. 2004; Orr et al. 2005; Cao and Caldeira 2008), two processes that cause ocean

surface waters pH lowering, a fact known as ocean acidification (OA, Caldeira and Wickett,

2003). pH has already decreased by 0.1 units from pre-industrial era (a 30% increase in acidity,

IPCC, 2007) and other 0.3–0.5 units are expected by the end of this century (Orr et al. 2005). OA

has always been considered a major threat to calcifying marine invertebrates because it

decreases the availability of the carbonate ions that marine organisms use for skeletogenesis

and because the low pH alters the stability of CaCO3 mineral causing dissolution (Byrne, 2011).

The secretion of CaCO3 skeletal structures is widespread across animal phyla, and evolved

independently and repeatedly over geologic time since the late Precambrian period, with

several different morphologies and functions (Knoll, 2003). The saturation state (W) of a mineral

is the thermodynamic potential to dissolve: when W > 1 the mineral will be kept in solid state,

and when W< 1, waters become potentially corrosive to unprotected shells or skeletons of

calcium carbonate and the mineral will tend to dissolve (Andersson et al. 2003; Mattsdotter

Björk et al. 2014).

Recently an increasing amount of works on OA deals with physiological response, such

as fertilization (Byrne et al. 2009, 2010a and 2010b; Foo et al. 2016), embryonic and larval

development (Kurihara 2008; Albright and Langdon, 2011; Barros et al. 2013), acid-base

regulation in the extracellular fluids (e.g. Miles et al. 2007; Spicer et al. 2007), protein synthesis

(Pan et al. 2015; Pörtner 2008 and references therein), immuno system response (Mackenzie et

al. 2014; Hernroth et al. 2011, Bibby et al. 2008) and genetic expression (Dilly et al. 2015).

Despite this, a general pattern of sensititvity to OA cannot be established (Kroeker et al. 2010)

and even closely related species and/or different life stages may respond differently (Melzner et

al. 2009; Ries et al. 2009; Dupont et al. 2010a). Because of species-specific response, shifts in

biodiversity may be possible, such as in the Permo-Triassic second pulse extinction (around 252

million years ago), when a rapid and large injection of carbon caused an abrupt acidification

event that drove the preferential loss of heavily calcified marine biota (Clarkson et al. 2015). At

the population level, these changes are expected to affect species abundances and global

distributions with potential consequences on marine ecosystems (Fabry et al. 2008).

Physiological adaptations in a wide range of species (e.g. change in metabolism rate, growth,

calcification, and immune response) have been observed even within-generation (Sunday et al.

2011).

32



As far as biomineralization, while several studies have already demonstrated the

sensitivity of hard tissues to OA, showing reduced calcification (Gattuso et al. 1998; Langdon et

al. 2000; Riebesell et al. 2000), many others show exceptions in which an increase in pCO2 has

either positive effects on calcification or no effects at all (Doney et al. 2009; Ries et al. 2009;

Kroeker et al. 2010; Ries 2011). Various factors may be responsible for the disparate

mineralogical responses to CO2
-induced ocean acidification that were observed amongst the

investigated taxa, such as the carbonate species used for biomineralization. Most calcifying

organisms do not rely on carbonate from seawater to calcify; they use either bicarbonate (HCO3
-

) or metabolically-produced CO2 (Roleda et al. 2012). Another source of difference relies on the

polymorph of CaCO3 utilized. Pure calcite is less soluble then aragonite, while the solubility of

calcite increases with increasing mol% of MgCO3 (Andersson et al. 2008). Skeletal solubility is

partly controlled by the incorporation of “foreign” ions (e.g. magnesium) into the crystal lattice

of these skeletal structures, a process that is sensitive to a variety of biological and

environmental factors (La Vigne et al. 2013). High-Mg calcite(>4%MgCO3), the most soluble

form of carbonate (50% more soluble than calcite and 20% more than aragonite, Busenberg and

Plummer, 1989; Feely et al. 2004) is the ‘first responder’ to decreasing carbonate saturation

state (Morse et al. 2006).Mg/CaC ratios in the shell/skeletal mineralogyis a phenotypically

plastic trait (Ries, 2011) that can vary even within species as a function of environmental

parameters, such as seawater Mg/Ca (Ries, 2010), temperature (Chave, 1954; Lowenstam,

1954) andCO2-induced changes (e.g. De Choudens-Sanchez and Gonzalez, 2009; Lee and Morse,

2010).

Sea urchins are among the most common and important Mg-calcite producers,

containing significant mol% MgCO3.The echinoderm skeleton is made of 99.8%–99.9% (w/w)

Mg-enriched CaCO3 and of about 0.1%–0.2% intrastereomic organic material (Weiner, 1985).

For a review of the composition and the ultrastructure of their skeletal components, see

Moreaux et al. (2010), Dery et al. (2014) and Dubois (2014). Sea urchins are heterosmotic

organisms with poor regulation abilities and, consequently, they are considered to be

particularly sensitive to OA (Pörtner et al. 2004; Melzner et al. 2009). Since theseechinoderms

play key roles in several different habitats (Andrew 1988; Greenway 1995; Hernández et al.

2008; Norderhaug and Christie, 2009), any impact on individual physiological performance

could have consequences scaling up to benthic ecosystems (Fabry et al. 2008; Widdicombe and

Spicer, 2008; Barry et al. 2011). Very few studies addressed the impact of OA on the main

functional characteristics of the echinoderm skeleton and its mechanical properties, such as

mechanical strength (Dery et al. 2017), but Byrne et al. (2014) found that pCO2 is the most

important stressor in adult biomineralization.

In the global oceans scenario, High-Latitude marine ecosystems are considered as

particularly sensitive. High latitude ocean waters are already only slight above saturation level

of carbonate, including high Mg-calcite and model calculations show that they may reach

undersaturation with respect to aragonite before 2050 (Orr et al. 2005; Fabry et al. 2008).
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Adaptive capacity is suggested to be poor for Antarctic marine invertebrates due to their

extremely slow development (Pearse et al. 1991; Peck et al. 2002), although the fauna ability to

cope with climate change is hard to predict (Clarke et al. 1992, 2007). Sterechinus neumayeri is

an important key species in the Antarctic littoral (Brey et al. 1995) and a model organism for

ecophysiology and ecotoxicology research (King and Riddle 2001; Cowart et al. 2009; Lister et

al. 2015; González et al. 2016; González-Aravena et al. 2018). As far as OA effects, this species

has been widely investigated in terms of fertilization and development, with consistent results

about fertilization and embryonic development showing that S. neumayeri is quite robust to OA

(Clark et al. 2009, Ericson et al. 2010, Ho et al. 2013, Sewell et al. 2013 and Suckling et al.

2015), but significant effects are reported on larval stage calcification (Byrne et al. 2013).

Studies on mechanical properties response of adult S. neumayeri skeleton are still

lacking. Its skeletal composition varies among different parts (plates, spines, teeth, etc.), ranging

from 4%to 7% of Mg content (Gržeta et al. 2004), making it potentially sensitive to OA effects.

In this work we studied mechanical response of different parts of S. neumayeri test (apical and

ambital plates and spines) exposed to different pH treatments. Mechanical properties relevant

for our purpose are breaking forces, Young modulus (which expresses the material elasticity)

and hardness. Mechanical properties are linked to both growth and possible dissolution. They

can be affected by a change in the mineral microarchitecture or at the crystalline level (only

occurring in newly grown material) or by dissolution that may affect the integrity of the mineral

and/or the organic matter that binds Mg calcite crystals (Dery et al. 2017). A decrease in

mechanical strength may affect the individual life because the organism may have larger energy

requirements for maintenance and recovery or may be more easily exposed to durophages, that

are supposed to colonize the Antarctic benthic communities in the light of global changes

(Aronson et al. 2009).

Material and methods

We performed an acidification experiment at the Italian Antarctic Station Mario Zucchelli

(Terra Nova Bay, Ross Sea), during austral summer 2014-2015. Scuba divers collected adult

specimens of S. neumayeri at around 15 m depth in Tethys Bay (74° 41.407’ S; 164° 06.311’ E).

After 2 weeks of acclimation, we started the experiment in running seawater tanks. A seacock

deployed at -10 m continuously pumped water from the sea, in front of the Italian base, to a

first tank, where the water was being cooled. From here, the water was pumped into three 50 l

header tanks, where pH levels were adjusted by bubbling pure-CO2 using a continuous pH-stat

system (IKS, Karlsbad, Aquastar). Three pH levels were nominally chosen according to

projections for Antarctic waters in the future (A1F1, IPCC,2007). We set the two treatments on

pH 7.8/927 ppm (ca. 2050) and pH7.6/1417 ppm (ca. 2100), while, for the control condition, we

used unmanipulated water in order to expose the organisms to the natural littoral seawater pH
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(8.16). Each header tank supplied 6 tanks (experimental units or replicates), so that we had 2

replicates for each pH level. Each experimental unit was directly fed from one of the header

tanks with an individual pipe. pH electrodes from the pH-stat system were inter-calibrated every

3-4 days on total scale using TRIS buffer solutions with a salinity of 35 psu (Dickson et al. 2007).

pH was also regularly measured, together with salinity and temperature, with two different

multiprobes, previously calibrated on Antarctic littoral surface waters: Ocean Seven 310 CTD

(Idronaut, Brugherio, Italy) and C6 Muti-sensor Platform (Turner Design, San Jose, CA, USA).

Seawater samples for total alkalinity (AT) measurements were collected periodically and

poisoned with HgCl2. In Italy, AT was determined using an open cell potentiomentric titration

(Dickson et al. 2007). Instead, we couldn’t account for DIC, pCO2, nor the saturation constant for

calcite and aragonite, since the R package ‘Seacarb’ nor the CO2SYS program work for the

Antarctic waters, providing totally inconsistent values. In fact, the seawater chemistry

parameters are calculated by the software using the dissociation constants of carbonate system,

whose accuracy becomes very questionable for extreme water conditions, such as

temperatures below 2°C (Orr et al. 2015).

We performed the experiment in flow through, in order to avoid pH oscillation due to

organism respiration. After filling the experimental units, the water flowed off via a relief hole

and was discharged. All the tanks were covered with transparent lids to avoid gas exchange and

escapes. The cover was only removed for tank bottom cleaning through siphoning (every 2-3

days for about 5 minutes). The organisms were not fed, but, since the seacock pumped

unfiltered seawater, they naturally fed on incoming particles and microorganisms. Four

specimens were placed in each experimental unit, for a total of 24 individuals. The experiment

lasted 37 days (according to logistic constraints). At the end of the experiment, S. neumayeri

specimens were frozen, carefully stored in order not to damage the skeleton parts, and shipped

to Italy.

Once in Italy, in order to perform SEM analysis and mechanical tests, we firstly cleaned

the sea urchin skeletons. After some trial, we found the correct NaClO % and bath time that

allowed us to clean the skeletal parts without etching the carbonate material. We used a bath

of NaClO 12% (nominal) for 30 to 50 minutes on ambital and apical plates and a bath of KOH

10% (W/V) on spines. Apical and ambital plates are suitable to respond differently to different

treatments, since they account for different age, which means different thickness, stereo

structure, Mg content and thickness of epidermal layer. Spines are an important component of

the skeleton, providing several functions, including defense and locomotion (Moreaux et al.

2010). Ultrastructure morphological flaws occur during growth of new material and, normally,

they can be detected after long term exposure. This is even more true for S. neumayeri that

grows less than 1 gram/year (Brey et al. 1995). Yet, in a short term experiment, dissolution is

more expected to happen instead of growth impairment and can affect material mechanical

properties as well. However, new stereom in sea urchin test grows anisotropically through

formation of new spicules that increase in size by lateral mineral deposition and can be
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detected after one month of growth (Holtmann et al. 2013; Gorzelak et al. 2017). We checked

the biomineralization of these spicules with a Mira 3 scanning electron microscope (SEM -

Tescan Brno s.r.o., Czech Republic) together with trace of dissolution. SEM also allowed to

check for potential damages due to storage at -20°C and subsequent thawing.

For all the details of the biomechanical methods at the macroscale used in this work see

Collard et al. (2015) and Moreaux et al. (2010 and 2011). Briefly, we measured the maximum

force necessary to break skeletal elements (Fmax) performing a three-bending test on ambital

plates, a compression test on apicals and a bending test on spines. For each skeletal element,

we used at least 3 of them for each individual. Before the test, we photographed each skeletal

element sideways in front of graph paper to measure the length. On spines, we performed

bending test after embedding the spine bases and milled rings in a preaccelerated polyester

resin (MI 42, Midas Composites) blocks. The shafts were tested in flexion until fracture, using an

Instron 5543 Force Testing Stand, at a speed of 0.006 cm/min. Deflection and force were

recorded at a frequency of 10 Hz. The force was appliedat 1/6 of the spine length from the tip

of the shaft. We used the same machine and the same speed for the plates. We performed all

these macromechanical tests at the Marine Biology Laboratory, University of Bruxelles

(Belgium).

Nanoindentation measurements were carried out to test the strength at the level of the

calcium carbonate crystals. The samples (apical and ambital plates and spines) were mounted

on iron holders, without embedding in resin. The resin choice is very tricky and a slight error can

affect all the analyses. We, then, decided to use the ossicles as they were and, in order to avoid

the porosity effect, we chose a conical tip (1 mm radius and 90° angle) instead of the common

Berkovich, since the indentation curves of the first one is less dependent on surface shape and

damage (Schwiedrzik and Zysset 2013). Conical tip averages the material properties in the

contact area, providing better results in case of totally anisotropic material (such as biologically

deposited calcium carbonate) and, additionally, accounts for a more regular contact area,

whose shape remains a circle also in case of slight (at nano scale) sliding. Nanoindentation tests

were performed at the Chemical and Material Science Department in Aalto University (Espoo,

Finland), using a TI 950 TriboIndenter, Hysitron, Minneapolis, MN, USA with a charge of 500 mN

since the lower is the force, the higher is the chance to detect differences (Presser et al. 2010

and references therein). For the same reason and to avoid bending effect on the porous

material, we used a loading-holding-unloading time of only 10-1-10 seconds. Er and hardness

(H) were automatically determined from the unloading curve of the indentation test (Oliver and

Pharr, 1992). We made nanoindentations on apical and ambital plates on the middle point of

the central trabeculae, in order to test the same point in all the elements. Since Moreaux et al.

(2010) showed that Er and H vary along the spines length and even through the section, we

mounted the spines horizontally on the support and performed the nanoindentation on the

spine side, in correspondence of the longitudinal axes. We chose a median place of the spines,

avoiding both the part close to the shaft and the one close to the tip. The internal structure of
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the spines is made of almost regularly arranged empty and full spaces, thus an indentation in

correspondence of the longitudinal axis averages the whole structure behind and avoids

bending effect on the indenter tip. Er and hardness (H) were automatically determined from the

unloading curve of the indentation test (Oliver and Pharr, 1992).

We computed the statistical analysis with the software R (R Core Team, 2013). For

normally distributed data, we used Linear Mixed Model, included in the ‘lme4’ package (Bates

et al. 2015), while for not normal data we used the Generalized Mixed Model with Random

effect (GLMER), included in the ‘nlme’ package (Pinheiro et al. 2017). Both models account for

random effects which are, in our case, represented by the individuals in the same tank (pseudo-

replicates) and for nested design (the tank level is nested in the pH level). For macromechanical

analysis, we also included two covariates: the length for ambital plates, apical plates and spines;

diameter was additionally taken into account for the spines.

Results

Table 1 reports averages and standard deviations of the water parameters that we

measured, for each treatment, during the experiment.

Tab. 1. Averages and standard deviations obtained at the end of the experiment, of the water

parameters measured, during the whole experimental time, for each treatment. Ctrl = control.

In Fig. 1 (a – e), we show some of the new spicules that have grown during the

experimental period. The first spicule (1a) was grown in a specimen kept at control pH. Even if

some excess of gold used to metalize the skeletal elements is present around the spicule, it is

possible to see the shape and compactness of the spicule. Fig. 1b and c show spicules that was

grown in specimens exposed to pH 7.8. The growth direction is linear and the structure doesn’t

show any sign of disruption, suggesting a normal carbonate accretion at this pH level. Finally,

Fig. 1d and e show the spicules that were grown under pH 7.6. Again, despite the excess of gold

that covers the spicule, the structure is clearly linear (Fig. 1d and e, showing a perfect grown
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Nominal pH Temperature (°C) Salinity pH Total alkalinity

ctrl -0.483  ± 0.15 33.06  ± 0.88 8.16  ± 0.09 2208.5  ± 75.7

7.8 -0.356  ± 0.10 33.06  ± 0.88 7.81  ± 0.03 2238.3  ± 117.8

7.6 -0.369  ± 0.12 33.06  ± 0.88 7.62  ± 0.02 2254.6  ± 91.8
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Fig.1. Spicules of the skeletal plates grown during the experimental exposure time in S.
neumayeri specimens kept under control pH (8.16 - a), 7.8 (b, c) and 7.6 (d, e). The
magnification is the same for all the pictures and the scale bar is indicated in a).
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spicules). We didn’t detect damages, lack of material or abnormal calcite deposition. The

spicule sizes were also all comparable, suggesting that stereom growth rate was not affected as

well.

Fig. 2, 3 and 4 show images of S. neumayeri stereom that we used to check for trace of

dissolution due to low pH level. They also allowed us to check if the freezing storage could have

produced some cracks in the structure. In that case, mechanical analyses would have been

biased. But, as we can see from the SEM pictures, no trace of breaking because of freezing is

detectable, assuring the reliability of our results. Fig. 2 (a – c) represents pictures taken from

skeletal elements of a specimen kept at control pH showing, respectively: ambital plate, apical

plate and spine stereom. Fig. 3 (d – f) shows the same order of elements, for a specimen kept at

pH 7.8, while, in Fig. 4 (g – i) images of a specimen’s stereom exposed to pH 7.6. We can clearly

see that the stereom of all the different skeletal elements in all the different treatments didn’t

suffer carbonate dissolution and the calcium carbonate is coherent and compact everywhere.

No structure disruption either related to pH level or freezing storage are present in S. neumayeri

stereom.

09

Fig. 2. SEM images of S. neumayeri skeletal
stereom of a specimen kept at control pH
(8.16). Shown skeletal parts are ambital
plate (a), apical plate (b) and spine (c). The
magnification is the same in all the picture
and the scale bar is indicated in a).
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Fig. 3. SEM images of S. neumayeri skeletal stereom of a specimen kept at pH 7.8. Shown
skeletal parts are ambital plate (a), apical plate (b) and spine (c). The magnification is the same
in all the picture and the scale bar is indicated in a).

50 mm

Fig. 4. SEM images of S. neumayeri skeletal stereom of a specimen kept at pH 7.8. Shown
skeletal parts are ambital plate (a), apical plate (b) and spine (c). The magnification is the same
for g) and h) and the scale bar is indicated in g), while for i) another scale is specified

50 mm
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Macromechanical tests on plates and spines definitely proved the absence of freezing

caused damages. Indeed, no cracks were present in all the loading curves, confirming that the

frozen storage didn’t affect the mechanical analysis (and results) on the skeletal elements.

Overall Fmax resulted to be 0.14 ± 0.06 N for spines, 1.91 ± 0.68 N for ambital plates and 4.12 ±

1.93 N for apical ones. Shapiro-Wilk test for normality indicates that Fmax are not normal

distributed for ambital plates, apicals and spine (respectively: p=0.0002, p=0.0003 and

p=0.0002), while variance, checked with Bartlett test, acts differently for the different skeletal

part, being heteroschedastic in ambital (p=0.0004) and apical plates (p=0.0089), and

homoscedastic in spines (p=0.2831). We, then, used a gamma distribution in the ‘glmer’ model

to detect potential differences in Fmax due to different pH levels. Results are reported in table 2,

that report p-values for the fixed effects and variance values for random ones. The closer is the

variance to zero, the lower is the random effect.
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Fmax obs
Random effect variance Fixed effect p-values

Individual Length Diameter Estimate Std. error t value Pr(>|z|)

Ambitals plates

(N = 94)
0.0098 0.0172

(Intercept)

pHtrt1

pHtrt2

pHctrl:tankc2

pHctrl:tanktr11

pHctrl:tanktr21

0.7326

0.0152

-0.0482

-0.2178

-0.0965

-0.0216

0.0903

0.1261

0.1318

0.1311

0.1233

0.1336

8.112

0.120

-0.366

-1.661

-0.783

-0.162

5e-16

0.9042

0.7146

0.0968

0.4338

0.8714

Apicals plates

(N = 74)
0.0065 0.0005

(Intercept)

pHtrt1

pHtrt2

pHctrl:tankc2

pHctrl:tanktr11

pHctrl:tanktr21

0.4006

-0.0542

-0.0633

-0.1418

-0.0655

-0.0042

0.0736

0.0963

0.0987

0.1056

0.0976

0.0962

5.447

-0.563

-0.641

-1.338

-0.671

-0.043

5.12e-08

0.574

0.521

0.181

0.502

0.966

Spines

(N = 144)
0.9326 29.140 18.930

(Intercept)

pHtrt1

pHtrt2

pHctrl:tankc2

pHctrl:tanktr11

pHctrl:tanktr21

20.250

-4.836

-6.042

-5.216

6.696

4.018

2.977

2.164

2.374

2.307

2.158

2.123

6.803

-2.235

-2.545

-2.261

3.102

1.892

1.03e-11

0.0254

0.0109

0.0238

0.0019

0.0585

Tab. 2. Results of ‘glmer’ model of macromechanical Fmax analysis. The model output reports p-

values for the fixed effects and variance values for the random effects. The closer is the variance

to zero, the lower is the random effect the variance belongs to. Obs = observations.

Spines are the only skeletal part in which pH seems to have an effect. But, looking at the

random effect variance, we can see that Fmax is strongly correlated with diameter and, even

more, with length. This last, in particular, varies a lot among tanks, as we can see from the box

plot in Fig. 3. Both range and median are quite different among tanks, masking any potential
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Fig. 5. Boxplot of the spines length conditioned on tank. c = control, t1 = pH 7.8, t2 = pH 7.6; the

second number (1 or 2) of the labels indicates the tank.

Overall Er for spines resulted to be 53 ± 3 GPa for ambital plates, 54 ± 3 GPa for apicals

and 62 ± 5 GPa for spines. Hardness resulted to be 2.8 ± 0.2 GPa for ambital plates, 2.7 ± 0.3

GPa for apical plates and 2.5 ± 0.2 GPa for spines. These results are in the range of the previous

literature (Moreaux et al. 2010; Presser et al. 2010; Collard et al. 2015), confirming that

inclusion in resin was not necessary and that the conical tip was, in such case, the correct

choice. Er results were not normally distributed for all the skeleton elements (Kolmogorov-

Smirnov test for ambitals, apicals and spines gave back, respectively, a p-value of 0.1367, 0.0002

and 0.0438) with homoschedastic variance (p = 0.5172, 0.1068 and 0.7229 for ambital plates,

apical plates and spines, respectively). We, then, fit Er observations in a gamma distribution to

run ‘glmer’ model, which results are shown in table 3 (random effect is expressed as variance as

well as in table 2). Differently, H follows a normal distribution (Kolmogorov-Smirnov test, p =

0.9266, 0.2083 and 0.9444 for ambital plates, apical plates and spine, respectively) with

homoschedastic variance for ambital plates and spine (Bartlett test, p = 0.5172 and 0.1502) and

heteroschedastic for apical plates (Bartlett test, p = 0.0006). We, then, used the ‘lmm’ model to
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Er obs

Random 

effect 

(individual)

variance

Fixed effect

Estimate
Std. 

error
t value Pr(>|z|)

Ambital plates

(N = 177)
5.135e-07

(Intercept)

pHtrt1

pHtrt2

pHctrl:tankc2

pHctrl:tanktr11

pHctrl:tanktr21

0.0189

0.0007

-0.0003

-0.0003

-0.0004

0.0008

0.0007

0.0010

0.0010

0.0010

0.0010

0.0010

25.321

0.676

-0.343

-0.332

-0.364

0.806

<2e-16

0.499

0.732

0.740

0.716

0.420

Apical plates

(N = 259)
1.455e-07

(Intercept)

pHtrt1

pHtrt2

pHctrl:tankc2

pHctrl:tanktr11

pHctrl:tanktr21

0.0178

0.0005

0.0009

0.0003

-0.0004

0.0002

0.0004

0.0005

0.0005

0.0005

0.0005

0.0005

46.55

0.99

1.62

0.63

-0.65

0.045

<2e-16

0.320

0.106

0.530

0.517

0.651

Spines

(N = 114)
4.249e-07

(Intercept)

pHtrt1

pHtrt2

pHctrl:tankc2

pHctrl:tanktr11

pHctrl:tanktr21

0.0153

0.0022

0.0013

0.0002

0.0010

0.0005

0.0007

0.0009

0.0009

0.0009

0.0009

0.0009

22.401

2.335

1.457

0.190

1.057

0.581

<2e-16

0.120

0.145

0.849

0.291

0.561

Tab. 3. Results of ‘glmer’ model of Er observations resulting from nanoindentation analysis. The

model output reports p-values for the fixed effects and variance values for the random effect.

The closer is the variance to zero, the lower is the random effect. Obs = observations.
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analyze H results, which are reported in table 4. Random effect is expressed as variance as well 

as in table 2.
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Tab. 4. Results of ‘lmm’ model for H observations resulting from nanoindentation analysis. The

model output reports p-values for the fixed effects and variance values for the random effect.

The closer is the variance to zero, the lower is the random effect the variance belongs to. Obs =

observations.

Nanohardness results show that individual level has no effect, neither has tank level, but

pH appears to affect spines at pH 7.6, as shown by the Multiple Comparisons of Means Tukey

Contrasts that indicates a significant difference between ctrl and 7.6 (p = 0.00215) and also

between 7.8 and 7.6 (p = 0.001), while no significant difference is detected between control pH

and 7.8.

Discussion

Skeleton integrity and formation was one of the first concerns of early acidification

studies (e.g. Shirayama and Thornton, 2005). Among them, echinoderms are supposed to be

very sensitive because of the high magnesium included in their calcitic carbonate form. In this

work we evaluated the integrity and mechanical properties of the sea urchin S. neumayeri,

which is an important key species in the littoral of High Antarctic areas. This species has been

widely investigated in regards of ocean acidification (OA, see introduction), but adult skeleton

only received little attention (McClintock et al. 2011; Byrne et al. 2014).

Some limitations occurred in this experiment that need to be taken in consideration and,

H obs
Random effect

(individual) variance
Fixed effect p-values

Tank level pH level

Ambital plates

(N = 177)
0.0277 0.484 0.854

Apical plates

(N = 259)
0.0346 0.861 0.394

Spines

(N = 114)
0.0127 0.124 0.022
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‘Glmer’ of Er results indicates that there is a slight effect of individual variability, while

tanks differences are not significant. Overall, pH does not seem to affect the elastic property of

these S. neumayeri skeletal elements.



first of all, the experimental exposure time. Usually, for slow-growing species and, particularly,

for hard tissues, a long term experiment would be the best choice. But, normally, in Antarctica

this is quite hard to perform and authors normally transplant organisms in aquaria outside

Antarctica, where they are kept in controlled conditions of temperature, salinity and food,

which do not completely resemble the real ones. In our case, since we ran the experiment in

flow through with the in situ littoral water, the animals experienced real time conditions, such

as ice melting, phytoplankton bloom, total suspended matter, food particles, etc. Recently,

authors stated that short term experiments usually account for positive effects of pH since they

don’t allow organisms to acclimate and to start compensation mechanisms (Suckling et al. 2015

and references therein). Except for spines nano hardness, in our case the opposite occurred and

we have almost no effect of pH level, in agreement with the findings in Dery et al. (2017) and in

Collard et al. (2015), that performed a 1 year lasting experiment. In addition, we checked the

growth of the newborn spicules without finding differences among pH level exposure. We, then,

think that, in our case, the experimental duration didn’t cause a bias in the detection of positive

results. Whether this is due to immediate compensation mechanisms or complete robustness

of adult S. neumayeri skeleton to OA is a matter of discussion. The other important limit that

needs to be considered when dealing with in situ experiment in remote places with strong

facilities limitations (such as Antarctica) is the number of replicates for each nested level (in our

case: tank and individual), often very restrict. Luckily, our results show that replicates (tanks)

and pseudoreplicates (individuals) didn’t affect the significance of the pH level, being their

effect negligible on the final model result. Yet, we have a strong effect of two covariates: length

and diameter. We chose spines between 6 and 7.5 mm length and between 0.35 and 0.45 mm

of diameter. S. neumayeri has very fragile spines and this affected our chocse since we needed

to use only fully (from the shaft to the tip) undamaged spines. Despite the range looks narrow,

spines were probably not enough uniform and the covariate effect may have covered the

potential effect of pH at the macroscale.

A biological issue to take into account is the epidermal layer that covers the echinoids

endoskeleton. In order to perform mechanical test, we had to get rid of all the organic material

present on skeletal part. Indeed, both the force testing stand and the nanoindenter tip return

totally altered curves if the sample is not clean. Yet, the overlying epidermis of the echinoderms

mesodermal skeleton is very thin, consisting of one layer of epithelial cells more or less

separated by fluid-filled spaces, making it a relatively poor barrier between ambient sea water

and their internal body cavity (Spicer et al. 2011). Still, further investigation on not treated

specimens (and, if possible, alive) should be taken in consideration since it is the whole

ensemble of physiological mechanism that is responsible for the results that researchers seek

for in their experiment. Getting rid of even one of the physiological processes may lead to an

outlook of the whole response of the organism.

Our Fmax results suggest a more fragility of S.neumayeri with respect to the two echinoid

species investigated so far with the same techniques: Paracentrotus lividus (Collard et al. 2015)
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and Tripneustes ventricosus (Dery et al. 2017). This is not surprising, since macromechanical

properties depend on thickness, stereom structure (ossicle disposition) and elemental shape,

other than the material itself. The other two species account for a more compact stereom and a

larger plate thickness. Conversely, Er is similar to previous findings (Presser et al. 2010; Moreaux

et al. 2010; Collard et al. 2015), most probably because the modulus of elasticity only depends

from the intrinsic properties of the material, that, in our case, is composed by calcitic crystals

and the organic matter that binds crystals. Since calcite is always the same, slight differences

can be due to the different content of Mg and different amount and/or composition of the

organic material. Nanohardness also depends from the intrinsic properties of the material plus

from crystal grain dimension and orientation, but these mostly depend on the material type

itself, thus only slight differences among species can be expected at nano scale for hardness as

well. Differently from the previous literature, we mounted the samples on supports without

resin embedding. All the other biomechanical studies, we herein referred to, used resin to

include the samples. Since our Er and H results are in accordance with the values found in

literature (see above), our method is entirely different, but still reliable to perform

nanoindentation analyses on organisms’ parts. Actually, the decisive part of this matter is the

tip choice. Using the conical tip on freely mounted samples provides as reliable results as using

Berkovich tip with resin-embedded samples. Obviously, Berkovich cannot be used on freely

mounted samples, since the reduced radius enhances the chance either of sliding or bending on

a single ossicle, neglecting the real whole structure properties. Conical tip, having a larger

radius, indents in a more stable way, approaching a larger area avoiding sliding effect and

averaging any kind of structural differences in the ultra architecture of the stereom. This is even

more true in the case of porous material such as sea urchin stereom.

Production, growth and maintenance of this mesodermal skeleton is the result of

intricate and detailed biochemical pathways (Wilt 1999, Matranga et al. 2013). Despite always

been considered as single crystal, recent studies showed that the sea urchins stereom ossicle

are actually made by policrystals embedded in organic matrix, whose orientation is so parallel

to react as single crystal (Oaki et al. 2006; Seto et al. 2012). Occluded in this compact Mg-calcite

structure, irregular small vesicles of the proteins responsible for mineral deposition and crystals

binding are found. Su et al. (2000) and Seto et al. (2012) described very well the structure of the

spines and their associate protein occlusions that are responsible for regeneration process of

the spines via initial deposition of amorphous calcium carbonate (Politi et al. 2004). The

proteins regulating the biomineralization are different in the different parts of the skeleton: of a

total of 110 proteins, Vies (2012) showed that only 40 were present in both test and spines,

while the others were restricted to one element or the other. This could be the reason of the

different response we found in spines with respect to the other elements. In fact, Kim et al.

(2016) stated that nanoindentation hardness in biogenic calcite is directly increasing with the

amount of incorporated aminoacids in the organic matrix compounds. This means that

proteomic properties could be strongly related to physiological processes even at short term
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scale. Indeed, low surrounding water pH leads to a low coelomic fluid pH and, in turn, affects

the organix matrix in the stereom. Obviously, sea urchins are able to set out compensation

mechanism to cope with surrounding water acidity; in particular, this depends on the ability of

the organism to control the pH of its inner fluids, which changes according to species. Buffer

capacity is partly due to coelomocytes present in the coelomic fluid (Holtmann et al. 2013), but

feeding may increase the buffer capacity (Collard et al. 2013a; Asnaghi et al. 2014).

Echinoids can compensate the coelomic fluid pH thanks to the buffer capacity linked to

an increased concentration of DIC (and thus of bicarbonate ions) in the coelomic fluid (Collard

et al. 2013a), but, while the ability to regulate their extracellular acid–base balance is clear,

many questions remain about the costs of this capacity. For instance, Miles et al. (2007) found

that coelomic fluid acid–base accumulated CO2 in the experimental treatments and a significant

reduction in their pH occurred compared with controls. Bicarbonate buffering was employed in

each case, reducing the resultant acidosis, but compensation was incomplete even under

moderate environmental hypercapnia. Haag et al. (2016) noticed that, under environmental

stress, while spine damage did not affect test growth, sea urchins with clipped spines showed

decreased gonad index and altered production of mature oocytes. However, Catarino et al.

(2012) found that gonad RNA/DNA ratios did not differ according to pH and temperature

treatments, indicating that even if maintenance of physiological activities has an elevated

metabolic cost when individuals are exposed to stress, they are not directly affected during

short-term exposure, that is, physiological compensation mechanisms probably arise later in

time.

Only few papers so far studied spines mechanical response to OA (Holtmann et al. 2013;

Collard et al. 2015; Dery et al. 2017) and they didn’t find significant effect of pH on nano

hardness. Yet, literature shows a lot of different responses in different species and even in

different stages of the same species (Hendriks et al. 2010; Kroeker et al. 2010). Fantazzini et al.

(2015) found that, at the macroscale, corals showed an increase in skeletal porosity coupled

with a decrease in skeletal bulk density, leading to a reduced skeletal stiffness which, in turn,

may contribute to reduced mechanical strength and increasing damage susceptibility.

Differently from our findings, they didn’t find any pH effect at the nanoscale. Future AFM

analysis shall elucidate the mechanism under S. neumayeri nano hardness decrease, revealing

how the ‘building blocks’ produced by the biomineralization process are affected by low pH.

Moreaux et al. (2010) highlighted sea urchins’ spine sensitivity to external conditions

and how they vary phenoplasticity and mechanical properties as an adaptive response to the

surrounding environment, making them a good investigation sentinel. Sea urchin spines are

involved in locomotion and protect the body from waterborne particles and from predators.

Despite the absence of durophages in Antarctic waters, this condition may change in the

oncoming ocean warming scenario (Aronson et al. 2009). Dubois (2914) suggests to dedicate

further researches to the functional consequences of OA on echinoderms skeleton, principally

the mechanical properties, which are key aspects of the skeleton function. Indeed, it is still

unknown if and how calcifiers can adapt to decreasing saturation state (Ilyina et al. 2009) and if
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species specific differences in carbonate chemistry at the site of calcification may drive

mineralogical responses to OA (Ries 2011). S. neumayeri is an important species in the Terra

Nova Bay littoral and all around Antarctica and, in the light of our results, it seems necessary to

deepen its adaptations ability to OA and global change. Long-term experiments together with

energetic assays are desirable in order to elucidate the compensation mechanisms costs and

how this will affect individual life history and, so, the population dynamics of S. neumayeri.
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Abstract

tmospheric pCO2 has increased since industrial revolution, leading to a

lowering of the ocean surface water pH, a phenomenon called ocean acidification

(OA). OA is claimed to be a major threat of marine organisms and ecosystems and

this could be particularly true for fragile environments, such as High-Antarctic

Areas. We here explored the effect of OA on the shell biomineralization and

mechanical properties of the Antarctic scallop Adamussium colbecki. We

performed the acidification experiment at the Italian Station Mario Zucchelli

(Terra Nova Bay, Ross Sea). After one month of exposure at three different pH

levels (control, 7.8 and 7.6), organisms were frozen and transported to Italy and

then to Finland, where we carried out all the analyses. We performed Vickers and

nanoindentation on the shell layer growth during the experimental time,

providing values of reduced modulus, nanohardness and Vickers Hardness. No

effect of pH could be detected either in mechanical properties or in the aspect of

crystal deposition. A. colbecki seems to be resistant to OA, but experimental time

could have hidden the costs of compensation mechanisms. Further investigation

should be carried out in order to elucidate the destiny of this key species in the

light of global change.

A
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Introduction

The concentration of CO2 in the atmosphere has continuously increased from 278 ppm

in pre-industrial time up to 400 ppm nowadays and the oceans have absorbed approximately

30% of these emissions (Sabine et al. 2004). This fact has lead to changes in the carbonate

system chemistry resulting in a decreasing surface water pH of already 0.1 pH units compared

to the pre-industrial levels. Further reduction of 0.3 to 0.5 units is expected by the end of the

century (Orr et al. 2005), a phenomenon called ocean acidif.ication (OA, Caldeira and Wickett,

2003). OA is a major threat to calcifying marine invertebrates because it decreases the

availability of the carbonate ions that marine organisms use for skeletogenesis (Byrne 2011).

The saturation state (W) of a mineral is the thermodynamic potential to dissolve: when W > 1

the mineral will be kept in solid state, and when W < 1, waters become potentially corrosive to

unprotected shells or skeletons of calcium carbonate and the mineral will tend to dissolve

(Andersson et al. 2003; Mattsdotter Björk et al. 2014).

The Southern Ocean accounts for about 4% of the global uptake of CO2 by the world

oceans due to the high solubility of CO2 at low temperature and mixing patterns from upwelling

and deep water formation (Mattsdotter Bjork et al. 2014). Recently measures have shown that

Antarctica has reached the 400 ppm for the first time in 4 Million years (www.noaa.gov/south-

pole-last-place-on-earth-to-pass-global-warming-milestone). High latitude ocean waters are

already only slight above saturation level of carbonate and model calculations show that they

may reach undersaturation with respect to aragonite by 2050 (Orr et al. 2005; Fabry et al.

2008). Adaptive capacity is suggested to be poor for Antarctic marine invertebrates due to the

extremely slow development (Pearse et al. 1991; Peck et al. 2002), althought the fauna ability

to cope with climate change is hard to predict (Clarke et al. 1992, 2007). Since Antarctic

organisms evolved in a narrow range of physical environmental variables, with highly seasonal

patterns, they are expected to be particularly sensitive to environmental changes (Enzor et al.

2013; Constable et al. 2014; Benedetti et al. 2016). Despite this, only little amount of literature

is available for Antarctic species compared to tropical and temperate ones and it is focused on

only few species. For instance, several studies have investigated the effects of OA on the sea

urchin Sterechinus neumayeri assessing extracellular fluid acid–base regulation (Collard et al.

2015), feeding energetics (Morley et al. 2016), fertilization (e.g. Ho et al. 2013; Sewell et al.

2014; Sucklin et al. 2015), early stage development (e.g. Ericson et al. 2012; Byrne et al. 2013;

Sewell et al. 2014; Yu et al. 2013; Kapsenberg and Hofmann 2014), and genetic adaptation (Dilly

et al. 2015; Foo et al. 2016). To our knowledge, only few works have dealt with other species.

Gonzalez-Bernat et al. (2013) investigated the response to OA in Odontaster validus fertilization

and embryos and larval development; Cummings et al. (2011) studied the physiology and gene

expression of the clam Laternula elliptica, reporting a genetic adaptation in the shell formation

in response to OA; Ericson et al. (2010) found aberrant embryos in the ribbon worm Parborlasia
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corrugatus exposed to low pH. Similarly, Benedetti et al. (2016) conducted the only study on the

effects of OA on the Antarctic scallop Adamussium colbecki, finding a significant effect of the

interaction among OA, temperature and cadmium exposure on digestive gland and gills.

A. colbecki is a key benthic species that can be found patchily aggregated all around the

Antarctic continent (Schiaparelli and Linse 2006). In the littoral area of Terra Nova Bay (Victoria

Land, Ross Sea) the scallop is very abundant from -20 m to -80 m (Chiantore et al. 2001) and

plays a key role in the benthic-pelagic coupling (Chiantore 1998). Its role is also recognized as

ecosystem engineer (Cerrano et al. 2006 and 2009), sentinel organism (Regoli et al. 2002;

Bonacci et al. 2004) and as trophic source for higher levels (Vacchi et al. 2000, Dell’Acqua et al.

2017). Due to relatively low levels of mineral incorporation, its shell is so thin that it is flexible

when alive (Halloran and Donachy 1995). This kind of shell is a result of an evolution in situ in

the high Antarctic areas. Herein, the Chlamys-like genera that used to live either off-shore or in

coastal areas of Antarctica are by now extinct and they are, nowadays, restricted to lower

latitudes in the surrounding continents (Berkman et al. 2004). The particular case of the thin

shell of A. colbecki seems due to the fact that the scallop inhabits low-energy hydrodynamic

environments, compared to Chlamys-like faunas that were associated with open water, even in

the coastal zone. Nowadays, A. colbecki is typically patchily aggregated in sheltered areas with

extensive sea-ice coverage (Berkman et al. 2004; Schiaparelli and Linse 2006). This fact, in

addition to the absence of durophagous predators over the Antarctic fauna evolution (Aronson

and Blake 2001; Watson et al. 2012) has lead to the thin and elastic shell of the scallop.

Bivalves are the second most bio-diverse molluscan group, after gastropods, (Bieler et al.

2014) and account for an amazing array of shell architecture that ensure protection from

exogenous threats, such as pathogens, predators, desiccation, wave action, etc. (Checa 1993;

Checa and Jiménez 2003; Harper et al. 2012; Arivalagan et al. 2016a and 2016b). Proteins

present in the extrapallial fluids are responsible for calcification processes and are sensitive to

environment variations; proteins (mostly ionic-pumps) regulate ion concentrations to maintain

acid-base balance in the extrapallial fluids in response to new surrounding conditions in order

to maintain paired crystals deposition (Zhao et al. 2017; Heinemann et al. 2012).

Biomineralization is affected by environmental variables, such as temperature, light and pCO2,

resulting in different thickness and shape (Gizzi et al. 2016), architecture, isotopes ratio

(Zamarreno et al. 1996; Hahn et al. 2012; Milano et al. 2015) and trace elements incorporation

(Frieder et al. 2014). Berkman (1994) detected events of melting runoff in McMurdo Sound

using isotope ratios in A. colbecki shell as proxy signature. Halloran and Donachy (1995) studied

these proteins in A. colbecki shell, choosing this species because it has a calcitic shell developed

in a different environment with a different evolutionary history to the other mollusc previously

studied. The high variability in bivalve shell structure, composition (ratio aragonite/calcite) and

organic matrix amount and type which evolved independently along with environmental

constrains (Arivalagan et al. 2016a) is probably the reason for the great diversity in responses to

OA, even in the same species (Gazeau et al. 2013; Kroeker et al. 2010). Different responses are
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found also among pectinids (Ries et al. 2009; Talmage and Gobler 2010 and 2011; Lagos et al.

2016; Zhao et al., 2017) and, in the light of this variability and to the particular traits of A.

colbecki shell, it seems necessary to investigate the ability of this scallops to cope with pH

lowering of surface sea water.

In this work we assessed the response of shell structure and mechanical properties of A.

colbecki to experimental low pH, investigating if and to what degree it will alter crystals growth

(with scanning electron microscope - SEM), hardness (H) and elasticity (Young Modulus – E).

Mechanical properties are linked to both growth and possible dissolution. They can be affected

by a change in the mineral microarchitecture or at crystalline level (only occurring in newly

grown material) or by dissolution that may affect the integrity of the mineral and/or the organic

matter that binds calcite crystals. While E is strictly linked to the material composition (calcite

crystals and organic matter in our case), a possible effect due to experimental conditions (low

pH) can be detected only in the shell part that newly grew under the experiment period. H can

be studied at different scales. Nano-H depends from material composition and also from crystal

orientation, but, again, dissolution caused by low pH can’t affect nano-H and damages can be

detected only in newly grown material. Differently, Vickers H (VH – microscale) could change by

dissolution as well, since Vickers doesn’t indent single crystals, but accounts for many layers and

the organic matter that binds them and that could have been affected by low pH. In both cases,

investigating the shell layers that grew under low pH is the best way to detect any potential

alteration of mechanical properties due to acidified water. Moreover, this allows to not depend

from the experiment duration, which is always a tricky matter, especially in remote and

logistically constraining place, such as Antarctica. A. colbecki is an important key species all

around the Antarctic coastal area and its valve acts as a substrate for a wide range of organisms

(Alexander and DeLaca 1989; Cerrano et al. 2009). Altered shell structural and mechanical

properties may affect the individual life because it can requires larger energy for maintenance

and recovery, with potential consequences on the surrounding community (Fabry et al. 2008).

Material and methods

We performed an acidification experiment at the Italian Mario Zucchelli Station (Terra

Nova Bay, Ross Sea), during austral summer 2014-2015. Scuba divers collected adult specimens

of A. colbecki at around 15 m depth in Tethys Bay (74° 41.407’ S; 164° 06.311’ E). After 2 weeks

of acclimation, we started the experiment in running seawater tanks. A seacock deployed at -10

m continuously pumped water from the littoral, in front of the Italian base, to a first tank,

where the water was cooled. From here, the water was pumped into three 50 l header tanks,

where pH levels were adjusted by bubbling pure-CO2 using a continuous pH-stat system (IKS,

Karlsbad, Aquastar). Three pH levels were nominally chosen according to projections for
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Antarctic waters in the future (A1F1, IPCC, 2007); we’ve set the two treatments on pH 7.8/927

ppm (ca. 2050) and pH 7.6/1417 ppm (ca. 2100) while, for the control condition, we used

unmanipulated water to expose the organisms to the natural littoral water pH (later resulting in

8.16).

Each header tank supplied 6 tanks (experimental units or replicates), 2 replicates for

each pH level. Each experimental unit was directly fed from one of the header tanks with an

individual pipe. pH electrodes from the pH-stat system were inter-calibrated every 3-4 days on

total scale using TRIS buffer solutions with a salinity of 35 psu (Dickson et al. 2007). pH was also

regularly measured, together with salinity and temperature, with two different multiprobes,

previously calibrated on Antarctic littoral surface waters: Ocean Seven 310 CTD (Idronaut,

Brugherio, Italy) and C6 Muti-sensor Platform (Turner Design, San Jose, CA, USA). Seawater

samples for total alkalinity (AT) measurements were collected periodically and poisoned with

HgCl2. In Italy, AT was determined using an open cell potentiomentric titration (Dickson et al.

2007). Instead, we couldn’t account for DIC, pCO2, nor the saturation constant for calcite and

aragonite, since the R package ‘Seacarb’ nor the CO2SYS program work for the Antarctic waters,

providing totally inconsistent values. In fact, the seawater chemistry parameters are calculated

by the software using the dissociation constants of carbonate system, whose accuracy becomes

very questionable for extreme waters condition, such as temperature below 2°C (Orr et al.

2015).

We ran the experiment in flow through, in order to avoid pH oscillations due to organism

respiration. After filling the experimental units the water flowed off via a relief hole and was

discharged. All the tanks were covered with transparent lids to avoid gas exchange and escapes.

The cover was only removed for tank bottom cleaning through siphoning (every 2-3 days for

about 5 minutes). The organisms were not fed, but, since the seacock pumped unfiltered

seawater, they naturally fed on incoming particles. Four specimens were placed in each

experimental unit, for a total of 24 individuals. The experiment lasted 37 days (according to

logistic constraints). At the end of the experiment, A. colbecki specimens were frozen, carefully

stored in order to avoid shell damages, and shipped to Italy.

We firstly performed Scanning Electron Microscpy (SEM) on the shell edge in order to

investigate the mineralized structure, but also to check for potential damages due to freezing

storage and, afterwards, we proceeded to mechanical tests. We carried out all these analyses at

Chemical and Material Science Department, at Aalto University (Espoo, Finland). A. colbecki is a

very slow-growing bivalve (Ralph and Maxwell 1977, Heilmayer et al. 2003), thus, in order to get

the best chance to detect any potential difference between treatments, we focused on the last

layer at the external edge of the shell, that most probably grew during the experiment.

Referring to Lartaud et al. (2010) and Trevisol et al. (2013), this layer should measure up to 200

mm. Adult specimens grow around 1 mm/year (Heilmayer et al. 2003), but this growth is most

probably concentrated during the short summer season when it is supported by high

phytoplankton bloom, while during winter A. colbecki must rely only on resuspended detritus
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(Chiantore et al. 1998). Anyway, in order to be sure to measure the newly grown shell, we

conservatively investigated only the last 100 mm edge. Before analysis, we cleaned the entire

shell in a bath of NaOH 5% for 5 to 10 minutes and, afterwards, we brushed the whole edge of

the shells to remove the most part of epibionts and, finally, we rinsed them in alcohol, at

Increasing percentage, starting from 70% and ending with 100%. This procedure allows to

remove the water that can be a problem when performing mechanical test at micro and nano

scale.

With a small circular saw we cut the upper valve of the shell in two halves along the

maximum growth line (MGL) and we investigated the last 100 mm section of the MGL in both

halves for analyses. SEM images of shell edge sections were taken with a Mira 3 (Tescan Brno

s.r.o., Czech Republic) after mounting small edge pieces (about 5x5 mm) perpendicularly on

aluminium stubs and coating them. We made nanoindentation tests with Triboscan

Nanoindenter TI950 (Hysitron, Minneapolis, MN, USA) on small shell edge pieces (about 5x5

mm) taken from the other half of the shell, alongside the MGL. We firstly polished the edge

sections down to 6 mm grain and then we mounted them perpendicularly on aluminium

supports, leaving the edge section exposed to the nanoindenter tip. We didn’t include the

samples in resin in order to avoid its effects and potential biases. To avoid bending, we closed

the samples in between two small iron pieces in a sandwich-like way, leaving only 200 mm of

the samples free from the support. Since the height of the sample was 5 mm, we were sure that

the support material would have affected the results. We made 5 to 10 indentations in an area

of 20 x 20 mm, using a 1000 mN force, since the lower is the force, the higher is the chance to

detect differences (Presser et al. 2010 and references therein), and a standard method with a

loading-resting-unloading time of 10-1-10 seconds, in order to avoid bending and sliding effects.

We repeated the test for 3 to 6 areas, all in the last 100 mm of the edge section. Instead of a

canonic Berkovich tip, we chose a conical one, with 1 mm radius and 90° angle. The indentation

curves of conical tip is less dependent by surface shape and damage (Schwiedrzik and Zysset

2015) and, having a larger radius, it averages the material properties in the contact area,

providing better results in case of anisotropic material and complex structure (such as

biologically deposited calcium carbonate in a shell), presence of holes left by water evaporation

and crystals binding organic matter deterioration that normally occurs in stored biological

samples (Hirvonen et al. 1994). Additionally, conical tip accounts for a more regular contact

area, whose shape remains a circle also in case of slight (at nano scale) sliding.

For SEM and nanoindentation, we used the two sections corresponding to the edge of

the MGL since we can’t be sure that shell edge grows with a uniform and homogeneous nano

and microstructure. Using the same position in all the shells, we accounted for random errors

only. We performed Micro Hardness Vickers Tester (HVK – 1000 Plus, Jaten Precision

Instrument, Dongguan, China) analyses on surface of the newly grown shell and not on the

section, since the pyramidal tip is too large to indent in 100-300 mm shell thickness. We used a

3 mm length new shell on both sides of the MGL edge, sided to the pieces we used for
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previously described analyses. This way, we investigated the same position for all the shells. We

chose a smaller sample dimension to minimize the shell arching effect. After trial tests on

expendable samples, we determine the right force necessary to get reliable results without

breaking the samples. We choose a 10 seconds dwelling time and a 100 grams force,

corresponding to 0.98 N, which is comparable with the 1000 mN used for nanoindentation.

We performed statistical analyses on reduced modulus (Er), nanohardness (H) and

Vickers Hardness (VH), using statistical software R (R Core Team, 2013). Since data and residuals

resulted to be normal, we used the Linear Mixed Model (LMM) included in the ‘lme4’ package

(Bates et al. 2015). Indeed, this model accounts for random effect which is, in our case,

represented by the individuals in the same tank (pseudo-replicates) and for nested design (the

tank level is nested in the pH level).

Results

Table 1 reports averages and standard deviations of the water parameters that we
measured, for each treatment, during the experiment.

Tab. 1. Averages and standard deviations obtained at the end of the experiment, of the water

parameters measured, during the whole experimental time, for each treatment.

Nominal pH Temperature (°C) Salinity pH Total alkalinity

ctrl -0.483  ± 0.15 33.06  ± 0.88 8.16  ± 0.09 2208.5  ± 75.7

7.8 -0.356  ± 0.10 33.06  ± 0.88 7.81  ± 0.03 2238.3  ± 117.8

7.6 -0.369  ± 0.12 33.06  ± 0.88 7.62  ± 0.02 2254.6  ± 91.8

Fig. 1. SEM pictures of A. colbecki shell
edge section. The arrow shows the shell
growth direction, while the little line
indicates the last shell layer that has
grown during the experiment and that we
investigated.
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Fig. 1 shows the A. colbecki shell edge section on which we performed SEM images

acquisition and mechanical tests. The arrow indicates the shell growth direction and the little

white line indicates the last 200 mm of interest that we investigated in our analyses, that is, the

shell edge layer that has grown during the experimental period.

Fig. 2 shows the shell edge section, in correspondence of the newly grown layer, of some

A. colbecki individuals kept under control pH (a – c) and under pH 7.6 (d – f). SEM images

allowed to neglect any crack due to the freezing storage, assuring us results reliability in the

mechanical analyses. Crystal grains are regularly disposed, each one over the others, and

compact, with normally defined borders (mostly rounded) and no defect or anomalies (such as

deformation, disruptions, holes or spaces) in carbonate deposition which is coherent all over

the section in all the pictures. Finally, no differences can be detected between these two

opposite treatments, suggesting that calcite crystals deposition is not affected during growth by

low pH.

Fig. 2. SEM image of handily broken A. colbecki shell sections in correspondence of the newly

grown shell edge; a – c: specimens from control pH; d – f: specimens from pH 7.6. The

magnification is the same for all the picture and scale bar are indicates in a and d.
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Overall Er resulted to be 66 ± 5 GPa, while hardness was 3.2 ± 0.4 GPa. These values are

in the range of previous findings on scallop calcite (Flieschli et al. 2008; Bignardi et al. 2010;

Zhang et al. 2011). This finding supports the fact that including samples in resin is not necessary

or, rather, it may be a source of bias. As far as VH, we found an overall value of 204 ± 35 which,

more or less, corresponds to 2.00 GPa (www.gordonengland.co.uk/hardness/hvconv.htm). Tab.

2 reports the output of the statistics we used on Er and H observations. The table reports p-

values for all the statistical tests, except for the random effect (the individual) for which LMM

provides the weight on the variance instead of a p-value. The closer is this variance to zero, the

lower is the random effect. Looking at the results for Er and H, individual and tank levels didn’t

affect the statistical chance to detect pH effect, which is negligible for both, so that we can

affirm that low pH didn’t affect these shell mechanical properties. Different argumentation

needs to be made for HV, heavily affected by a high individual variability, potentially masking

the effect (if present) of pH treatment.

Tab. 2. Results of the statistical analyses performed on Er and H observations resulting from

nanoindentation tests. All the outputs except for the individual level are expressed as p-values.

Individual effect is expressed as variance. The closer is the variance value to zero, the lower is

the random effect the variance belongs to. N. = number of observations, obs = observations,

K-S = Kolmogorov-Smirnov test.

N. obs
K-S test for 

obs
normality

K-S test 
for 

residuals 
normality

Bartlett test for 

heteroschedasticity

Individual 
(random)

effetc
variance

Tank level 

effect

pH level 

effect

Er

271
0.474 0.099 0.06052 7.719 0.401 0.379

H 

270
0.307 0.496 0.131 0.063 0.069 0.900

VH

134
0.492 0.648 0.505 88 0.515 0.221
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Discussion

A. colbecki is one of the key benthic species in the Antarctic littoral areas, including Terra

Nova Bay and investigations on how this scallop will cope with future climate change are

fundamental. In this work, we assessed how the shell mechanical properties may be affected by

ocean acidification (OA). Antarctic invertebrates grow very slowly during the year and short

term experiments can underestimate the effect of low pH due to the short exposure time. This

is particularly true for those tissues that are known to respond very slowly to environmental

change, such as the hard tissues. Indeed, when adult, A. colbecki shell grows 1 to 2 mm per year

(Heilmayer et al. 2003). That’s why it was likely not to find macroscale effects after only one

month of exposure and we decided to investigate, at the micro- and nanoscale, only the shell

layer grown during the experiment, in order to maximize the chance to detect any potential low

pH exposure effect, either from abnormal calcium carbonate deposition or from crystal

dissolution (Dery et al. 2017).

At nanoscale, Er and H are not affected by acidification. We analyzed the reduced

modulus without converting it into Young Modulus (E) because this latter is an intrinsic property

of the material and to compute the correct E of the sample, we had to know the modulus of the

organic matter (i.e. of all the molecular compounds) and its exact amount in the sample and

this is impossible without destroying it. Thus, we should have made assumptions from similar

samples (such as adjacent shell edge pieces) and assumptions imply errors. Since we looked for

comparisons only and not for absolute values, we performed statistical analyses on Er, avoiding

this source of bias. The hardness and modulus of calcite depends on the orientation of the

crystal with respect to the nanoindenter tip, but we mounted the shell sample and performed

the tests in the same way, occluding them between two iron pieces that guaranteed the full

perpendicularity of the shell section surface respect to the nanoindenter tip. This seems to be

confirmed by the fact that our results are consistent with the Er values that other authors found

for pectinids (Flieschli et al. 2008; Bignardi et al. 2010; Zhang et al. 2011) and this also assured

that our choice not to include the sample in resin didn’t affect the tests. Some preliminary tests

on less polished samples were not reliable, suggesting that a finely flat surface is a much more

important requirement for this kind of procedure. Same goes for the tip: preliminary trials with

Berkovich tip didn’t provide reasonable Er or H values, being them completely out of the

literature range (they were in the range 10 ÷ 20 GPa), while conical tip resulted to be the best

solution for this kind of material.

In our SEM pictures, we couldn’t find any abnormal deposition or dissolution pattern, so

that A. colbecki doesn’t seem to be affected by low pH exposure at the microscale. Differently,

Fitzer et al. (2014b) found a significant effect of low pH exposure in the crystal deposition in the

shell of Mytilus edulis, but their experiment lasted six months. Biomineralisation continued but

with compensated metabolism of proteins and increased calcite growth, but at a cost for the
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structural integrity of the shell due to structural disorientation of calcite crystals. Moreover,

Fitzer et al. (2014a) found less organized, thinner and non-uniformly orientated calcite crystals

formed at 750 and 1000 matm pCO2 in juveniles of the same species that were born during the

above experiment in which adults were exposed to different pH levels for 6 months. These

findings support two main arguments: the need for long-term experiments and the need to

investigate how the OA affects the life history of the organisms and their future generation and,

as a consequence, the population dynamics of the species.

VH results, unfortunately, suffered a high random effect, represented by a large

variability among individuals in the same tank, that may have masked the potential effect of pH

level. Differently, at the nanoscale, tank and individual levels account for a sufficient number of

replicates, as shown by the negligibility of random effects. VH depends, just like H, on the

orientations and dimension of crystal grains, but, since it is an analysis performed at the

microscale, it also depends on disposition and dimension of crystal laths, possible holes in

between left by water evaporation after drying the specimens or physiologically degradation of

organic matter due to storage (Hirvonen et al. 1994); this may lead to a large variability among

individuals, probably due to these emerging properties that can’t be seen at nanoscale. Despite

this, if any pH effect would be present at the microscale, we should have found it in the SEM

pictures as well, since they are also at the microscale. That is, anomalies in mechanical

properties at micro scale should come along with anomalies in calcite growing at microscale.

We, then, guess that no low pH effect can be found at microscale as well.

Milano et al. (2016) found a strong pattern of dissolution in the calcitic new deposited

shell in Cerastoderma edulis, but this was not reflected at nanoscale, being the hardness

significantly equal in the different pH levels. Their results were in agreement with Beniash et al.

(2010) and Stemmer et al. (2013) where no changes were reported in the mineralization of the

foliated layer (calcite) of Crassostrea virginica. A possible explanation is that, when happens,

the effects of low pH are reflected in the co-apposition of crystal laths rather than the crystals

structure. Actually, nano and micro hardness have been reported to decrease under

acidification, but only when it is in combination with temperature and/or salinity (Dickinson et

al. 2012; Ivanina et al. 2013). A high diversity of response in invertebrates is not strange at all

and could be the reason of postulated shifts in biodiversity (Hendriks et al. 2010; Barry et al.

2011; Kroeker et al. 2010).

Bivalves shell nanostructure consists of membrane-coated granules (vesicles) which

contain amorphous calcium carbonate (ACC) that is the precursor of calcite, aragonite and

vaterite. Jacob et al. (2008) found that crystallization of ACC occurs rapidly and within the

granular nano-compartments, mediated by organic molecules, much earlier than platelet

formation. A suite of proteins exported to the shell matrix space plays a significant role in

controlling mineralogy and microstructures and also immune functions. These proteins present

in the extra-pallial fluids are mostly ionic-pomps responsible for calcification processes and are

sensitive to environment variations (Zhao et al. 2017; Heinemann et al. 2012) and can act as
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compensation mechanisms when invertebrates are exposed to low pH. Kim et al. (2016)

showed that nanoindentation hardness in biogenic calcite is directly increasing with the amount

of incorporated aminoacids in the organic matrix compounds. This means that proteomic

properties may be strongly related with physiological processes even at short term scale. Low

surrounding water pH leads to a low coelomic fluid pH that, in turn, affects the organic matrix

that binds crystals. As for other marine invertebrates, Hammer et al. (2011) reported that

environmental hypercapnia resulted in acidosis in the hemolymph of A. excavata, with

consequential accumulation of bicarbonate ions during exposure, because of lack of

compensation. Differently, Mytilus galloprovincialis shows partial compensation of extracellular

acidosis when exposed to long-term moderate hypercapnia (Michaelidis et al. 2005). The

authors of both studies concluded that acidosis was counteracted by accumulation of

bicarbonate or calcium ions from dissolution of the calcium carbonate shell: the ions dissolved

from the shell remain in the system, and can be used to buffer body fluid acidosis. In our short

term experiment, we didn’t find any crystal dissolution pattern, nor mechanical properties

anomaly. In a long term experiment, A. colbecki may respond like M. edulis in Fitzer et al.

(2014), altering the shell structure in order to cope with hypercapnia, or activate physiological

mechanisms to preserve the shell, but at a cost: indeed, any maintenance mechanisms requires

energy otherwise employed in other vital functions. In both cases, it is possible that, in a long

term period, the reallocation of these energy reserves may affect fundamental function for the

individual life history (such as somatic growth) and may even have consequence on population

dynamic if reproduction will be affected as well. In order to verify this, a long term experiment

(at least one year, to cover the whole reproductive cycle) and, if possible, the investigation of

the second generation, should be considered. But long term experiment in Antarctica are quite

hard and, normally, organisms are transplanted in aquarium outside Antarctica, where they are

maintained in controlled condition of temperature, salinity and food. Despite the intrinsic limits

in replicates amount, our experiment accounted for a flow through in situ littoral water. Our

specimens experienced real time conditions, such as ice melting, phytoplankton bloom, total

suspended matter, food particles, etc.

Recently, some authors stated that short term experiment are often characterized by

positive results (i.e. presence of pH effect) while in long term experiment physiological

adaptation takes place and lead to negative results (Suckling et al. 2015). In our case the

opposite happened., but we don’t know if it is a matter of immediate compensation

mechanisms activation or because A. colbecki doesn’t suffer hypercapnia at all. Physiological

studies should elucidate this aspect. Genetic studies could also be helpful, since expression of

particular genes is almost immediate and, despite costs and effort, is very indicative of the

organisms ‘welfare’ condition. Authors are recently orientated towards the detection of this

‘stressor genes’, in order to evaluate how organisms face the global change and how much

energy they require (Dickinson et al. 2012; Dilly et al. 2015). Among these genes, there may be

some that are involved in the expression of the proteins responsible for calcite crystal
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deposition and could make us understand the costs of maintenance at molecular scale.

Literature shows that any species, or even different stages of one species, may respond

differently to OA and this could have strong implication on biodiversity (Hendriks et al. 2010;

Hale et al. 2011). Despite the amazing and increasing number of work on OA, we claim that a

greater attention should be put into high Antarctic environment and into how the different

species will cope with global change. In such a fragile environment, where more than 90% of

the species are endemic and never experienced steep environmental fluctuations, even small

impacts could be amplified through cascading effects, from species to surrounding community

and up to ecosystem.
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Abstract

O2 atmospheric pressure is increasing since industrial revolution, leading to a

lowering pH of the ocean surface water, a phenomenon known as ocean

acidification (OA), with several reported effects on individual species and

cascading effects on marine ecosystems. Despite the great amount of literature

on OA effects on calcifying organisms, the response of their reproductive system

remains poorly known. We investigated the effects of low pH on the gonads of

three key species of the littoral area of Terra Nova Bay (Ross Sea): the sea urchin

Sterechinus neumayeri, the sea star Odontaster validus and the scallop

Adamussium colbecki. After 1 month of exposure at pH 8.16, 7.8 and 7.6, we

dissected the gonads and performed histological analyses to detect differences

among treatments. Results show a significant effect in the gonad gonado-somatic

index and stage development of A. colbecki, in addition to some damages in the

gonad tissue, although not significant. S. neumayeri and O. validus show the same

disrupt tissue all over ovary and testes, but with no-significant effects as well.

Present results reinforce the need to focus on OA effects on soft tissues,

particularly the gonads, whose damage may cause high metabolic costs for

recovery and may exert large effects on the individual fitness for reproduction,

with consequences on the population dynamics of the species.

C
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Introduction

Atmospheric CO2 concentration due to anthropogenic emissions and deforestation is

increasing since industrial revolution (Sabine et al. 2004). Uptake of this gas by the oceans is

increasing seawater pCO2 and, as a consequence of the carbonate system chemistry, is lowering

surface waters pH (Cao and Caldeira, 2008), a process known as ocean acidification (OA). Since

1850 (Doney et al. 2009), global surface ocean pH has already decreased to 8.07, compared

with the preindustrial value of 8.17 (Caldeira and Wickett 2003; Zeebe et al. 2008; Cao et al.

2007). If CO2 emissions continue at current rates, this value is going to further decrease of 0.3–

0.5 units by the end of the century (Orr et al. 2005). OA is expected to exert a large range of

impacts on marine organisms and ecosystems, but pathways and extent of these impacts are

still poorly understood. The bulk of the OA studies reports different responses for different

species(Ries et al. 2009; Kroeker et al. 2010; Byrne 2012). In fact, much of the ability to cope

with OA relies on metabolic rates, levels of activity (sessile vs motile), capacity to adjust body

fluid pH and expression of calcified structure (Wittmann and Pörtner 2013), and response may

change for the different life stages of individual species(Byrne 2011, 2012). Considering that

some species are more sensitive to OA than others (Dupont et al. 2010a), it is quite obvious to

expect consequences on biodiversity (Eklöf et al. 2012; Hendriks et al. 2012), with cascading

effects on community and up to ecosystem levels (Fabry et al. 2008; Harley et al. 2012; Connell

et al. 2013),yet difficult to forecast (Brierley and Kingsford 2009).

At the beginning of OA studies and for a while, scientists focused almost only on the

biomineralization process of calcifying organisms, since undersaturation of CaCO3 shape (calcite

and aragonite) is the direct consequence of pH lowering, potentially leading to shells and

skeleton dissolution (Fabry et al. 2008; Feely et al. 2009; Doney et al. 2009). But the increase of

ocean pCO2 is a physiological stress itself (hypercapnia, Michaelidis et al. 2005; Brennand et al.

2010; Christensen et al. 2011; Doo et al. 2012; Byrne and Przeslawski 2013; Bhadury 2015) and

there is an increasing interest in the physiological response of the organisms. The main

objective of these studies are invertebrates, because, being heterosmotic, they are more

exposed to environmental pH fluctuation or potentially definitive changes (Spicer et al. 2011;

Catarino et al. 2012; Collard et al. 2013a; Holtmann et al. 2013; Holcomb et al. 2014; Zittier et

al. 2015). Despite this huge increase of knowledge, an aspect still remains poorly investigated:

the effects of OA on the reproductive system. While a large bulk of papers deals with eggs

production (Kurihara and Ishimatsu 2008; Cripps et al. 2014; Thor and Dupont 2015),

fertilization (Byrne et al. 2010a; Van Colen et al. 2012; Barros et al. 2013), embryonic and larval

development (Kurihara et al. 2008; Martin et al. 2011; Stumpp et al. 2011; Doo et al. 2012), so

far only three papers investigated in histological details the effects of OA on gonad tissue

(Kurihara et al. 2013,Uthicke et al. 2014 and Mos et al. 2016), finding evidences of alterations in
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coelomic fluids, reduced energy intake leading to a delay in gonads maturation and general

poor condition in the gonads exposed to low pH. Nonetheless, among physiological

investigations, histological techniques are very useful to detect sublethal effects: tissue

deterioration or anomalies don’t necessary lead to individual mortality, but can affect its

functionality (Kurihara et al. 2004; Dixson et al. 2010; McIntyre-Wressnig et al. 2013).

Moreover, among sublethal effects assays, histological analyses fall in the middle of the

relationship ‘response time’ vs ‘ecological significance’ (see Fig. 2 in Thiéry et al. 2012), allowing

to detect effects also in relatively short-term experiments (in the range of few weeks). In

particular, the histological survey of gonad tissues is often used to detect the welfare of

organisms, e.g. in aquaculture, or to detect pollution damages in the field (Cuevas et al. 2015;

Barranger et al. 2016; González-Fernández et al. 2016). Finally, gonads are among the first

organs that are affected by energy re-allocation in case of organism stress (Sokolova et al.

2012). Dupont et al. (2010b) suggest that more stress ecology researches are needed at the

frontier between ecotoxicology and ecology, going beyond standardized tests using model

species in order to address organism health.

Among ecosystems, Antarctic environment is supposed to be particularly sensitive to

climate change (Fabry et al. 2009; Enzor et al. 2013).Predictions for Antarctica stated that

seasonal winter carbonate ions undersaturation will begin by 2030 (McNeil and Matear 2008;

Mattsdotter Björk et al. 2014). Actually, a global trend of carbonate chemistry is quite hard to

be detected since local process are far more determinant than regional ones (McNeil et al.

2011; Roden et al. 2013; Tagliabue and Arrigo 2016) and further investigations on polar species

and ecosystems are strongly necessary. Other than uncertainty on environmental changes,

there is currently very limited knowledge on capacities of the fauna of this region to acclimate

to altered conditions (Peck et al. 2014).Antarctic environment is already undergoing several

impacts, either direct (e.g. anthropic pollution, Aronson et al. 2011) or indirect (climate change,

Barnes and Souster 2011; Constable et al. 2014; Xu et al. 2014) resulting in ecological shifts

(Aronson et al. 2007, 2009; Convey et al. 2009; Trathan and Agnew 2009; Flores et al. 2012;

Mangoni et al. 2017).

In this study, we investigated the potential effects of OA on gonadal tissues of three

macrobenthic invertebrates that are key species in the Ross Sea littoral ecosystem: the scallop

Adamussium colbecki, the sea urchin Sterechinus neumayeri and the sea star Odontaster

validus. These species are very abundant and play a very important role in the littoral

community, down to 100 m depth (Chiantore et al. 2002). S. neumayeri has been widely studied

in respect to OA (Byrne et al. 2013; Collard et al. 2013b; Ho et al. 2013; Sewell et al. 2013; Yu et

al. 2013; Kapsenberg and Hofmann 2014), revealing contrasting responses in fertilization and

larval development, possibly because of different duration of the exposure (Suckling et al.

2015).On the contrary, we found only one work on O. validus (Gonzalez-Bernat et al. 2013),

stating that fertilization and larval success decline in seawater pH conditions expected in coastal

Antarctica over the next decades. The same stands for A. colbecki, for which Benedetti et al.

66



04
(2016) found a slight to moderate effect of low pH, but only in concert with other stressors

(heavy metals and/or warming). The aim of this work is to investigate effects of OA on gonads

tissue of these three key Antarctic macroinvertebrates, in order to further elucidate benthic

responses in High-Latitude environments under foreseen low pH ocean conditions.

Material and methods

Experimental set up

We investigated the effects of OA on the gonad tissue of macrobenthic invertebrates by

performing an experiment at the Italian Antarctic Station Mario Zucchelli (Terra Nova Bay, Ross

Sea), during austral summer 2014-2015. Scuba divers collected adult specimens of A. colbecki,

S. neumayeri and O. validus at around 15 m depth in Tethys Bay (74° 41.407’ S; 164° 06.311’ E)

and placed them in the aquarium where they acclimated for 2 weeks before starting the

acidification experiment. A seacock deployed at -10 m continuously pumped water from the

sea, in front of the Italian base, to a first tank, where the water was being cooled. From here,

the water was pumped into three 50 l header tanks, where pH levels were adjusted by bubbling

pure-CO2 using a continuous pH-stat system (IKS, Karlsbad, Aquastar). Three pH levels were

nominally chosen according to projections for Antarctic waters in the future (A1F1, IPCC,2007).

We set the two treatments on pH 7.8/927 ppm (ca. 2050) and pH7.6/1417 ppm (ca. 2100),

while, for the control condition, we preferred to use unmanipulated water to grant the

organisms the natural littoral seawater pH (later resulting in 8.16). Each header tank supplied 6

tanks (experimental units or replicates), 2 for each species, so that we had 2 replicates for each

pH level and for each species. Each experimental unit was directly fed from one of the header

tanks with an individual pipe (Fig. 1). pH electrodes from the pH-stat system were inter-

calibrated every 3-4 days on total scale using TRIS buffer solutions with a salinity of 35 psu

(Dickson et al. 2007). pH was also regularly measured, together with salinity and temperature,

with two different multiprobes, previously calibrated on Antarctic littoral surface waters: Ocean

Seven 310 CTD (Idronaut, Brugherio, Italy) and C6 Muti-sensor Platform (Turner Design, San

Jose, CA, USA). Seawater samples for total alkalinity (AT) measurements were collected

periodically and poisoned with HgCl2. In Italy, AT was determined using an using open cell

potentiomentric titration (Dickson et al. 2007). Instead, we couldn’t account for DIC, pCO2, nor

the saturation constant for calcite and aragonite, since the R package ‘Seacarb’ nor the CO2SYS

program work for the Antarctic waters, providing totally inconsistent values. In fact, the

seawater chemistry parameters are calculated by the software using the dissociation constants

of carbonate system, whose accuracy becomes very questionable for extreme water conditions,

such as temperatures below 2°C (Orr et al. 2015).

We ran the experiment in flow through, in order to avoid pH oscillation due to

respiration of the organisms in the tanks. After filling the experimental units, the water flowed
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off via a relief hole and was discharged. All the tanks were covered with transparent lids to

avoid gas exchange and escapes. The cover was only removed for tank bottom cleaning through

siphoning (every 2-3 days for about 5 minutes). The organisms were not fed, but, since the

seacock pumped unfiltered seawater, they were naturally fed by incoming particles and

microorganisms. Four specimens were placed in each experimental unit, for a total of 24

individuals per each species. The experiment lasted 37 days (according to logistic constraints).

At the end of the experiment, all specimens were measured, weighted and dissected. Gonads

were weighted and fixed in Bouin, then rinsed in ethanol 70% and stored at 4°C in order to

return the samples to Italy.

Fig. 1. Diagram of the experimental system. Water was pumped from the seacock into the
cooling aquarium (big arrow) and, then, into the three header tanks (small arrow) which
accounted for different pH level: 8.16, 7.8 and 7.6. From here, water flowed (lines) into the
replicates, randomly placed in the aquarium in order to avoid any ‘place effect’. In each
replicate, four individuals were placed (4x). Ac = A. colbecki, Sn = S. neumayeri, Ov = O.validus.
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Samples processing and data analysis

Once in Italy, we dissected the gonads of the three species, embedded them in paraffin

and, then, cut them with a microtome in order to obtain 6 mm thick sections on microscope

slides. Afterwards, we performed Hematoxylin-Eosin staining (Bio Optica Spa, Milan, Italy),

mounted the cover slip with Eukitt (Kindler GmbH, Freiburg, Germany) and let the slides drying

for 24 hours. Since after first observations, we noticed a great mucous production in duct

epithelium of A. colbecki specimens kept at lower pH, we prepared additional slides (only for

this species) to be stained with Alcian blue-P.A.S reaction for mucopolysaccharides (Bio Optica

Spa, Milan, Italy). In order to obtain fully representative replicates, we used five halves of the

gonads of each specimen of S. neumayeri and O. validus and three pieces (not contiguous and

avoiding both side ends) of the gonad of each specimen of A. colbecki. Sections were examined

with a Leica DMRB light microscope and images were acquired with a Leica CCD camera

DFC420C. We took pictures at 10x and 20x magnification, covering at least 80% of the surface.

Such high coverage of the gonad histological survey allowed to provide a reliable estimate of

the potential damages. As far as the mucous production analysis, we took pictures of the Alcian

Blue – P.A.S. stained slides, covering at least 80% of the total duct epithelium.

Since, in literature, we found only three papers dealing with histological evidence of OA

effects on gonads and since there is limited investigation on gonad tissue damages from other

stressors for the three species here investigated, we decided to compare our results to a

published baseline of gonad ‘well-state’. On the basis of literature concerning gonad histology of

sea urchins, scallops and sea stars (Belkhedim et al. 2014; Cantillanez et al. 2005; Zheng et al.

2014; Benitez-villalobos and Martinez-Garcia 2012; Baeta et al. 2016), including the species

here investigated (Pearse 1965; Pearse and Giese 1966; Berkman et al. 1991; Pearse and Bosch

2002) plus literature about damage on gonads tissue due to other impacts, such as oil (Aguero-

Silva et al. 2014), neoplasia (Carballal et al. 2015), temperature (Delorme and Sewell 2016) and

heavy metals (Marigomez et al. 1990), we were able to ascribe gonads (or parts of) to ‘good’ or

‘poor’ conditions. We recorded any sign of ‘anomalies’in our specimens and carefully

determined if the ones in lower pH were ‘more stressed’ than the ones in control tanks. We

computed the ratio between the damaged area and the total photographed tissue area, while,

as far as mucus analysis, we computed the ratio between length of the membrane with mucus

overproduction and the total photographed membranes length. This ratio calculation also

allowed to ensemble females and males in the statistical analysis to reach a statistically reliable

number of individuals.

For the statistical analyses, we first made a GSI comparison using Kruskal-Wallis test in

the R software package PMCMR (R Core Team, 2013) and then we compared the detected

damages to understand if there was a difference among pH levels in each species. We first

performed the Kruskal-Wallis test in order to exclude tank effects. Afterwards, we used the

same test to compare treatment groups and, eventually, the Nemenyi-Damico-Wolf-Dunn test
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for post-hoc comparisons. Unfortunately, Kruskal-Wallis doesn’t allow for nested design, but it is

the only test that can deal with such small sample size with enough robustness. To determine if

there were differences in the gonad development among treatments, we assigned a specific

stage to the gonads of the three species, following Pearse and Giese (1966) and Byrne (1990)

for S. neumayeri, Pearse (1965), Pearse and Bosch (2002) and Benitez-Villalobos and Martinez-

Garcia (2012) for O. validus and Berkman et al. 1991, Chung et al. (2005a and b) and

Campodonico et al. (2008) for the scallop. The assigned stages are: early maturation = 1,

advanced maturation = 2, ripe = 3, initial spawning = 4, partially spent = 5, spent = 6. We used

Kruskal-Wallis test as above, since it works with ordinal data as well.

Results

Table 1 reports averages and standard deviations of the water parameters that we 
measured in each treatment, during the experiment.

Nominal pH Temperature (°C) Salinity pH Total alkalinity

ctrl -0.483  ± 0.15 33.06  ± 0.88 8.16  ± 0.09 2208.5  ± 75.7

7.8 -0.356  ± 0.10 33.06  ± 0.88 7.81  ± 0.03 2238.3  ± 117.8

7.6 -0.369  ± 0.12 33.06  ± 0.88 7.62  ± 0.02 2254.6  ± 91.8

Tab. 1. Averages and standard deviations obtained at the end of the experiment, of the water

parameters measured, during the whole experimental time, for each treatment.

Adamussium colbecki

A. colbecki GSI didn’t account for tank effect (p = 0.0622), while different pH treatment

had a significant effect, (Kruskal Wallis test p = 0.0242), being pH 7.6 significantly different, as

seen in Fig. 2 and confirmed by the multiple comparison post-hoc (p = 0.0191). As far as gonad

stage, tank was not significant (p = 0.5271), while pH exerted a significant effect (p = 0.0030),

being pH 7.6 significantly different (p = 0.0259).
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Fig. 2. Boxplot showing the difference in gonado-somatic index (GSI) related to pH levels. x-axis

reports the pH level: ctrl = control pH (8.16), t1 = treatment 1 (7.8), t2 = treatment 2 (7.6).

y-axis reposrts the GSI values.

Since, to our knowledge, there is a total lack of papers on specific damages to gonad

tissue due to OA, we listed all the anomalies found in the tissues along with control specimens.

From Fig. 3 to 5, we show females and males kept under control conditions, to show the

baseline we’ve set in order to allow afterward comparisons. Gonad tissues in the control

specimens were in very good conditions, either with ripe ovaries or mature acinus, typical for

the period of the year (Cttaneo et al. 1997; Chiantore et al. 2002). Conversely, Fig. 6 to 8 show

different damages we’ve detected in A. colbecki. In Fig. 6 we can see an overall disruption of the

gonad tissue in two male specimens kept at pH 7.6. Despite it resembles a recovery stage, with

lyses of spermatozoa, the testes are only in the pre-spawning period. Testes epithelia show

loose coherence with the germinative tissue, a fact also typical of the recovery stage, when

acinus are empty and flabby. In Fig. 7 two rip females are displayed, from pH 7.6, both with

haemocytes dispersed in a sort of greyish matter. Again, this is something that can normally be

seen in recovery stage of the ovaries, and not when they are still ripe like the ones here. Fig. 8

shows two males from pH 7.6 in which we noticed the presence of undifferentiated germinative

tissue inside a gonoduct that, normally, should host only spawning gametes. In Fig. 8b, these

germinal cells are spread all over the interspace in between acina that look like ‘exploded’. Fig. 9

shows a male gonad histological section stained with Alcian-PAS, with which we detected the

presence of mucus along the gonoduct epithelium, highlighted by a more intense blue. This

specimen came from pH 7.6 and mucus production can be seen in great amount.
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Fig. 3. Gonad tissue in a female specimen of A. colbecki kept in control pH. The ovaries are ripe

with follicles inundated with haemocytes.

Fig. 4. Gonad tissue in a male specimen of A. colbecki kept at control pH. The testes are in

advanced maturation stage, fulfilled with haemocytes.

Fig. 5. Gonad tissue in a male specimen of A. colbecki kept under control pH. The testes are in

early maturation stage, still without developed spermatozoa.
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Fig. 6. Gonad tissue in two male specimens of A. colbecki kept under pH 7.6. Disrupt tissue

occurs in some parts of the testes.

Fig. 7. Gonad tissue in two female specimens of A. colbecki kept under pH 7.6. Disrupt tissue

occurs in some parts of the ovaries.

Fig. 8. Gonad tissue in two male specimens of A. colbecki kept under pH 7.6. Intact germinative

tissue is present inside gonoducts (a) and outside acinus (b).

73



11

Fig. 9. Gonad tissue showing mucus production along the gonoduct epithelium in a male

specimen of A. colbecki kept at pH 7.6. Intense blue spots are the site where the stain attached

to the mucous cells revealing the presence of strong mucus production.

Sterechinus neumayeri

GSI di S. neumayeri was not affected by tank level (p = 0.1028), nor by the pH level (p =

0.0763). Same results were found for the gonad stage, being the tank level p-value 0.1028 and

the pH level p-value 0.1581. Consequently, the overall gonad development did not seem to

have suffered from lower pH exposure. Fig. 10 shows male (a) and female (b) gonad tissue in

good state during spawning, (a) or right before spawning (b). Fig. 11 shows two females at the

last stadium of the spawning, right before having a spent ovary. Ovaries are full of jelly that

normally follows oocytes expulsion and some of the eggs are already in lyses. Nutritive

phagocytes are fulfilled as shown by the intense color, another sign of good conditions. From

Fig. 12 to Fig. 14 different kinds of damage are listed. In Fig. 12 a diffuse disruption of the

ovaries of two spawning females from pH 7.8 may be observed, which are not similar at all to

the normal spawning females seen in Fig. 11. Oocytes and ovary epithelium are not even

recognizable and nutritive phagocytes are almost absent. Fig. 13 shows two males from pH 7.6

in which gonads present several lipofuscin-like pigments, a typical presence in a gametes

reabsorbing stage. But these

We named as ‘damages’ either anomalies that we found only in treatment pH levels or

that we found everywhere, but with a much higher frequency in the lower pH. In this case, the

described damages were present only in the pH 7.6 specimens and not in the others. Tank level

accounted for a negligible effect (p = 0.5403) and same for pH level (p = 0.4092). Also the mucus

presence in gonoduct epithelium didn’t account for differences among treatments: since tanks

didn’t have any effect on mucus production (p = 0.2244), the high p-value for the pH levels is

reliable and indicates no effects as well (p = 0.2188).
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Fig. 10. Gonad tissue of a male (a) and a female (b) of S. neumayeri specimens kept under

control pH. The testes (a) are almost spent, with only few spermatozoa still left in the lumen,

while most of them are already outside the acinus. The female (b) is in the initial spawning,

with the oocytes protruding into the lumen.

testes are in the middle of spawning, with spermatozoa still present in the lumen. In Fig. 14

another anomaly is displayed: two males, one from pH 7.8 and one from 7.6, spermatozoa

released in the gonoduct have lost their heads, leaving the flagella behind, still visible in the

spaces between acina. It is not a matter of coloration since the gametes that are still inside the

sacs are normally stained and their heads are clearly visible. Despite the presence of these

detected damages, statistical analysis didn’t confirm a treatment effect. In fact, the Kruskal-

Wallis test indicates no tank effect (p = 0.3698), but, also, a negligible of the pH level (p =

0.0946).

Fig. 11. Gonad tissue of two S. neumayeri females, from control pH, at the end of the spawning.
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Fig. 12. Gonad tissue disruption in two females of S. neumayeri kept at pH 7.8.

Fig. 13. Diffuse lipofuscin-like pigment in two male of S. neumayeri kept at pH 7.6. The aspect

resembles a recovery stage, but ready spermatozoa still fulfill the acinus lumen.

Fig. 14. Two male specimens of S. neumayeri kept at pH 7.6 in which spermatozoa have lost

their head. Only the flagella are visible outside the acinus, while inside them we can still see

normal gametes.
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Odontaster validus

We found only a slight significant difference in GSI among tanks (p = 0.0381), due to two

tanks belonging to control and 7.6 (p = 0.0560). When grouping the tanks in each pH level, this

effect vanishes (p = 0.1433), indicating a negligible effect of pH level. Gonad stage is not

affected by tanks level (p = 0.8744), nor by pH (p = 0.7948). O. validus GSI and gonad

development didn’t suffer from low pH conditions. As far as damages in gonad tissue, we only

found two specimens (from pH 7.8) with slight disruption signs. In Fig. 15 we display normal

good conditions of two specimens (a male and a female) kept at control pH. In Fig. 16 we show

the little detected damages: the female suffered the loss of the consistency of some oocytes

(looking like some sort of vitellum disruption), while in the male we see the lack of coherence in

the testis epithelium, but limited to few acina. No anomalies at all are observed in the

specimens exposed to pH 7.6. Our observations are confirmed by Kruskal-Wallis test that gave

particularly high p-values, close to 1 both for tank and pH.

Fig. 15. Gonads of a male (a) and a female (b) specimens of O. validus kept under control pH.

Both are about to spawn, as confirmed by the presence of haemocytes-like grains, which are

common during early spawning phases.

Fig. 16. Disruption of the testis epithelium in a male (a) and of the oocytes vitellum in a female

(b) of O. validus, both kept at pH 7.8.
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Discussion

Physiological response to ocean acidification (OA) in marine calcifiers are often ignored,

despite the increasing acknowledgement of the high plasticity in energy reallocation in many

invertebrates (Lau et al. 2009; Melatunan et al. 2013; Pan et al. 2015). In this work, we

evaluated the sensitivity of the reproductive system to low pH exposure of three Antarctic key

benthic species: the scallop Adamussium colbecki, the sea urchin Sterechinus neumayeri and

the sea star Odontaster validus. Despite the lack of a specific study on gonad tissue damages

due to OA, we were able to detect anomalies in this soft tissue and provide evidences of our

findings. The only significant result of pH level affecting the GSI and developmental stages

comes from A. colbecki. Chiantore et al. (2002) already showed that the gonads of this scallop’s

respond very quickly to environmental conditions. Gonads of the specimens kept at pH 7.6

resulted to be in advanced stage with respect the other treatments and to have a higher GSI

(Fig. 2), probably linearly correlated with the stage step. As far as damages in the tissue, we

found diffuse anomalies, but they didn’t provide statistically significant results and, additionally,

damages were not the same throughout the individuals. This may also be due to the paucity of

replicates and pseudreplicates, in a few number because of facilities constraints related to

performing an experiment in an Antarctic Station. Yet, most of the anomalies were not recorded

in the control conditions and, conversely, occurred more than once in the treatment specimens.

In this view, we can at least affirm that specimens in manipulated pH suffered a physiological

‘stress’ that was not present in the unmanipulated conditions. Possibly, a larger number of

specimens would have allowed to gain a statistical significance and/or to describe specific

damages for A. colbecki in regards to OA. The same argumentation can be made for the mucous

production that can be associated to stress condition (e.g. Allam and Espinosa 2016 and

references therein). The specimens kept at control pH suffered of excess of mucous production

as well (probably due to aquarium captivity), but in lower amount that the specimens kept

under low pH treatments. As far as mucous production, female individuals didn’t show any

production of mucous at all. Possibly, males are more sensitive than females to stress

conditions. Overall, given the low number of replicates it was not possible to detect significant

pH effects, or to provide evidence of sex-dependent pH effects.

As far as S. neumayeri, GSI and developmental stage didn’t show any difference related

to pH level, but, still, we were able to detect an even wider range of damages in the gonad

tissue and all of them were only associated with manipulated pH. The use of the ratio of

damaged tissues on ‘good’ ones solved much problem, such as putting females and males

together and, consequently, reach the minimum number of individuals to perform a statistical

test. But, on the other hands, it may underestimate the importance of our findings, since it

reduces everything to a mere amount, while the specific type of damage may have a exerted

greater impact on reproductive system irrespective of the intensity of the occurrence. An

interesting idea may be to give an ‘hedonic price’ to the different damages found, on the basis
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of the consequence weight of each specific anomaly on individual life history. For instance,

spermatozoa without flagellum may reach the external environment as well the normal ones,

simply thanks to mioepithelial fibers contractions, but once in the seawater they won’t be able

to encounter female released gametes, leading to a reproductive failure. On the contrary,

damages such as less number of eggs could be overcome by an enhanced production. In such a

view, we would have given more value to the numerator in the computed ratios (damaged

area/good condition area) of the two specimens affected by the loss of sperm heads.

Totally different argumentation should be made for O. validus that seems not to suffer

from OA. Indeed, we found no effect on GSI, nor on gonad stage, but we also didn’t find an

interesting amount of tissue damages. Whether this species doesn’t suffer from low pH at all or

activates immediate compensation mechanisms, it is not known. Gonzalez-Bernat et al. 2013

found that fertilization of O. validus is not affected by OA, except at very low sperm

concentration. That means that, in order to affect reproduction, damages on gonad tissue must

occur at least in male gonads to lead to a lower sperm production and/or release. We didn’t

find these damages in our experiment, suggesting that O. validus could be robust to future high

pCO2 scenarios.

Despite all considerations, a common aspect affected our experiment: the shortness of

the experimental exposure. Mid and long term experiment may detect organisms stress

alterations better than short term ones, but they can also account for adaptation (Suckling et al.

2015). In any case, are obviously much more reliable. Unfortunately, to our date, no long term

manipulative experiment have been performed in the Antarctic continent, accounting for real

time conditions and variability of temperature, salinity, particle food, etc.

Kurihara et al. (2013) found that long-term exposure to 1000 μatm CO2 delayed both

gametogenesis and spawning of the sea urchin Hemicentrotus pulcherrimus, which is in contrast

with our results, being the two echinoderms non-affected and the scallop in advance respect to

normal gametogenesis. Mos et al. (2016) also found that reduced pH and calcite saturation

state are two main factors limiting gonad production and growth. A high diversity of response in

invertebrates is not strange at all and could be the reason of postulate shift in biodiversity

(Hendriks et al. 2010; Barry et al. 2011; Kroeker et al. 2011). Gametogenesis of sea urchin is

known to be affected by a wide range of factors, including environmental conditions and

nutritional state (Walker and Lesser 1998) and Siikavuopio et al. (2007) showed that, when

energy is scarce, resources are mobilized from gonads . This makes the gonads one of the first

sentinels to detect environmental and, possibly, global change.

A main problem of this work is that it is a kind of pioneering study, since we didn’t have

a baseline to which perform a comparison of the damages specifically coming from low pH. We

strongly state for an urge for more research regarding OA effects on the reproductive system of

invertebrates species, since they mostly are benthic key species and, as highlighted by Mos et

al. (2016), many of them are important economic targets. We finally claim for an investigation

of the next generations coming from the adult specimens kept at low pH. This will allow to
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understand if and to what extent potential damages in gonad tissue may affect reproduction

effort and larval survival and development. Although these three species may survive and cope

with OA, much remain unclear about the energy demands necessary for recovery and

maintenance of the individuals which, in turn, may affect life history and, consequently,

population dynamics.
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          limate change will modify ecosystems, but the paucity of long-term data sets of 

critical ecological factors makes difficult to predict ecological changes pathways and 

scope. Different processes shape ecological dynamics at different physical scales. Their 

relative importance is central to ecology, particularly in the case of foundational species 

like scallops. Detection of ecosystem responsiveness to climatic perturbations (such as 

El Niño-Southern Oscillation) can provide insight into how ecosystems will respond to 

climate change. Probably because these climate patterns are ocean-based, the 

understanding of their influences on key coastal ecosystem processes is limited. Among 

these processes, recruitment is one of the most important. To evaluate the generality of 

recruitment pattern across bivalves and to determine how climatic and environmental 

variations affect recruitment variability, investigation of population dynamics through 

time is necessary.  

 We didn’t find direct effect of ENSO or sea-ice on the variability in Adamussium 

colbecki recruitment that may be due to several other factors such as short-scale 

variation in upwelling, wave forces, larval behavior, and post-settlement processes. 

Thus, potential influences on recruitment should be focused on the more local- and 

short-scale influences. The strong 1997-98 El Niño event is followed by the highest 

numbers of young of the year in the following January (1999). Therefore, the lack of 

correlation of scallop recruitment with the ENSO suggests that greater changes in the 

large-scale gyre circulation are necessary to strongly influence coastal ecosystem 

processes such as scallop recruitment. Yet,  the dynamics that link basin-scale changes 

in ocean circulation with coastal ecological processes need to be further investigated. 

Indeed, local sea-ice cover in our results is not related to ENSO, while a bulk of 

literature clearly demonstrated how they are strongly linked at the basin-scale. 

 Recruitment is a very important aspect of population dynamics since it is at the 

base of adult population dimension. Still, predictive models of recruitment are a 

notoriously difficult challenge. Were our time series too short? What are other local 

factors involved? Are only biological factors responsible for spat survival? Unfortunately, 

we cannot answer these questions. It is important to remember, however, that climate 

modes such as ENSO may be subject to modulation by anthropogenic climate forcing, 

under future greenhouse gas emission scenarios,  
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potentially altering their frequency and/or magnitude. 

  Thanks to a long-term series, many authors found climate change influence 

across different phyla and trophic levels, from invertebrate to fish (Lenarz  et al.  1995; 

Garcia et al. 2005; Lehodey et al. 2006; Menge et al. 2009; Woodson  et al.  2012), but 

they also found that each species can react totally differently to the variability of a given 

environmental variable (Genner et al. 2004). The range of tolerance for environmental 

variables of each species determines its distribution range, with implication for its future 

geographic range modification. These findings are at the basis of the supposed 

biodiversity change in response to global change.  

 Experimental studies are often deemed necessary to conclusively isolate the role 

of a particular environmental factor in shaping a particular ecological or evolutionary 

response (Bender et al. 1984). With appropriate replication and controls, strong 

evidence would be provided for causal effects. This approach is obviously difficult to 

apply in nature, and so most studies use instead controlled laboratory or mesocosm 

settings. Although such studies are extremely informative, their relevance to nature is 

sometimes uncertain. And, of course, experimental manipulations cannot conclusively 

confirm the presence or lack of adaptation and/or phenotypic/genetic changes in natural 

populations (Merilä and Hendry 2013) . 

 As far as ocean acidification (OA), convergent hypotheses seem to be that 

metazoans with higher metabolic rates or levels of activity, a higher capacity to adjust 

body fluid pH, and less expressed calcified structures (crustaceans and fishes) cope 

better than more inactive, sessile groups with heavier skeletons and a lower capacity to 

regulate pH (corals, echinoderms and molluscs) (Wittmann and Pörtner 2013). Actually, 

the mechanisms acting at the precise sites of calcification, and how environmental 

hypercapnia affects the acid-base balance of this space are still unclear. Consequently, 

the extent to which the fundamental mechanisms responsible for acid-base regulation 

are shared by, or are different between, calcifiers and non-calcifiers, is crucial to 

predicting sensitivities of the two groups (Widdicombe and Spicer 2008). 

 So far, little attention has been given to marine calcifiers depositing Mg-calcite 

and calcifying organisms living in high latitude and/or cold-water environments 

(McClintock et al. 2011). The solubility of Mg-calcite minerals with a significant mole 

percent (mol%) MgCO3 is higher than the solubility of aragonite and calcite, and the 

seawater saturation state with respect to carbonate minerals is lower in high latitudes 

than at low latitudes. Polar regions are expected to be undersaturated much earlier than 

temperate areas. At the same time, the endemic species inhabiting high Antarctic 

environments have evolved in a narrow range of environmental variability and, mostly, 

they are slow-growing and low-metabolism species, probably unable to cope with global 

change. The magnitude of expected changes in pCO2 in high latitude regions indicates 
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that coastal systems may be more endangered by future global climate change than 

previously thought and highlights the importance of experiments that combine stressors 

(e.g. pCO2 and T°) and whose designs is closely adjusted to carbonate system 

variability within the specific habitat (Melzner et al.  2013). The overall calcification 

process is regulated by mechanisms that we are just beginning to understand and the 

response of calcifying organisms to OA may be more varied than first thought, as 

indicated in recent experiments showing elevated calcification rates for some taxa under 

higher CO2 (Ries et al. 2009).  

  A lot of different responses to OA has been found in different species and even  

In different stage of the same species, setting the base for a bulk of discussions about 

biodiversity loss. Dupont et al. (2010) stated some future guidelines for understanding 

OA effects on marine species. A species response to OA (or any other stressor) should 

be assessed at different levels, from individual to ecosystem.  At the individual level, the 

whole life-cycle should be investigated, including fitness related processes (e.g. 

fecundity, fertility and survival) and all life-cycle stages (e.g. gonads, embryos, larvae, 

juveniles and adults). This is particularly true for mero-benthic or mero-planktonic 

species. The species success in facing a stress such as OA should then be evaluated 

and expressed as survival success over the whole reproductive cycle. At the population 

level, intra-population variability should be taken into account (e.g. through multi-

generation perturbation experiments and selection of resistant genotypes). At the 

species level, different populations of a same species may present different sensitivities 

to the same stressors as a consequence of differential environmental and selection 

histories. At the ecosystem level, direct and indirect ecological interactions may have 

consequences for species survival.  

 In this framework, we evaluated the response to OA in three macrobenthic 

species of Terra Bay littoral:  Adamussium colbecki, Sterechinus neumayeri and 

Odontaster validus, and we evaluated this response both in soft and hard tissues. 

Overall results indicate a robustness to future global change, with almost no suffering 

from low pH exposition in the hard tissues of S. neumayeri and A. colbecki. Yet, some 

little changes in mechanical properties happened in the sea urchin spines, known to be 

very sensitive to external environmental conditions. In the end this echinoderm is 

someway affected by OA, but, still, it seems to be resistant. This fact opens a question: 

how high is the cost for maintenance in S. neumayeri when exposed to low pH? Since a 

lot of papers already demonstrated bivalves to be very sensitive to OA, the negative 

results found in A. colbecki seem surprising. Again, we are not aware about the cost of 

the resistance mechanisms activation and maintenance. A different argumentation 

should be made for the reproductive system. Here is A. colbecki the most affected one, 

followed by S. neumayeri while O. validus doesn’t show any sign of pH effect. Here, the 
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lack of statistical significance is due to the paucity of literature about specific damages 

on gonads related to OA and to the paucity of observations. But the damages found in 

the gonad tissues of A. colbecki and S. neumayeri are far from being neglectable. 

During a stress exposition , an invertebrates normally can redistribute its energy pool in 

the function/tissue that is most important for its survival. Shell is the first barrier against 

external environment, even in a habitat where durophagoes are absent. Sea urchins 

test is an endoskeletonthat support many functions, among which nutrition ; it is true 

that spines are also very important and account for the same functions, but they can 

always be rebuilt anew, so, maybe, they are kind of expendable and the organisms does 

not devolve as much energy for maintenance as for the skeletal plates (which are not 

replaceable). Along with this hypothesis, gonad are usually the first organ that suffer 

from environmental stress and this is maybe the reason we did find a lot of damages 

there (except for the sea star). It is not so strange to think that function and body parts 

that are necessary to survive are much more important than reproduction and its 

devoted tissues. This naturally leads to a conclusion and to a question: the climate 

change will affect important function in some species and, consequently, their life history 

and population dynamics. Will these species be able to physiologically adapt to climate 

change ? And, to what extent these response will be reflected to the whole ecosystem? 

 Hendriks and Duarte (2010) stated that, despite the amazing amount of the OA 

experiments, the evidences are still limited both in terms of the number and range of 

species and, particularly, the ecosystems examined. It may be premature to use meta-

analysis to assess the real impact of OA on marine biodiversity  to draw a general 

conclusion on the impacts of OA on marine biodiversity. Widdicombe and Spicer (2008) 

agree with them, pointing out that: (1) our database is poor; (2) many of the data were 

generated to answer questions different from each other; (3) synergism with other 

environmental factors is rarely taken into account, (4) the species used in laboratory 

experiments must, by definition be common, lab hardy forms, when the majority of 

marine species are rare and relatively sensitive, (5) we do not have enough long term 

studies employing realistic future pH scenarios.  

  There are two interesting, and still almost not investigated, fields of response to 

OA: the evolutionary potential of an organisms and its ability to physiologically adapt. 

Pistevos et al. (2011), Sunday et al. (2011)  and Pespeni et al. (2013) demonstrated that 

OA generates striking patterns of genome-wide selection in invertebrates cultured under 

different CO2 levels. Their results demonstrate the capacity for rapid evolution in the 

face of OA and show that standing genetic variation could be a reservoir of resilience to 

climate change. Evolutionary adaptation to climatic stressors will depend on the levels 

of heritable genetic variation for tolerance to these stressors existing in current 

populations among other factors, such as strength of selection, demographic factors 
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and genetic correlations. That’s why effective response to strong natural selection 

demands large population sizes and may be limited in species impacted by other 

environmental stressors. Future studies are needed to empirically test for loss (or gain) 

of genetic diversity through rapid evolution in response to OA. 

 Several authors have discussed the use of energy related measures as indicators 

of environmental stress. Energy balance is a fundamental requirement of stress 

adaptation and tolerance. The limitations of both the amount of available energy and the 

rates of its acquisition and metabolic conversions result in tradeoffs between basal 

maintenance of a stressed organism and energy costs of fitness-related functions such 

as reproduction, development and growth and can set limit to the tolerance of a broad 

range of environmental stressors. Physiological studies can help predict effects of 

climate change through determining which species currently live closest to their upper 

variable tolerance limits, which physiological systems set these limits, and how species 

differ in acclimatization capacities for modifying their tolerances. New experiment should 

also consider the energy-limited tolerance to multiple stressors (Sokolova 2013). 

  Global climate change is frequently considered a major conservation threat. 

Changes in recent decades are apparent at all levels of ecological organization: 

population dynamics and life-history changes, shifts in geographic range, changes in 

community species composition and in the structure and functioning of ecosystems. 

Using projections of species’ distributions for future climate scenarios, Thomas et al. 

(2004) assessed extinction risks for sample regions that cover some 20% of the Earth’s 
terrestrial surface. Their results for 2050 show that 15–37% of the species will undergo 

extinction. The largest uncertainty in forecasting the effects of climate change on 

ecosystems lies in understanding how it will affect the nature of interactions among 

species and how different species uniquely respond to changes in environmental 

variables. There is a common limit in all the new millennium experiments set to 

understand how climate change might transform the global biota, including marine 

organisms: the biophysical properties of the marine environment impose challenges to 

experiments, which can weaken their inference space (Wernberg et al. 2012). Of 110 

marine climate change experiments published between 2000 and 2009, 65% of these 

experiments only tested a single climate change factor (warming or acidification), 54% 

targeted temperate organisms, 58% were restricted to a single species, 73% to benthic 

invertebrates and 11% included field assessments of processes or associated patterns 

(Wernberg et al.  2012). As global climate change conditions will favor some organisms 

more than others, there will be ecological winners and losers. We, then, claim for 

increasing effort experiments, through: (1) the combined effects of concurrent climate 

and non-climate stressors; (2) responses of a broader range of species, particularly 

from polar regions; (3) species interactions and responses through trophic levels; (4) 

 



86 

reducing pseudo-replication in controlled experiments and increasing independent 

replicates (5) increasing exposure time covering at least one reproductive cycle; (6) 

testing the stressor through generation (at least one); (7) analyzing genes expression; 

(8) assessing the physiological costs of organisms maintenance. 
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