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Abstract

Natural gradients of pH in the ocean are usefulagpees for studying the projected impacts
of Ocean Acidification (OA) on marine ecosystemsrédwe document tha situ impact of
submarine C@ volcanic emissions (COvents) on live shelled-pteropods (planktonic
gastropods) specidgsreseis conican the Gulf of Naples (Tyrrhenian Sea, Mediteria@me
Since the currents inside the Gulf will likely deithose pelagic calcifying organisms into and
out of the CQ vent zones, we assume that pteropods will be amtab exposed to the
vents during their life cycle. Shell degradatiord dnomass were investigated in the stations
located within and nearby the @®ent emission in relation to the variability ofasevater
carbonate chemistry. A relative decrease in shielinbss (22%), increase in incidence of
shell fractures (38%) and extent of dissolutionevabserved irCreseis conicacollected in
the Gulf of Naples compared to those from the NarthTyrrhenian Sea (control stations).
These results suggest that discontinuous but Etuexposure to highly variable carbonate

chemistry could consistently affect the charactersf the pteropod shells.

1



28
29
30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

a7

48

49

50

51

52

53

Key words
Ocean Acidification, Mediterranean, calcificatigrtieropods

1. Introduction
Marine ecosystems are increasingly influenced byredesing seawater pH and carbonate

chemistry changes resulting from oceanic absorpdioanthropogenic C§€ a process now
well known as Ocean Acidification (OA) (Feely et,a2004). Calcifying organisms are
particularly susceptible to OA because perturbatiom the seawater carbonate system,
including changes in Hand CQ (5 can reduce their ability to synthesize and/orrntaén
calcium carbonate skeletons and shells. In effirtsinderstand the implications of these
changes on marine organisms, shallow submarin@rmcCQ vents have been identified as
useful analogues for studying the prospective inga¢ Ocean Acidification on marine
ecosystems (Hall-Spenser et al., 2008) since thtervgairrounding the COvent naturally
lowers the pH of the water column (Williams et 4B92).

Identifying the natural response of marine orgasigmOA is a difficult task in laboratory
conditions since the behaviour of the organisnoisstrained and the feeding environment is
poorly simulated (Howes et al., 2015). However, ¢benbination of laboratory experiments
with the assessment of naturally acidified envirental gradients (such as gQent
environments), can provide further insights inte threshold pH affecting the performance
of vulnerable marine species (Basso et al., 20d&lcanic CQ vents have been widely used
as a proxy for future OA conditions by numeroushatg showing the negative response of
the higher pC@conditions to which benthic organisms have commdrdgn exposed for
their entire life span (i.e. Ricevuto et al., 200tazzo et al, 2014; Langer et al., 2014).
Marine volcanic CQ vents are abundant in the Mediterranean Sea, iefipesround Italy
(Dando et al., 1999). Recent studies in the GulNaples (Tyrrhenian Sea, Italy), on the

impact of CQ vents on marine benthic organisms inhabiting shattoastal waters, showed
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a shift from benthic calcareous communities to camites lacking scleractinian coral (Hall-
Spenser et al., 2008). Furthermore, settlementcalmhization by mollusks and microfauna
decreased at the acidified stations (Ricevuto.eR8ll2; Milazzo et al., 2014). In the same
region, the natural pH gradient negatively affedteslgrowth and survival in bivalvédnna
nobilis (Ricevuto et al., 2012) while the patellogastropotpet Patella caeruleavas able to
counteract the low pH induced shell corrosion bg #ddition of aragonitic shell layers
(Langer et al., 2014).

With specific reference to the hydrological featyrthe Gulf of Naples is characterised by
the presence of two main water masses typicalettuthern Tyrrhenian Sea: the Modified
Atlantic Water (MAW) and the Levantine Intermediddater (LIW) (Uttieri et al., 2011).
Even if in the study area the water masses arentlbe the same as for the southern
Tyrrhenian Sea, the presence of L&dbmarine emissions alters the carbonate chemistry
nature of the water masses. The presence of nauwipaharine gas emissions was suggested
by (Sacchi et al., 2005). More recently (Passara.e2014, 2016), detected and mapped the
gas discharge (dominated by g@t the seafloor of the Gulf of Naples and sugege#tat the
occurrence of C@®vents in this area could be linked to the intecsctetween volcanic
related seafloor morphologies and the main, NombktEtriking faults present in the area,
(i.e., Vesuvian fault).

However, all the C@vent related studies have been mainly focusecherrdsponse of the
coastal benthic ecosystem, while the impact ofe¢hestural pH gradients on the planktonic
calcifying population has not been explored. Unligessile benthic organisms, pelagic
species can move in and out of waters surroundimg @Q vents and experience a
pronounced variability of pCOconditions over time. This mobility makes it diffilt to

guantify the exposure of pelagic organisms to @O, levels. However, a recent study on
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corals found that repetitive exposure to high p@Onditions may cause greater responses
within certain organisms than exposure to static(Réleda et al., 2015).

Euthecosome pteropods (planktonic shelled gast)pualve been identified as indicator for
OA (OSPAR/ICES advisor group, 2015); as their teimells are made of aragonite, a
metastable form of biogenic Cag@@ucci, 1983), shelled pteropods are extremelgsee

to changes in marine carbonate chemistry. Thes@gs have been widely studied for OA
effects, both in simulated OA conditions in the & in the field where high pGQevels
already occur. Short-term lab experiments (up rt@oath), examining the impact of exposure
to high pCQ, document pteropod shell dissolution, lowered Isbalcification, altered
metabolism, behavior, gene expression and decreaset/orship (i.e. Manno et al., 2007,
Comeau et al., 2010; Lischka and Riebesell, 201&ydvet al., 2016). In the field, changes in
pteropod species community composition, geograpluistribution and presence of shell
dissolution have been observed as a result of gatian of natural high C®and low
dissolved oxygen across a frontal system in thal&on California Current (BednarSek et al.,
2014; 2015) and within an upwelling region in treofta Sea (BednarSek et al., 2012b). Maas
et al. (2016) suggested that natural environmengabsure to low pH and oxygen influences
pteropod metabolic sensitivity in the Oxygen MinmmiZone in the North Atlantic.

Here we present our observations of pteropodsatetlearound the COvent region in the
Gulf of Naples (Tyrrhenian Sea). We aim to asskesondition of pteropod shells (in terms
of biomass and dissolution) to episodic exposurigh pCQ in the presence of volcanic
CO, vents. We focus on the speci€seseis conica (C. coni¢avhich are common and
distributed in tropical and subtropical water masserldwide.

This study documents, for the first time, the intpafanatural CQ volcanic emissions on live
pteropods extracted directly from the natural esrminent. In particular the present work adds

new insight to the in situ response of pterop@dsonicato recurrent exposure to critical
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carbonate chemistry environments. This study algblights the importance of including
CO, vent regions within a long term monitoring programnvestigate the potential ability of

pteropods to persist in a high g@cean.

2. Methods

2.1 Study region

This study was performed within the framework of tledias (Mediterranean International
Acoustic Survey) project in the Tyrrhenian and liiga seas. All the samples and data were
collected on August 2015 during an oceanographitserin the Tyrrhenian Sea on board of
the R/V “G. Dallaporta”. A total of 8 stations weampled in the Gulf of Naples
characterized by on site (4 stations, group “B™)l awearby (4 stations, group “C”) presence
of natural submarine volcanic G@missions. Since currents inside the gulf wilehkdrive

the pteropods in (B stations) and out (C statishe)CQ vent zones, we assume that those
organisms will be periodically exposed to the vedtsing their life. In addition, more
stations (3 stations, group “F”) were sampled al@%f the Gulf of Naples, in the northern
Tyrrhenian Sea (Fig 1), where no £¢nts have been identified, to provide a contudlesof
samples (Fig 1).

Stations characterized by natural gas emissionse wdentified during a previous
oceanographic survey in the same area (Passaltg 20B4) by means of the Simrad EK60
Scientific Echosounder. Such instrumentation isclpy used for estimating biomass and
distributions of small pelagic fish species in mamgas of the Mediterranean Sea (Bonanno
et al., 2014) but also readily identify plumes afbbles derived from COvents at the

seafloor.
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Fig 1 Sampling station positions in the Northern Tyrrhenan Sea and in the Gulf of
Naples (Mediterranean Sea)Stations B1-B2-B3-B4 are characterized by thesgmee of
natural submarine volcanic G@missions. Each station depth is indicated. Sesdpa et al.,

2014; 2016 for a detailed map of €@nts emission points.

2.2 Hydrology and Carbonate Chemistry measurements
Full depth hydrological casts were acquired acalsshe stations using an SBEF12 Plus

CTD, with temperature, oxygen, conductivity andoflometer sensors. The probes were
calibrated before the cruise at Sea-Bird Electmnic Kempten, Germany. The collected
downcast data were quality-checked and processed tise Seasoft-Win32 software. The
overall accuracies are within 0.001°C for tempemt0.001 sit for conductivity, and

0.015% of full scale for pressure. Raw fluorescevedees were converted to Chl a biomass

(ug*l'l) using the factory calibration.
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Discrete Total Alkalinity (TA) and Dissolved Inonga Carbon (DIC) samples were
collected at different depths of the water colunging a carousel equipped with Niskin
bottles and then poisoned with Hg(@% saturated solutiot) prevent biological alteration.
Seawater TA and DIC were measured by potentiontétation, employing the open-cell
procedure. The precision for TA was +2.0 mmolkand 4 mmol k§for DIC. Data accuracy
was confirmed by regular analyses of Certified Reafee Materials (Scripps Institution of
Oceanography). Carbonate saturation states ofomitag(2,) were indirectly calculated
from TA and DIC data using the CO2SYS software (isewnd Wallace, 1998), with
carbonate dissociation constants by (Mehrbach. eL@¥3yefitted by (Dickson et al., 1997)
and sulfate dissociation constants by (Dicksorl.ef890). Note that for logistical reasons no

chemistry samples, were collected at station F39.

2.3 Pteropod collection and investigation
On board, living pteropods were collected from ngaitom depth (ranging between 65 m

and 170 m) to the surface by a Bongo-40 zooplank&ir{200 pm mesh size). Samplingk
place over one time at each statauring the day time. The volume of sea water sathplas
measured by General Oceanics mechanical flow-metitashed to the ring net. Samples
were stored for 3 weeks within buffered formalinuson and kept at 4°C. pH was measure
in all the samples, at the beginning and the ertlettoring period to ensure that the state of
the shells were not affected by the preservatiahrigue. After three weeks from the
collection, pteropod species were identified andnted using a light microscope Olympus
SZX16. Pteropod abundance within the water coluras @alculated as individuals per cubic
meter (Ind*m®).

Investigation of shell morphology and shell biomass determined only for the dominant
pteropod specie€. conica.Shell morphology was performed using a Scannirgctidn

Microscope (SEM). The number of individuals anaty$er SEM ranged between 10 or 20
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for each station (except for station B2 where walysed only 5 organisms) depending on the
availability of specimens. Only individuals witmslar shell size (juveniles ranging between
280 um-320 um) were selected to facilitate comparigetween different groups assuming
same life stage has similar susceptibility to hig80O, level. Before SEM imaging,
individuals were carefully washed with DI water remove salt on the shell and then air-
dried for 24h. The shells outer organic layer (@&racum) was not removed. We
acknowledge that the exclusion (BednarSek et d6p0r inclusion (Peck et al., 2016b) of
periostracum for evaluate shell dissolution idl stildebate. However our rationale for not
removing the periostracum prior to imaging shedléofvs previous studies (Peck et al., 2015)
showing that the removal of the organic outer laydrich also has an intra-crystalline matrix
(Marin et al., 1996), can expose crystals in a wénch could be mis-interpreted as shell
dissolution.

Shell degradation was evaluated by applying a sprantitative index of dissolution
(Gerhardt et al., 2001, Lischka et al., 2011; Maebh@l., 2012). This Dissolution Index is
represented by six preservation stages (from Ost @servation to 5 = highest degree of
dissolution), determined by: shell surface lustndther lustrous or dull); shell damage
(surface with shell corrosion and/or perforationabfleast one layer of aragonite). For each
station, we calculated the % of shell falling inufodissolution levels: no corrosion
(transparency, preservation stage 0); low corrogapacity with small sign of dissolution,
preservation stage 1-2); high corrosion (periostma@nd the first aragonite prismatic are
partially missing, preservation stage 3-4); dam@gesence of perforation, preservation stage
5).

Shell surface was inspected for the presence @nabsof fracture zone (i.e., resulting from
in situ mechanical damage) and represented as Us giresenting fractures to the total

shells. To discriminate between “natural fracturesid fractures due to mechanical damage
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from the net and collection processing, we onlysidered the “historical fractures” where it
appears that the animal has built up shell matarialeld the shell back together (Peck et al.
2018).

For the measurement of shell biomass (carbonatdembrexpressed as pg CaglO
individuals were heated to 550°C for 5 h to elinnarganic matter content and the ashes
(representing the remains of the shells) weighadgua Toledo microbalance. The ash
weight can be considered an indirect estimate @@aontent. As for SEM investigation, to
allow us to estimate shell biomass difference betwgroups, we only used individuals with
similar shell diameter (juveniles, 302um %11, faotal of 76 specimens) and presenting the

best shell condition within each group (31, F; 34L&, B specimens).

2.4 Data analysis
For each station, the average values of carborremistry parameters (pH, TA,, DIC,

pCQ,) were computed together with total abundance,| shemiass, shell dissolution level,
and percentage of fractured shells. TemperatuliajtgaChl a and oxygen values recorded at
the same depth of carbonate chemistry measurememés extracted from CTD profiles to
obtain the average hydrological conditions at estetiion. Obtained data matrix was then
used in the statistical analysis. The pairwiseaiation between all above-mentioned factors
was computed by using Spearman correlation coefficiPCA was used to investigate the
presence of pattern of variables (that could berpmeted as “processes”) as well as to best
explain the variation observed among stations. differences among the identified groups
of stations were assessed with parametric statistiests (namely ANOVA and t-test
according to the nubers of groups). If serious atiohs in the assumption required by
parametric tests were identified, the non-parametliernative were used (Kruskal-Wallis
ANOVA and Wilcoxon rank sum test).

Shannon diversity index was used to characterieepthropods biodiversity in the stations.

All statistical analysis were carried out in R sttal environment (R Core Team, 2018).

9
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3. RESULTS
3.1 Hydrology profiles

At all stations mean surface and bottom tempesatanged between 25.6 °C and 28.2 °C
and between 14.45 °C and 14.67 °C respectively Py Surface salinity was strongly
influenced by the river outflow with values rangifigpm 37.09 to 38.25. The salinity
minimum due to the presence of the Modified AtlanWater (MAW) was typically
positioned between 30 and 45 m (Fig 2a). Oxygemreatnation exhibited a similar profile at
all stations except B2 (Fig 2a) where higher s@faxygen values were mainly influenced by
the Sarno river outflow. Fluorescence values ranigetiveen 0.01 and 1.583*™. The
higher values were recorded in the Gulf of Napled & particular in the B2, B3 and C23

stations (Fig. 2a). Dataset of the hydrologicabpaeters is available in Table 1 in S1_Table.

10
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232 3.2 Carbonate chemistry
233 Significant differences were recorded among theehgroups of stations for botf,,

234 (ANOVA, F(2,7)=101.4, p<0.001) and pGQANOVA, F 77=240.7, p<0.05). In particular,
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although seawater was not under-saturated withectsp the aragonite at any of the stations
(i.e.,Qa>1 at all stations)2,, and pCQvalues in the Gulf of Naples (stations B and C)ewver
respectively significantly lower and higher thancanhtrol site (stations F). Differences in
carbonate chemistry were also evaluated by groughed and C stations (Gulf of Naples)
and comparing such group with the stations outs$ige gulf (control). Obtained results
showed that stations outside the gulf were sigaifity different from the B+C group
(Qar;t7=5.78; p<0.05 and pCOL7=4.7, p<0.05).

Dataset of carbonate chemistry is available in @&bih S1_Table.
3.3 Difference in pteropod abundance and “shell fithes’ between

stations

Pteropod abundance was significantly different leetwthe three groups of stations (K-W
ANOVA, H »= 7.13, p<0.05). In particular, pteropod abundames significantly lower at

group C (40%) and B (82%) stations than the comtiations, group F.

Pteropod diversity was significantly different (8han diversity index, (K-W ANOVA, H
(2)= 6.76, p<0.05) between the three groups ofostatalso. In particular, diversity was
significantly higher at the control stations ouesithe Gulf of Naples (group F, 100% of
identified species) than in the stations of theugeoB and C. Dataset of pteropod relative

abundance is available in Table 3 in S1_Table.

The state ofC. conicashell condition is presented in (Fig 3a). ANOVAttshowed that the
percentage of shells presenting no signs of campdow corrosion and high corrosion were
significant different among the considered grouys Corr: F(2,8)=9284, p<0.05; Low Corr:
K-w: H(2)=9.07, p<0.05; High Corr: F(2,8)=102.6, 8&5). Pteropods collected from the
CO, vent stations (group B) presented a significamtigher degree of dissolution than

pteropods collected from stations C and F. In paldr all pteropods collected in group F had

12
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a well preserved and transparent shells (stagEd))versely, within group B, 60% of shells
showed stage 4 levels of dissolution. Shell digsmiu(even if moderate) was also observed
in the group C, with 70% of shells exhibiting ogg@nd dullness (stage 3). SEM pictures in
the Fig 3b are representative of the differ€ntonicashell dissolution stages observed. We
did not observe evidence of shell perforation @tagin any specimens.

Significant differences among the three groups vweerdenced also in terms of incidence of
shell fractures (F (2, 8)=51, p<0.001) and biom#&sgarticular, at stations within group B
the highest incidence of shell fractures and theeki biomass was recorded. Significant
differences were also recorded between C and orssatthe latter presenting the lowest
incidence of shell fractures and the highest biam&¥ataset of pteropod shell biomass,
fractures and dissolution are available in Tablg dnd 6 in S1_Table.

Comparing the B+C stations against the F group,pilesence of significant differences
between the Gulf of Naples (B+C) and the Contratish (F) were confirmed (No Corr:
t7=103.97, p<0.05; Low Corr74=9.26, p<0.05; High Corr#=6.32, p<0.05; incidence of

shell fractures: #=7.8, p<0.05; biomassz=7.35, p<0.05;).
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Fig 3 Difference in pteropod abundance and “shellithess” between stationsa) Shell
dissolution level (%) o€. conicacollected at the group B (vent stations), C aatict F; b)
SEM images showing different levels of dissolutimn C. conicashells. The top image
shows a detail of. conicashell in perfect condition (stage 0, mainly foundhe group F);

in the middleC. conicashell lustreless with sign of dissolution (stag8, 2nainly found in
group C and B); on the bottto@ conicashell with high dissolution where the periostracum
and the first aragonite prismatic are partially sing (stage 4, mainly found in the group B);

c) shell biomass (grey histogram, pg CaCO3* sheihd shell presenting fractures (white

histogram, %) ofC. conica
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3.4 Relationships with carbonate chemistry and hydslogy

The pairwise correlation analysis (Fig 4a) showetlgresence of strong correlations between
carbonate chemistry and some parameters relaté toondition of pteropods (such as the
lowest and the highest dissolution levels, the laissnand the percentage of shell fractures).
In particular, the absence of dissolution was padit related to high2,,values. Conversely,
the highest level of corrosion was negatively edato Q,. The abundance and the shell
biomass were found positively correlated wily, while the opposite was true for the
percentage of shell presenting fractures. No scant differences were found among the
three groups of stations in terms of temperatwaknisy and oxygen, evidencing the presence
of comparable hydrological conditions..

PCA analysis further confirm the relationships abed in correlation analysis, providing a
more clear picture of the factors driving differea@among the three groups of stations (Fig.
4b,c). The first two PCA axis explained 82% of tbeal variance. In particular, thé' PC
axis was significantly (see Table 7 in S1_Tabldatesl to Q. and pCQ, absence of
corrosion (NaCorr) and higher corrosion, as well as to abundapeecentage of shell with
fractures and biomass. Such patterns evidencedtiizdns having lower values on the first
PCA axis were characterized by higher abundanoedss Q. and lower shell dissolution
(No Corr.) as well as by lower pGQpercentage of shell with fractures and lower prapn

of pteropods shell characterized by higher degfesorrosion. As the *Laxis accounts for
62.76% of the total variance it is clear that nafsihe variability among stations is related to
pteropods and carbonate chemistry parameters. i$n cintext all the B stations were
clustered on the right side of th& BC axis, while the F stations showed the lowehiesa
with respect to such axis. C stations were maialynfl in intermediate position along th& 1
PC axis evidencing the presence of intermediatditons between B and F stations in terms
of the parameters related to th& RC. Regarding the"® PC axis, it was found strongly

related only to the hydrological parameters. AB®jt accounts for a much lower proportion

15



310 of the total variance, the weak effect of hydrobadicondition in driving the differences
311 among the stations was confirmed. Dispersion dfosta along the™ PC axis is much lower
312 than the one along thé' PC, and the observed differences along @€ are mainly due to
313 local factors, such as distance from the coastifhgato higher Chl a) or the presence of

314 freshwaters input (it is the case of C23 and Fafasts).
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315

316 Fig. 4a: Pairwise Spearman correlation plot amonghe considered variablesCorrelation

317 values are reported in the lower triangular matinxthe upper triangular matrix a graphical
318 representation of correlation values is reporteghi@r the correlation, bigger the circle; blue
319 and red colours indicate positive and negativeetations respectively). The "X" symbol is
320 used to mark the non-significant (p>0.05) correladi. Note: no corrosion=% shell
321 presenting preservation stage O; low corrosion=%ll gfresenting preservation stage 1-2;

322 high corrosion = % shell presenting preservatiagat3-4; DIC =TCQ
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Fig 4b: PCA of the considered variablesVisual representation of the correlation among
environmental, chemistry, biological factors valesh and PCs (left panel) and distribution
of the stations along the™land 2° PCs space (right panel). Note corr = corrosion;

TCOx=DIC

4. DISCUSSION
4.1 Pteropod shell fitness around C®vents

This study documents, for the first time, the intpafanatural CQ volcanic emissions on live
pteropods extracted directly from the natural esrvinent. We illustrated that the decrease of
Qa, associated with the presence of é&nts, can alter the chemical environment for
planktonic calcifying organisms in the vicinity. fmarticular,in situ shell dissolution and
change in shell biomass were the predominant festwbserved in the live pteropods
collected in the Gulf of Naples (in the stationdted within and nearby the GQent
discharge) compare to pteropods collected in tidrgbstations. Unfortunately, so far there
are no studies on seasonal variability of the caalb® chemistry in this region, however,
the pH difference between the €@ent stations and the controls is higher thannatiral
seasonal variability of the Liguria coastal siteo(tes et al., 2015), located on the border

with the Tyrrhenian Sea.
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The difficulty in investigating pelagic organismisiag a “natural gradient” is determining the
residence-times of populations within the £@ent stations, so as to parameterise the
duration of their exposure to the stressor. Howepéeropods may perform diel and/or
seasonal vertical migration, spending part of theme under lowQ,, (nearby the C@vent
source at the bottom) and part in the more satinatgers at the surface (Bednarsek et al.,
2012; Manno et al., 2016). In particular, Cresei@iuch a€. conicg seems to perform diel
vertical migration (Be and Gilmer, 1977; Hsueh, 3P@ith a vertical distribution >100 m
(van der Spoel, 1967; Be and Gilmer, 1977). Consetly, despite we do not have
information on the vertical distribution of pterajmat the time of collection, we can assume
that the organisms collected at the @nt stations (group B, emission depth rangingnfro
89m to 145m) will have been daily exposed to p@artuation.

Another challenge is that pteropods are also ragicsspatially and will likely move around
and outside the Gulf of Naples transported by ecusteTwo different water inflow and
outflow regimes are present in the Gulf of Naplesh a tendency towards stagnation inside
the basin during spring and summer and a moretaffewater renewal mechanism in fall
and winter under NE winds (Cianelli et al., 201B).particular, Mazzocchi et al. (2012)
outlined that the only few species representativila® coastal area dominate the zooplankton
assemblage in summer owing to coastal retentican@li et al., 2015). Thus, given a growth
rate of about 0.33 mm per month (BednarSek et@ll2; Well, 1976) and a mean diameter
of pteropod shell investigated in this study of 362 it is likely that specimens were retained
in the Gulf of Naples from the very beginning oéithlife cycle and within the same water
mass condition. As BednarSek et al., 2012 and V¥8If6 reported similar values of shell
growth rates on pteropods collected from very déife regions (i.e. Scotia Sea and West
India respectively), we assume that the used groatth can be representative for pteropods

collected in the present study.
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Uttieri et al., 2011 using a model simulations aftgle transport (in the summer period)
demonstrate the presence of a scarce renewal efatawaters, both over short (i.e., 48 h)
and long (i.e., 1 month) periods. The authors fotivad the residence times was very high,
with particles remaining in the deployment areaawerage for more than 15 days. This
simulation confirms that pteropods will spend aevaint amount of time in the station of
collection before to be moved back and foward adotlve Gulf. Thus, although we do not
have information about the resident time of ptedspm the Gulf of Naples, we can assume
that pteropods collected in August (this study)ehbikely been trapped in the Gulf and have
experienced intermittent GQvent impact for months. The presence of impactedopod
shell in the stations (group C) not directly lochten the CQvent discharge, confirm the role
of currents within the Gulf of Naples, driving tphelagic calcifiers inside and outside the CO
vent emissions. Conversely, sessile benthic catsif(as for result of their sedentary
behaviour) experience shell degradation only whieectly located around the GQrents
(i.e., Hall-Spenser et al., 2014, Basso et al.52Milazzo et al. 2014).

The variability nature of the CGOvent system over the time is a key factor in the
interpretation of the observed negative impact tengpods shell and in part explains the high
level of shell dissolution despite the presenceowérsaturated seawate®>1). We are
aware that our data are not representative ofdn@ooate chemistry condition over time and
a detailed survey throughout the year will be apantant next step. However, Passaro et al.
(2016) found that in the Gulf of Naples bubble pksngenerated at the G®ent are
highly variable: from a continuous, dense bubble«flto short-lived phenomena. In
particular, the authors found the pH values abow&hallow CQ vent emission (78
depth) decrease from 8.4 (at mOdepth) to 7.8 (at the bottom). Unfortunately, ghors
did not provideQ,, values but the pH values at the bottom are lovmantthe pH we

observed near the GQ@ent emissions and it could likely correspondawér Q,, than the
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values observed in our study. Therefore, peridaigposition to critical lowQ2,,values may
drive the dissolution state of pteropod shells.

Overall, we suggest that pteropods around the @énts in the Gulf of Naples, are
negatively impacted when periodically exposed ghhspatial and temporal variability in
Q... Evidence of impact on pteropod shell dissolutias already been reported in the field.
Within an upwelling system, BednarSek et al. (201dh)served higher levels of shell
dissolution (up to preservation stage 5) than tresent study. This can reflect either the
higher magnitude as well as time of exposure ofopieds in this region compared to the
Gulf of Naples. Further, the absence of additiverenmental stressors in the Gulf of Naples
such as variability in oxygen and nutrient concatimin could also partially explain the lower
impact on the shell compared to the upwelling syste

In the future targeted research, focused on thestigation of vertical distribution and
migration of pteropods in the G@ent regions, will be crucial to improve our urgtanding
on the potential ability of these organisms to dvaiater depths with critical carbonate
saturation state. It will be important to use Lagyian modelling studies (to track pteropods
across temporal and spatial scales) since in addib intensity and duration of exposure
(Manno et al., 2012; 2016), the impact of £@nts on pteropods is likely to be also a
function of the recovery time between the exposutssf. Lagrangian particle tracking
models coupled with hydrodynamic models are pdertyefficient tools to examine the role
played by various physical processes and to stahgport processes over an entire basin to
simulate zooplankton dispersion and distributiomlifferent scales (e.g. Speirs et al., 2006;

Lett et al., 2007).

4.2 Impact on the pteropod shell biomass
We found that shell biomass was significantly lowepteropods living within the Gulf of

Naples compared to those in the Northern Tyrrhedaa. Only individuals of the similar
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length (juveniles, 302 um = 11) were used to meashell biomass in order to compare the
different groups. The decrease in shell biomasgestg that calcification was lower than
dissolution and in turn the shell biomass decre@bis. was more the case of the individuals
presenting high level of shell dissolution (groupvhere likely the dissolution exceed the
calcification. However, shell biomass of individsiah the group C, which present manly
shells with opacity and/or low level of dissolutigras still significantly lower, suggesting
that the lower shell biomass was a common featafgsteropods in the Gulf of Naples
(compared to the shell biomass values of the cbstations outside the Gulf). We are aware
that other environmental factors can play a rolgteropods shell growth (e.g. temperature
and salinity) (Lalli and Gilmer, 1989) however differences in salinity and temperature
between the stations during the summer were wittennatural seasonal variability of the
Tyrrhenian Sea and well within the pteropods’ tatere window(Lalli and Gilmer, 1989).
Further, incubation experiment of pteropods undearsge of salinity (Manno et al., 2012)
and temperature (Lischka and Riebsell, 2012) shmav those parameters have to change
quite considerably before a negative effect is aetde (i.e., shell growth, behaviour,
survival). Similarly, the potential role of temptere on shell dissolution was excluded
because previous works found that under manipulaéger condition increasing in
temperature not leads to dissolution on pteropbdxliika et al. 2011, Gardner et al. 2018).
Food availability may also play a critical role dietermining the shell growth because food
supply is required to support the metabolic proegdacilitating bio-calcification as well as
the resistance of calcifiers to adverse conditiechsas OA (Ramajo et al., 2016). Particulate
food availability to pteropods, as inferred inditgdrom average Chl a fluorescence in each
station was not significantly different between ttieee groups of stations, suggesting

pteropods were not limited by food availabilitytive region around the G@ents.
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440 Evidence of change in shell morphology in respottsehange in carbonate chemistry
441 associated with shallow-water @@ents has already been observed in benthic mallfisc,
442 Langer et al., 2014, Garilli et al., 2015). Gardli al. (2015) show that benthic gastropod
443 species Cyclope neriteaandNassarius corniculysadapted to acidified seawat€l,=0.68)
444 were smaller than those found in normal pH condgig¢8.1) while Langer et al., (2014)
445 found that the patellogastropod limpBatella caeruleacounteracted the induced shell
446 dissolution in the C®vent waters €,=3.01) by enhanced production of internal aragonite
447  shell layers. Incubation experiments on the Medatezan pteropod;reseis aciculareported
448 a 30% decrease in calcification with a decreage,jrfrom 3.3 to 2.0 (Comeau et al., 2012).
449 Moya et al. (2016) show that pteropétliconoides inflatusexhibited a 50% decrease in
450 gross calcification when exposed to waterdgf= 2 (compare to control conditid,, =
451 2.9).

452  Our results providén situ evidence that shifts away from an organisms optindly, values
453 can significantly affect calcification despite wateemaining oversaturated. In support our
454  observation, pteropod shells collected within segfittraps became significantly lighter over
455 recent decades &3, decreased (Robert et al., 2011). A decrease irslie# thickness of
456 modern (2000+£,~=4.0) tropical pteropod. longirostris compared to 19609,=3.5)
457 samples has been observed (Roger et al., 2012jhelFfuHowes et al. (2017) compared the
458 difference in shell thickness of pteropod sampl@avplinia inflexaand Styliola subula
459 collected in the Tyrrhenian Sea with archived s&awmgtom 1910’s. The authors observed
460 that shell thickness from modern pteropod%,£3.4) was significantly less than from
461 individuals collected on 1910'sQ(~=3.88) (despite they state those decrease in shell
462 thickness should be treated with caution). Comparigith the present study and Howes et
463 al. (2017), both made in the Tyrrhenian Sea, highé the relevance of using natural

464 environmental gradients to forecast the impactigh IpCQ on marine organisms as spatial
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change (natural variability of the carbonate chémyisassociated to COvents) can be a
substitute for time (100’s older vs. modern sampté&swves et al., 2017). Further short time
experimental studies (up 29 days), where pteropegle incubated at undersaturateel,
levels, found a decrease of calcium carbonate ptation and shell diameter, respectively
up 28% (Comeau et al., 2010) and 12 % (Lischkd.e2@12) confirming the relevance of
short episodic exposure in natural environments.

We observe an inverse relationship between shelnéass and the incidence of shells
presenting fractures, indicating that fractures rast commonly found in shells with low
biomass i.e., thinner/low density shells. Assunpngdation pressure is comparable across all
sites, we consider that thin shells found at staBare more fragile and therefore more prone
to fracture than the more robust, high biomassish@lthough the effectiveness of the
periostracum for pteropods is a matter of debateKRet al., 2016b; BednarSek et al. 2016).
Peck et al. (2016a) indicated that the shells afthg, living pteropods are only susceptible
to dissolution of the shell where the periostrachas been breached and the aragonite
beneath is exposed to undersaturated waters. Hoesibility of the thin, fragile shells of
pteropods at the GQOvent stations to fracturing increases the inciéeot aragonite being
exposed beneath the damaged periostracum. The qummsze of increased incidence of
mechanical damage to the shell and exposure torsetdeated waters is consistent with our
observation of heightened incidence of shell digsmh.

In this study,C. conica(as well as the total pteropod assemblage) in thié s Naples were
lower in abundance compared to those collectetiercontrol stations (Northern Tyrrhenian
Sea). Due to the highly patchy distribution of pfyd abundance and sampling collection
being limited to one time, the impact of €@ents on pteropod survivorship can only be
speculative and any interpretation have to be ewatlwith extremely caution. However, it is

likely that the observed increasing in shell degtah and decreasing in shell biomass could
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contribute to increasing in pteropod mortality (@ese affecting shell buoyancy, defence
against predator etc.). BednarSek et al. (2014) alsserved a relationship between shell
dissolution and decrease in pteropod abundancenviite upwelling system and suggested
that increased dissolution combined with increasieell fragility could potentially induce
pteropod population decline.

Marine organisms have the potential to adapt tangks in ocean pH and adaptation
potential can be inferred from existing geneticedsity related to patterns of local adaptation
across present gradients in environmental pH (8tlmand Paganini, 2015). Even if not
explored in this study, the decrease in shell besvd pteropods as potential local adaptation
to natural low saturation state of Ca§;@ an interesting matter for future investigatié
the high latitudes, for example, due to the natloaler saturation state of CagGshell-
building materials are more difficult to extracbin seawater and calcifying organisms
present thinner shells than individuals living aédium and low latitudes (Grauss et al.
1974). Understanding the persistence of populatadngarine organisms in future altered
environments requires first an understanding o&mxphenotypic plasticity under realistic
environmental conditions and the potential for da@apn (Silmann and Paganini 2015). £0
vent regions might help to improve our understagdion predict if pteropod populations
possess adequate genetic variation to adapt toasted environmental change. Future long
term monitoring of the in situ population dynamaswell as study on phenotypic plasticity
and genetic variation across natural small scaldignts (such as GQ@ent) will be crucial to
understanding the plasticity- adaptive-defenceha drganism to persist in a more acidified

ocean over short (< 10 year) to medium (10-100)ytearporal scales.

Appendix A. Supplementary data

24



514

515

516

517

518
519

520

521

522

523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552

S1 TableHydrology and carbonate chemistry variables and ptepod dataset of all the
stations. 1) Temperature, salinity, oxygen and fluorescer®epH, Q,, Total Alkalinity
(TA), Dissolved Inorganic ; 3) pteropods abundamcel species contribution; 4) shell

biomass and length ; 5) shell fractures; 6) shefaution; 7) Correlation statistics
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Highlights

1- in situ shell dissolution and change in shell biomass were the predominant features
observed in the live pteropods collected within and nearby CO, vent regions.

2- Low pteropod biomass shells (collected nearby the CO2 vents) were more fragile and
therefore more prone to fracture than the more robust, high biomass shells (collected in the
control stations).

3- In the Gulf of Naples, intermittent shifts away from optimum Q,, values can significantly
affect pteropod calcification despite waters remaining oversaturated.



