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• Effects of pH and temperature in a Med-
iterranean intertidal reef-building spe-
cies were tested for the first time;

• Portions of vermetid reefs have been
transplanted in a natural CO2 vent and
air-temperature was manipulated;

• The combination of high temperature
and low pH reduced the oxygen con-
sumption of the vermetid D. cristatum;

• Number of embryos, recruitment, and
calcification of early life stages of
D. cristatumwere impacted by tempera-
ture and pH;

• Shell of embryos and recruits exposed to
high pCO2 showed an increase in Mg
concentration and a higher dissolution.
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Expected temperature rise and seawater pH decrease may affect marine organism fitness. By a transplant exper-
iment involving air-temperature manipulation along a natural CO2 gradient, we investigated the effects of high
pCO2 (~1100 μatm) and elevated temperature (up to +2 °C than ambient conditions) on the reproductive suc-
cess, recruitment, growth, shell chemical composition and oxygen consumption of the early life stages of the in-
tertidal reef-building vermetid Dendropoma cristatum. Reproductive success was predominantly affected by
temperature increase, with encapsulated embryos exhibiting higher survival in control than elevated tempera-
ture conditions, which were in turn unaffected by altered seawater pH levels. Decreasing pH (alone or in combi-
nationwith temperature) significantly affected the shell growth and shell chemical composition of both embryos
and recruits. Elevated temperatures alongwith lower pH led to decreases of ~30% oxygen consumption and ~60%
recruitment. Our results suggest that the early life stages of the reef-builder D. cristatum are highly sensitive to
expected environmental change, with major consequences on the intertidal vermetid reefs they build and indi-
rectly on the high biodiversity levels they support.
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1. Introduction

Increasing anthropogenic CO2 is leading to ocean warming and
ocean acidification (OA) (Caldeira, 2005), with model projections sug-
gesting seawater temperature will further rise by 2.0–4.5 °C (Pörtner
et al., 2014) and pHwill decrease by 0.4 units by the end of this century
(Caldeira and Wickett, 2003). Such phenomena are already changing
the state ofmanymarine ecosystems, affecting key processes such as re-
production, development, recruitment and growth of ecologically rele-
vant reef-building species such as calcifying algae, corals and molluscs
(Byrne, 2011; Kroeker et al., 2013; Parker et al., 2010). Early life stages
are the most vulnerable to ongoing and expected environmental
changes (Kroeker et al., 2011). Development success, settlement, and
recruitment of many marine species can be impaired (Albright et al.,
2010) either directly, affecting metabolic processes or their ability to
recognize appropriate settlement substrata, or indirectly, by altering
the community composition of the receiving habitats (Doropoulos
et al., 2012; Fabricius et al., 2017; Milazzo et al., 2019).

Althoughmarine intertidal species may exhibit high tolerance limits
and thermal plasticity, acute exposure to heat stress at low tide may
have detrimental effects on their metabolism and the ability to repair,
replace and restructure thermally sensitive biochemical components
of the cells (Somero, 2002). Consequently, a reduction in energy avail-
able for reproduction, growth, and behavior can occur over time
(Michaelidis et al., 2005; Portner et al., 2005). Similarly, prolonged ex-
posure to warming conditions can be detrimental for both embryonic
and larval stages of intertidal tropical species (Stillman, 2003), causing
a reduction in development time, faster growth and in some cases a de-
crease in larval size and viability (Byrne, 2011; Davis et al., 2013;
Armstrong et al., 2017). Under these circumstances OA may increase
the energy costs associated with the calcification process (Byrne and
Przeslawski, 2013), with calcifying organisms exhibiting smaller body
sizes, abnormal structures (Garilli et al., 2015; Kurihara, 2008; Parker
et al., 2010) and altered chemical composition of their carbonate skele-
tons and shells (Bentov and Erez, 2006; Milazzo et al., 2014; Nash et al.,
2013). For example, it has been well documented that the presence of
Mg2+ in the calcifying fluid postpones crystallization of calcite and fa-
vors the formation of the metastable aragonite polymorph
(Fernandez-Diaz, 1996), hence weakening skeleton and shell
structures.

Many biogenic habitats, e.g. coral reefs, mussel beds and algal-
vermetid reefs, are built up by calcifying organisms that can be affected
byOA andwarming, with cascading effects on their associated biodiver-
sity (Milazzo et al., 2019; Sunday et al., 2017). Indeed, recent studies
demonstrate that the combined effects of OA and warming could be
more detrimental for marine organisms than the effect of the single
stressors alone (Davis et al., 2013; Parker et al., 2010; Ries et al.,
2016). However, little is known about how the interaction of OA and
warming can affectmarine habitat-forming species, particularly in tem-
perate systems.

In this study, we exposed the intertidal reef-building vermetid
Dendropoma cristatum (Biondi, 1859) (sin. D. petraeum (Monterosato,
1884)) in situ to manipulated air-temperature and seawater pH condi-
tions along a volcanic CO2 gradient in Levante bay (Vulcano Island,
Italy). This location is characterized by numerous degassing zones lo-
cated at shallow depths (1–8 m) along the SW shore of the bay
(38°25.1′N, 14°57.6′E) (Boatta et al., 2013). At the venting sites seawa-
ter pH is acidic (e.g. 5.2–5.5 units) and carbon dioxide is the dominant
gas emitted (N99%), while ambient conditions occur N500 m from the
venting zone (Boatta et al., 2013). This creates a large gradient in car-
bonate chemistry that has been characterized by a number of recent
studies (e.g., Arnold et al., 2012; Boatta et al., 2013; Calosi et al., 2013;
Johnson et al., 2012; Lidbury et al., 2012; Milazzo et al., 2014).

Dendropoma cristatum is a gonochoric species with internal fertiliza-
tion and intra-capsular larval development that occurs in the maternal
mantel cavity (Calvo et al., 2009; Templado et al., 2015). The fertilized

eggs develop within egg capsules for one month until the crawling lar-
vae are released. The duration of the crawling larval stage is only a few
hours and during this stage the larvae find a suitable spot for settlement
in order to start a sessile life. Its peculiar life cycle and low larval disper-
sion make this species ideal for a transplant experiment in the field. In
natural conditions, gregarious vermetids form a complex intertidal hab-
itat which providesmany ecological services, such as preventing coastal
erosion, supporting high levels of biodiversity and regulating sediment
deposition (Milazzo et al., 2017).

Specifically, herewe tested the effects of pH and temperature on the
reproductive/recruitment success, the metabolism and the calcification
of D. cristatum early life stages. To achieve this, we coupled transplant
experiments in natural CO2 seeps with laboratory analyses on
D. cristatum embryos and recruits. We expect that the alteration of air-
temperature and pH, alone or in combination, may affect the early life
stages of D. cristatum. Encapsulation has been suggested to limit the ex-
change of diffusive gases (Strathmann and Strathmann, 1995),whereby
the intracapsular fluid buffer capacitymay reduce the potential effect of
the extracapsular elevated seawater pCO2 (Noisette et al., 2014). Thus,
we assume that the encapsulated development in this species will min-
imize gas exchange and we hypothesize that embryos will be affected
by elevated temperature only, while pH will exert a bigger influence
on the recruitment and survival ofD. cristatum recruits.We also hypoth-
esize that OA and warming may synergistically interact on the meta-
bolic balance, predominantly affecting growth (i.e. shell formation or
calcification) of recruits but also the chemical composition of their
shells.

2. Materials and methods

2.1. Animal collection and transplant experimental set-up

In the Southern Tyrrhenian Sea (Western Mediterranean),
D. cristatum larval incubation occurs in themonth ofMay inside thema-
ternal mantle cavity and the recruitment stage typically ranges from
early June to late October (Franzitta et al., 2016; Templado et al.,
2015). Twelve vermetid cores of 13 cm diameter were collected from
the North Western coast of Sicily, Italy (Barcarello, 38°12′47.4”N
13°17′28.4″E). All cores had a similar abundance of D. cristatum adults
(estimated by a visual count). Cores were collected in May 2014 during
low tide using a pneumatic drill (Airtec 478 SN). Core surfaces were
photographed to assess the living adult density (number of individuals
≥3 mm in 100 cm2) following Milazzo et al. (2014). After accurate in-
spection under a binocular microscope (LeicaMZ-APO), any individuals
≤1 mm were removed with soft forceps, and cores were then
transplanted off Baia di Levante (Vulcano Island; NE Sicily, Italy)
where a well-established natural pH/CO2 gradient occurs (e.g., Arnold
et al., 2012; Boatta et al., 2013; Calosi et al., 2013; Taylor et al., 2014;
Cattano et al., 2016; Brown et al., 2017; Cornwall et al., 2017;
Urbarova et al., 2019).

We used two sites, ~200 m apart, along the pCO2 gradient; one with
mean pH (OA pH site at ~7.8 pH) and one with ambient mean pH
(~8.1 pH units). These sites correspond to sites 40–60 and R2 in Boatta
et al. (2013) for low pH and control pH respectively.

Each vermetid corewasfixed to a bakelite slab and enclosedwithin a
14 cmdiameter PVC tube. Half of the slabs and tubeswere coloredwhite
and half were colored black in order to manipulate temperature in situ
(Fig. S1). Plastic bands and four steel screws (12 cm) were used to fix
each structure at mean sea level in the intertidal rocky shore, with all
cores exposed eastward. Tide level was calculated during the experi-
mental period usingWXTide software (http://wxtide32.com). Temper-
ature was logged every 30 min with temperature sensors (TidbiT v2
Water Temperature Data Logger, ONSET, resolution 0.02 °C at 25 °C)
placed underneath the vermetid cores to record temperature data dur-
ing larval development (occurring in the tubular shells inside the cores)
and recruitment events (on the surface of the cores). Temperature
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sensorswere placed in natural cavitieswithin themid-inner parts of the
cores. Since intertidal organisms are more exposed to temperature
stress during low tide and under maximum irradiance, we compared
the temperature data for white- and black-framed cores between
10 am and 4 pm. Cores (three for each combination of black/white
frames, Control/OA pH) were placed in Baia di Levante from May 28th
to July 23rd 2014 (i.e. 57 days), encompassing the peak period of
vermetid recruitment.

2.2. Experimental design

For the transplant experiment, twelve vermetid cores were ran-
domly assigned to treatment conditions following a fully crossed 2-
factor design consisting of control temperature and control pH (8.1
pH_Ta), elevated temperature and control pH (8.1 pH_T+), control
temperature and low pH (7.8 pH_Ta), and a combination of elevated
temperature and low pH (7.8 pH_T+), resulting in 3 replicates × 2
temperatures × 2 pHs = 12 cores.

2.3. Reproductive and recruitment success

At the end of the experiment, cores together with the egg capsules
remainingwithin thematernal mantle were collected in order to define
the reproductive success, measured as number of egg capsules and em-
bryos produced by the adult population. To induce females to release
their egg capsules (Fig. S2), each core was submerged in a solution of
seawater and H2O2 (3 vol.%) for 30 s and subsequently submerged in
seawater (3 °C warmer than ambient) for 20 min. All the egg capsules
collected were preserved under 4% formalin, subsequently substituted
with a solution of 70% ethanol and deionized water (DIW). The number
of recruits on the surface of each corewas counted by observation under
a binocular microscope connected to a HD camera (Leica MC 170)
(≤1mm). Living recruits were separated from the dead recruits by pres-
ence/absence of the operculum (Milazzo et al., 2014), in order to estab-
lish the Recruitment Success (total living recruits) and the Percentage of
Mortality (number of dead recruits /total recruits ∗ 100).

2.4. Early stage shell growth and dissolution

To assess growth, i.e. shell formation, under the environmental con-
ditions experienced by recruits in the study site for 2 months, we col-
lected each individual with soft forceps to avoid damage to the shell
during the collection process. Newly attached recruits exhibit an evi-
dent white protruding edge that marks the limit between the
protoconch (built up during the embryonic stage) and the teleoconch
(which starts to be produced after settlement). We measured
teleoconch growth under the different environmental conditions
(Fig. S3). After collection, recruits were placed on their right side on
transparent wax close to a micrometric slide (1 mm scale) and
photographed with an optical microscope connected to a camera
(Leica MC 170 HD camera, 20×magnification). Photographs were ana-
lyzed using Image J to assess length (μm), width (μm) and teleoconch
surface (μm2).

2.5. Chemical composition of early stage shells

Wemade qualitative analyses of the calcification of both recruits and
embryos using a Scanning Electron Microscope (S.E.M; Oxford Leo 440,
65–1500×magnification). Fifteen recruits and 4 mature (i.e. late-stage)
embryos were randomly collected in each treatment combination of
temperature and pH. Samples were rinsed twice with DIW, carefully
placed upon 12.5 mm surface stubs in the same orientation and, after
being dried in a lab stove, covered with graphite using an Imetek
K900 evaporator. The same S.E.M. settings were used to visualize all
samples (±65× magnification, Working Distance (WD) 10 mm, Extra-
High-Tension (EHT) between 15 and 20 kV and 100 pA/Ampere I

probe, tungsten filament). Images were analyzed using Image J to quan-
tify dissolution of the organic periostracum (dissolved area/total area
∗ 100) and measurements in mmwere converted to μm.

Finally, we analyzed the mineralogical shell composition of recruits
and larvae, determining Ca, Mg and Sr concentrations using an EDS -
LINK ISIS integrated to the S.E.M. The scanning time of the EDS (Energy
Dispersive Spectrometer) was set at 60 s per 5 μm area with the follow-
ing settings: EHT 20 kV, I probe 600 pA and WD 25 mm. The results of
theX-EDS analyseswere obtained by comparisonwith certified interna-
tional standards and the final concentration of Ca, Mg and Sr are
expressed in percentage (W%). Observations were made on 16 recruits
(randomly chosen from those previously collected) and 16 encapsu-
lated embryos. We selected 4 specific points in the oldest part of the
shell in the protoconch of larvae and recruits to analyze Ca, Mg and Sr
concentration and 2 additional points in the teleoconch of recruits in
order to investigate calcification in the new portion of the shell formed
under in situ conditions (see Fig. S4). In the protoconch the 4 points
were on the apex, the costa, the intern-costa and the white protruding
edge between the protoconch and teleoconch. The two points on the
teleoconch were at the start of the teleoconch and close to the end.
Wemade threemeasurements at each of the 6 shell sites for each recruit
and subsequently analyzed the average for each shell portion
(protoconch and teleoconch).

2.6. Oxygen consumption

We investigated the effects of pH and temperature on the metabo-
lism of settled recruits under lab conditions. The oxygen consumption
(μmol L−1 h−1)was determined using aUnisense respirometer. Accord-
ingwith the temperature series recorded in the fieldwe chose two tem-
perature values (24 °C and 28 °C) for the laboratory experiment. pH (8.1
and 7.8) was maintained at the same level as the origin of the recruits
and temperature (24 °C and 28 °C) levels were crossed with each pH.
The oxygen consumption of a single organism was close to the instru-
mental lowest threshold, therefore we used groups of 3 individuals in-
side a 10 ml chamber for each respirometric measurement. Recruits
were acclimated to field conditions for 48 h directly before starting
chamber incubations.

2.7. Seawater carbonate chemistry

The biogeochemistry of the bay has been previously assessed to
identify the most suitable areas for ocean acidification research,
and the chosen sites for our manipulative experiment were outside
of any high level metal contamination (Boatta et al., 2013; Vizzini
et al., 2013). Measurements of the seawater carbonate system were
made throughout the study duration in May/June and July 2014
(every ~10 days; i.e., three visits on lateMay and June and three visits
on July). A 556 MPS YSI (Yellow Springs, USA) probe was used to
measure seawater temperature and salinity. pH was measured in
triplicate on each visit using a meter (Orion Star A216 pH/RDO/DO)
and pH electrode (Orion 8107BNUMD – Ross Ultra pH/AIC triode),
calibrated with pH 7.0 and 9.0 NBS buffers, cross referenced with
Tris and Amp seawater buffers to convert to the total scale
(Dickson et al., 2007). Water samples for total alkalinity (AT) were
taken in replicates (n = 3) in June and July from each transplant lo-
cation and were filtered through 0.2 mm pore size filters, treated
with 0.05 ml of 50% HgCl2 to avoid biological alteration, and then
stored in the dark at 4 °C. AT was measured using an open-cell titra-
tion using a Metrohm 809 Titrando and Metrohm 800 Dosino. AT

measurements were made at 25 °C using a temperature bath and
were measured against a CRM (see Dickson et al., 2007). The pCO2

and the saturation state of aragonite were calculated from pH, AT,
temperature and salinity with the free-access CO2 SYS package.
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2.8. Statistical analyses

Due to a violation of two of the assumptions of analysis of variance
we used a linear mixed model (Zuur et al., 2009) to compare tempera-
ture differences between black and white-framed vermetid cores be-
tween tide levels. The spread of residuals changed for each level of
tide, consequently we chose to incorporate this pattern by adding the

“varIdent” variance function structure in the model allowing different
values per each level (Factor = Tide; low tide ≤22 cm (mean sea level
for the study area) and high tide N22 cm). Further, we used a random in-
tercept model using “day” as a random component, assuming that the
variation of temperature around themodel intercept for each day is nor-
mally distributed with a certain variance. All other analyses were per-
formed using PERMANOVA. The adult density, the reproductive and

Table 1
Water Chemistry. Average values (±S.E.), range and medians of the temperature treatments (e.g., Ta: white-framed cores; T+: black-framed cores) both at high and low tide, and of the
main parameters of the carbonate chemistry in the experimental sites off Levante Bay (Vulcano Island) during June and July 2014. Stats comparison for pH, pCO2,Ω Calcite,ΩAragonite are
reported, with significant effects in bold. Comparisons between temperature treatments are reported in the text and in Table S1. n.a.: not available.

June 7.8_pH site 8.1_pH site

Low tide (n = 198)
Air-temperature
Ta (°C)

Mean ± S.E.
Range
Median

24.59 (±0.01)
20.06–28.37
25.04

n.a.

Air-temperature
T+ (°C)

Mean ± S.E.
Range
Median

25.12 (±0.01)
19.67–30.24
25.26

24.96 (±0.01)
19.91–30.26
25.08

High tide (n = 218)
Seawater-temperature
Ta (°C)

Mean ± S.E.
Range
Median

23.60 (±0.009)
20.03–26.72
24.52

n.a.

Seawater-temperature
T+ (°C)

Mean ± S.E.
Range
Median

23.67 (±0.009)
20.06–26.87
24.57

23.46 (±0.009)
19.98–26.77
24.34

Seawater chemistry (n = 3) 7.8_pH site 8.1_pH site pseudoF
P value

Salinity (ppm) Mean 38 38 –
pHT Mean ± S.E.

Range
Median

7.72 (±0.11)
7.50–7.84
7.81

8.08 (±0.01)
8.07–8.1
8.07

pF = 10.54
p = 0.0315

pCO2 (μatm) Mean ± S.E.
Range
Median

1134 (±351)
753–1836
813

390 (±13)
365–408
397

pF = 4.48
p = 0.1016

Alkalinity (mmol kg−1) Mean 2526.9 2519.7 –
Ω Calcite Mean ± S.E.

Range
Median

3.07 (±0.61)
1.86–3.78
3.58

5.83 (±0.12)
5.67–6.06
5.76

pF = 19.72
p = 0.0113

Ω Aragonite Mean ± S.E.
Range
Median

2.02 (±0.40)
1.22–2.49
2.36

3.84 (±0.08)
3.73–3.99
3.80

pF = 19.55
p = 0.0115

July 7.8_pH site 8.1_pH site

Low tide (n = 120)
Air-temperature
Ta (°C)

Mean ± S.E.
Range
Median

26.31 (±0.006)
24.82–27.78
26.30

n.a.

Air-temperature
T+ (°C)

Mean ± S.E.
Range
Median

26.42 (±0.006)
24.63–28.15
26.43

26.27 (±0.007)
24.94–28.52
26.18

High tide (n = 153)
Seawater-temperature
Ta (°C)

Mean ± S.E.
Range
Median

26.24 (±0.005)
24.77–28.10
25.99

n.a.

Seawater-temperature
T+ (°C)

Mean ± S.E.
Range
Median

26.30 (±0.005)
24.80–28.15
26.04

26.05 (±0.005)
24.75–28.21
25.79

Seawater chemistry (n = 3) 7.8_pH site 8.1_pH site pseudoF
P value

Salinity (ppm) Mean 38 38 –
pHT Mean ± S.E.

Range
Median

7.69 (±0.09)
7.5–7.79
7.77

8.09 (±0.03)
8.06–8.11
8.10

pF = 19.44
p = 0.0116

pCO2 (μatm) Mean ± S.E.
Range
Median

1188 (±298)
868–1783
914

365.7 (±17.2)
344.7–399.4
353

pF = 21.28
p = 0.0099

Alkalinity (mmol kg−1) Mean 2501 2520.35 –
Ω Calcite Mean ± S.E.

Range
Median

3.06 (±0.51)
2.05–3.63
3.50

6.38 (±0.19)
6.00–6.62
6.51

pF = 37.56
p = 0.0036

Ω Aragonite Mean ± S.E.
Range
Median

1.58 (±0.45)
1.06–1.90
1.77

4.23 (±0.13)
3.98–4.39
4.32

pF = 37.54
p = 0.0036
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recruitment success, and the dissolution state were analyzed through a
fully crossed 2-factor experimental design with pH (two levels: 7.8 Vs
8.1) and temperature (two levels: Ta Vs T+) as fixed and orthogonal
factors. For oxygen consumption we considered three orthogonal fac-
tors: pH (7.8 Vs 8.1), origin temperature (Ta Vs T+) and experimental
temperature (T-24 Vs T-28). For the chemical composition of the shell
we evaluated the effects of three factors, pH and T as fixed and orthog-
onal factors and “organism” as a random factor. Finally, to compare dif-
ferences between levels of significant factors or their interactions we
ran Pairwise t-tests. Primer software (PRIMER 6.1.10 & Permanova
ß20 (University of Plymouth, UK) was used for all statistical analyses
(Clarke and Gorley, 2006).

3. Results

3.1. Seawater carbonate chemistry and temperature conditions at low tide

The mean surface seawater pHT, Ω Calcite and Ω Aragonite were
consistently lower in the low pH site (7.8 pH) compared to the ambient
site (8.1 pH) both in June and July (Table 1). pCO2 levels did not signif-
icantly change in June between sites, while significantly differed on July
(Table 1).

The comparison between Ta and T+ (Fig. 1) was only possible for
sites with 7.8 pH since one temperature sensor from the 8.1 pH site
was lost (Table 1). During the experimental period, air-temperatures
on black-framed cores (T+), recording the lowest and highest temper-
atures, ranged between 19.67 °C to 30.26 °C. Air-temperatures on
white-framed cores (Ta) ranged between 20.06 and 28.37 °C. At low
tide, the difference betweenmaximum temperatures (ΔTmax) recorded
in the Ta and T+ cores were 1.89 °C, and the difference between mini-
mum temperatures (ΔTmin)was−0.36 °C. The linearmixedmodel indi-
cated that temperature difference (i.e., pairwise comparisons of T+ and
Ta recorded every 30 m−1 for the entire experiment duration) differed
significantly between tide levels, with temperature difference in low
tide (on average 0.35 °C ± 0.03 S.E.) being clearly higher than in high
tide (0.07 °C ± 0.01 S.E.; Wald chi square test = 53.001, p b 0.001).

The standard deviation for the random part of the model was d =
0.13 while the residuals variance in the high tide level was 22% lower
than in the low tide.

3.2. Reproduction and recruitment success

The number of brood-stocks (i.e. adults) present on each core for all
experimental conditions of pH and temperature did not significantly
differ between cores (pHxT interaction: Pseudo-F1–11 = 4.4132; p
(perm) = 0.0622) (Table S1).

Analysis of reproductive success found no significant differences in
the number of egg capsules between pH treatments (Pseudo-F1–11 =
0.3106; P(perm) = 0.626). Conversely, the number of embryos per
egg capsule significantly increased in cores that experienced control
temperature (Pseudo-F1–11 = 5.6074; p(perm) = 0.0429) (Fig. 2A;
Table S1).We found a highly significant difference in the size of the em-
bryos developed at different temperature and pH (pHxT interaction:
Pseudo-F1–643 = 15,14; p(perm) = 0.0001). The largest embryos
were found in the 7.8 pH_T+ condition (772.5 ± 7.4 in length and
584.41 ± 6.53 μm wide) while the smallest embryos were found in
the 8.1 pH_Ta condition (723.77 ± 3.18 and 534.56 ± 2.67 μm respec-
tively) (Fig. 2B; Table S1).

Seawater pH had a strong influence on the density of living recruits,
with higher recruitment success in the 8.1 pH site (Fig. 3A) (591 in con-
trol pH and 260 in 7.8 pH) (Pseudo-F1–11= 12.932; p(perm)=0.0097),
with no effect of temperature on the number of living recruits (Pseudo-
F1–11 = 0.5298; p(perm) = 0.4867) (Table S1). No significant effect on
themortality of recruits among treatments was observed (Pseudo-F1–11
= 0.00195; p(perm) = 0.9044) (Table S1).

3.3. Shell growth, dissolution and chemical composition of the early stages

The growth of 481 recruits was assessed. Teleoconch surface was
significantly affected by pH with maximum shell formation recorded
at 8.1 pH (198,000 ± 11,432 μm2) and a minimum at 7.8 pH (154,000
± 13,129 μm2 respectively) (Pseudo-F1–481 = 5.437; p(perm) =

Fig. 1. Temperature Recorded. Temperature and tide values recorded between 10 am and 4 pm. The black line shows the temperature of black framed cores, the pink line shows the
temperature recorded in the white framed cores. The blue line represents the tide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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0.021) (Table S1; Fig. S3). Data on length and the width of the recruits
collected were coherent with the teleoconch surface. Mean maximum
length of the recruits was found in 8.1 pH_T+ site (965.61 ± 11.92
μm) and the minimum length in average was recorded in 8.1 pH_Ta
site (945.13 ± 8.21 μm).

Similarly, pH had a significant effect on the shell dissolution of the
recruits that settled and grew at 7.8 pH sites (11.2% ± 4.1 of corroded
surface) and almost absent shell corrosion was recorded at 8.1 pH
(0.05% ± 0.08) (Pseudo-F1–59 = 14.391; p(perm) = 0.0001; Table S1;
Fig. S5).

We found higher Mg concentration in the protoconch (1.36% ±
0.25) (Pseudo-F1–15 = 10.071; P(perm) = 0.0088) and the teleoconch
(4.36%± 0.75) (Pseudo- F1–15= 32.143; P(perm)=0.0001) of recruits
collected from 7.8 pH sites compared to those collected at 8.1 pH sites
(0.64%± 0.07 and 0.8%± 0.09 respectively) (Fig. 4). As expected, a sig-
nificant increase in Ca2+ concentration was found both in the
protoconch (95.72% ± 0.63) (Pseudo-F1–15 = 7.6315; P(perm) =
0.0193) and the teleoconch (92.52% ± 0.99) (Pseudo-F1–15 = 23.839;
P(perm)=0.009) in the 8.1 pH site (Table S1). No significant difference
in Sr2+ concentration was observed both in the protoconch and
teleoconch of recruits (Fig. 4; Table S1).

Analysis of Mg2+ concentration in the embryo shells (Fig. S6)
showed a strong influence of pH and temperature factors in 7.8 pH_T
+ sites (0.38% ± 0.05) (Pseudo-F1–15 = 7.2125; P(perm) = 0.0204).

The Ca2+ concentration exhibited the highest values at 8.1 pH (97.21%
± 0.15) (Pseudo-F1–15 = 7.1784; P(perm) = 0.0205) (Table S1).
Again, no differences in Sr2+ concentration were recorded (Table S1).

3.4. Oxygen consumption

Oxygen consumption of the recruits after 1 h of chamber incubation
at 24 °C did not differ between the 7.8 pH and 8.1 pH sites (average ±
E.S.; 7.8 pH 13.29 ± 1.66 μmol l−1 h−1; 8.1 pH 15.58 ± 1.33 μmol l−1-

h−1). However, a significant increase in the oxygen consumption was
noticed after incubations at an experimental temperature of 28 °C (7.8
pH: 33.35 ± 2 μmol l−1 h−1; 8.1 pH: 52.82 ± 2.84 μmol l−1 h−1)
(Fig. 5). Differences in oxygen consumption for the interaction pH x Te
(Pseudo-F1–63=5.4941; p(perm)=0.0222) suggest a synergistic effect
between them, with pair-wise t-tests confirming that recruits con-
sumed more oxygen at 28 °C than 24 °C, in both pH conditions (Low
= 7.8 and Ctrl = 8.1), and exerted a significant decrease in the oxygen
consumption at 28 °C in 7.8 pH conditions (Table S1).

4. Discussion and conclusions

This study represents the first in situ attempt to verify the effects of
OA along a gradient while manipulating temperature conditions. To as-
sess responses of the early life-stages of the Mediterranean reef-

Fig. 2. Effects of pH and temperature on Embryos. A) Average number (±S.E.) of embryos di D. cristatum in different pH conditions (7.8 Vs 8.1) and temperature treatments (Ta Vs T+)
from the transplanted vermetid cores. B) Average (±S.E.) lateral shell length and width (e.g. spiral height) of late stage embryos of D. cristatum.(p level: 0.05 “*”–0.001 “***”).

Fig. 3. Effects of pH and temperature on Recruits. A) Average number (±S.E.) of living D. cristatum recruits in each experimental condition. B) Average surface (±S.E.) of the recruit
teloconch (μm2) in each experimental condition. (p level: 0.05 “*”, 0.01”**”, 0.001 “***”).
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building species Dendropoma cristatum, we transplanted vermetid reef
cores in two sites exposed to control and “end-of-century” carbonate
chemistry (pH/pCO2) conditions in addition to successfully manipulat-
ing air-temperature using white- and black-framed cores. Specifically,
vermetids at low tide were exposed to both relevant temperature ex-
tremes (with a + 1.89 °C recorded in black-framed compared with
white-framed) and temperature means (on average a + 0.35 °C in
paired comparisons recorded every 30 min−1 between black and
white cores), therefore well mimicking expected temperature rise.

In accordance with previous studies (Armstrong et al., 2017;
Kupriyanova and Havenhand, 2005; Parker et al., 2010), we found a sig-
nificantly lower number of embryos under elevated temperature condi-
tions, suggesting that their development and/or the fertilization phase
might be negatively affected by increasing temperature. However, em-
bryos found under 7.8pH x T+ conditions were 30% larger than em-
bryos that developed under control pH and control temperature
conditions, which is likely a compensation mechanism to enhance
early stage survival. Although many studies have found temperature
to speed up larval growth (Davis et al., 2013; Hernández et al., 2010;
Reitzel et al., 2004), we believe that the size of the offspring collected
from 7.8 pH_T+ could be explained by the intracapsular nutrition of

this species. Indeed, during intracapsular development embryos rely
on nurse eggs, i.e. dead embryos, for nutrition (Templado et al., 2015).

Recruitment success of D. cristatumwas more strongly affected by a
pH decrease rather than change in temperature. These results corrobo-
rate existing evidence of the effects of ocean acidification on vermetid
recruitment (Milazzo et al., 2014), highlighting the elevated heat toler-
ance of the recruit stages of this intertidal species. Espinel-Velasco et al.
(2018) described how pH, as well as other stressors (i.e. temperature,
salinity), might alter the microbial bio-film on the diffusive boundary
layer of settlement substrate, consequently affecting settlement due to
the influence of specific components of the microbial community that
respond differently to warming and ocean acidification. Recruitment
of vermetids is strictly linked to crustose coralline algae (CCA), and
changes in the substrate-associated benthic microbial community
could alter their settlement (La Marca et al., 2018), as already observed
for different coral larvae (Russell et al., 2013; Webster et al., 2010).
Moreover, the aragonitic disc that crawling larvae form for settlement
is subjected to dissolution, causing the detachment of recruits and
therefore increasing the mortality of early stages (Milazzo et al., 2014).

Growth rate and its control under changing environmental condi-
tions are closely related to the capacity of a species to maintain its

Fig. 4. Chemical composition of the recruit shells (Mg, Ca and Sr) in the protoconch (left) and teleoconch (right) ofD. cristatum. Average (±S.E.) chemical composition (as percentages, see
materials and methods) of the recruit shells (Mg, Ca and Sr) in the protoconch (left) and teloconch (right) of D. cristatum recruits. (p level: 0.05 “*”, 0.01”**”, 0.001 “***”).
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calcification rate. Indeed, those species that are able to maintain their
growth rate in high pCO2 have an efficient ion regulatory apparatus
and the capacity to create optimal conditions at the sites of calcification
(Gazeau et al., 2013). For example, mussels and some species of oysters
are able to partially mitigate the effect of elevated pCO2 conditions
(7.7 pH unit) in the presence of high food availability (Langer et al.,
2014; Ries et al., 2009). Similar to many other species of molluscs
(Armstrong et al., 2017; Beniash et al., 2010; Noisette et al., 2014;
Parker et al., 2010; Ries et al., 2009; Rodolfo-Metalpa et al., 2011), the
growth of D. cristatum early stages was negatively affected by OA, spe-
cifically reduced shell size and an increase in shell dissolution. Costs
for homeostatic regulation are usually altered under an acute abiotic
stress regime, with repercussions on metabolic and growth perfor-
mance (Melzner et al., 2009).

4.1. Effects of OA and air temperature on the chemical composition of early
stage vermetid shells

Our analysis of the chemical composition of shells revealed interest-
ing information regarding the percentage concentration of Mg and Ca.
One assumption of this study was that encapsulated embryos would
be protected by the intra-capsular fluid, which may buffer against the
external environment during development (Chaparro et al., 2009;
Przeslawski et al., 2015). However, altered shell Ca and Mg concentra-
tionswere foundunder different experimental conditions. Calcium con-
centration was significantly higher in the 8.1 pH sites in both embryos
and recruits. On the contrary, magnesium concentration was signifi-
cantly higher in shells that developed in 7.8 pH sites. Moreover, the
shells of the recruits at 7.8 pH sites showed a significant increase in dis-
solution resulting in thinner and lighter shells, therefore encapsulation
did not reduce the effect of acidification during development
(Armstrong et al., 2017; Davis et al., 2013; Noisette et al., 2014). The re-
sults of Ca and Mg concentrations in the recruits affirm that the early
stages of this species will be severely affected by the future pH and tem-
perature conditions. This result may reflect an impaired ability of
vermetids to remove Mg from hemolymph and extra-pallial fluids
(Bentov and Erez, 2006; Milazzo et al., 2014). This inability to remove
Mg from the calcification fluid may inhibit crystal nucleation and have
serious future implications in this species. While no significant differ-
ences were recorded for Sr concentration in the embryo shells, a

different pattern was observed in the recruit shells. EDS revealed a
high concentration of Sr in the 8.1 pH_Ta treatment, underlining a
strong influence of the combination of temperature and pH. Sr plays
an important role in the stabilization of the orthorhombic aragonite,
but its concentration might be correlated to several factors such as
growth rate and/or metabolism (Gillikin et al., 2005). For these reasons,
more studies onMg/Ca and Sr/Ca ratios would allow better understand-
ing of the biomineralization processes in D. cristatum.

4.2. Effects of OA and temperature on oxygen consumption

Our observations on the metabolic rate of D. cristatum recruits sug-
gest that pH and temperature act synergistically. Metabolic responses
are usually variable among species and a pH decrease can have diverse
effects onmarine organisms. Amoderate increase of pCO2 (b1200 μatm)
has a small effect on the metabolic rate of bivalve molluscs, while high
pCO2 (at ~2000–3500 μatm) saturation can induce a rise in oxygen con-
sumption (Dupont et al., 2010). In addition, high temperatures often
cause a strong stress response in marine mollusc species inducing
changes in metabolic energy production (Beniash et al., 2010). We
found a high oxygen consumption at 28 °C, that decreased significantly
in the 7.8 pH site, likely because elevated pCO2 impairs themetabolic re-
sponse and results in a sizeable narrowing of the larval thermal window
(Pörtner, 2008). In conclusion, our results suggest that D. cristatum, al-
though it is an intertidal species potentially adapted to a highly fluctuat-
ing environment, is sensitive to the combined effect of pH and
temperature, especially in the early life stage.

In summary, this study suggests that the early stage of D. cristatum
and the species persistence could be strongly compromised if the hy-
pothesized pH reduction and temperature rise scenario for the end of
the century occurs. The higher metabolic costs under these conditions
demonstrates that D. cristatum is negatively affected by the synergistic
interaction of multiple stressors, in this case temperature and pH,
even though it is an intertidal species resilient to various types of envi-
ronmental stress (i.e. exposure to dry conditions due to tidal cycles).
Both stress factors compromise oxygen consumption and negatively af-
fect the bio-mineralization processes of D. cristatum during develop-
ment and recruitment.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.07.282.

Fig. 5. Recruit Oxygen Consumption. Average (±S.E.) oxygen consumption of D. cristatum recruits recorded at two different temperature (24 °C e 28 °C) and pH (7.8 and 8.1 pH units)
levels.
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