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ABSTRACT
Ocean acidification, due to the increase of carbon dioxide (CO2) concentration in the atmosphere and its

absorption by the oceans, affects many aspects of marine calcifying organisms’ biology, including reproduction.
Most of the available studies on low pH effects on coral reproduction have been conducted on tropical species
under controlled conditions, while little information is reported for either tropical or temperate species in the
field. This study describes the influence of decreasing pH on sexual reproduction of the temperate non-
zooxanthellate colonial scleractinian Astroides calycularis, transplanted in four sites along a natural pH gradient
at the underwater volcanic crater of Panarea Island (Tyrrhenian Sea, Italy). The average pH values of each site
(range: pHTS 8.07–7.40) match different scenarios of the Intergovernmental Panel on Climate Change (IPCC)
for the end of the century. After 3 months under experimental conditions, the reproductive parameters of both
oocytes and spermaries (abundance, gonadal index, and diameters) seem to be unaffected by low pH. However,
a delay in spermary development in the pre-fertilization period and a persistence of mature oocytes in the fertili-
zation period were observed in the most acidic site. Furthermore, no embryos were found in colonies from the
two most acidic sites, suggesting a delay or an interruption of the fertilization process due to acidified condi-
tions. These findings suggest a negative effect of low pH on A. calycularis sexual reproduction. However, long-
term experiments, including the synergistic impact of pH and temperature, are needed to predict if this species
will be able to adapt to climate change over the next century.

Carbon dioxide (CO2) is the main greenhouse gas produced
by human activities, and over the last decades, its concentra-
tion in the atmosphere has followed an exponential growth
(Stocker et al. 2013). About 25% of atmospheric CO2 is
absorbed by the ocean (Friedlingstein et al. 2020), with a
consequent decrease in marine pH and carbonate ions concentra-
tion, in a phenomenon known as ocean acidification (Feely
et al. 2004). Carbonate ions are essential for the calcification process
of several marine organisms, including corals (Kleypas et al. 1999;

Al-Horani et al. 2003; Cohen and McConnaughey 2003).
Scleractinian corals (i.e., stony corals) are essential in the mainte-
nance of ecosystems and their biodiversity (Bellwood and
Hughes 2001; Wild et al. 2011). Studies on the effects of ocean
acidification on calcification of both tropical and temperate
corals reveal variable responses, suggesting that the calcification
response to increasing ocean acidity may be rather complex
(Chan and Connolly 2013; Prada et al. 2017; Teixid�o et al. 2020).
Since scleractinian corals are among the most sensitive taxa to
changes in environmental conditions, they play an essential role
in understanding the evolution of life cycles (Harrison 2011) and
how these changes may influence the reproductive biology of
calcifying marine organisms (Richmond et al. 2018; Shlesinger
and Loya 2019; Olischläger and Wild 2020). Recent studies
suggest that ocean acidificationmay impact the synchronicity of
sexual reproduction in coral spawning events (Olischläger and
Wild 2020; Liberman et al. 2021), affecting the recruitment

*Correspondence: s.goffredo@unibo.it

This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs License, which permits use and dis-
tribution in any medium, provided the original work is properly cited, the
use is non-commercial and no modifications or adaptations are made.

Additional Supporting Information may be found in the online version of
this article.

3990

https://orcid.org/0000-0001-6212-9051
https://orcid.org/0000-0001-9447-8694
https://orcid.org/0000-0001-6434-5663
https://orcid.org/0000-0003-2499-8074
https://orcid.org/0000-0002-2367-3721
https://orcid.org/0000-0001-8519-6257
https://orcid.org/0000-0002-5022-9503
mailto:s.goffredo@unibo.it
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Flno.11937&domain=pdf&date_stamp=2021-09-25


success and thus threatening the persistence of coral populations
(Shlesinger and Loya 2019). Furthermore, multiple studies have
shown adverse effects of ocean acidification on coral sexual
reproduction and early life history stages, including spermmotil-
ity (Morita et al. 2010), fertilization (Albright and Mason 2013),
planula development (Suwa et al. 2010), larvae metabolism and
survival (Cumbo et al. 2013; Rivest and Hofmann 2014), and
recruitment efficiency (Caroselli et al. 2019). However, although
most studies on coral reproduction and early life stages found a
negative effect of pH, few studies showed controversial results,
probably due to different sensitivity of coral species (Foster
et al. 2015; Gizzi et al. 2017; Caroselli et al. 2019) or to the lack
of a comprehensive reproductive investigation (Fine and
Tchernov 2007; Jokiel et al. 2008). Moreover, most of these few
studies have been conducted on tropical species under laboratory
conditions (Fine and Tchernov 2007; Jokiel et al. 2008; Albright
and Langdon 2011), neglecting the full range of field environ-
mental settings (i.e., nutrients, currents, and irradiance) and
organism interactions that are difficult or impossible to simulate
ex situ. To complement laboratory studies, areas naturally
enriched inCO2, such as CO2 vents have been used to investigate
the effect of ocean acidification in the field (Hall-Spencer
et al. 2008; Fabricius et al. 2011; Rodolfo-Metalpa et al. 2011).
CO2 vents are not perfect predictors of future ocean conditions
owing, among other factors, to their high pH variability that
increases in proximity to the vent area (Kerrison et al. 2011; John-
son et al. 2012). pH variance may influence biological processes
differently from mean pH values (Dufault et al. 2012; Johnson
et al. 2014). Sincemean and variance cannot be separated at CO2

vents, these sites do not perfectly match climate change-induced
acidification (Johnson et al. 2012). Nevertheless, previous investi-
gations conducted at the CO2 vent off Panarea Island
(Tyrrhenian Sea, Italy) have shownhow this site is a valuable nat-
ural laboratory for ocean acidification studies (Goffredo
et al. 2014; Fantazzini et al. 2015; Wall et al. 2019), thanks to its
low depth and its CO2 emissions at ambient temperature which
lack toxic compounds (Capaccioni et al. 2007). Recent studies
performed at the PanareaCO2 vents report no effect on reproduc-
tive parameters in the solitary and non-zooxanthellate coral
Leptopsammia pruvoti transplanted along the pH gradient for
3 months (Gizzi et al. 2017), and in the solitary and zoo-
xanthellate coral Balanophyllia europaea, naturally living along
the Panarea pHgradient (Caroselli et al. 2019).

The present study investigated the influence of decreasing
seawater pH on the reproductive output of the colonial and
non-zooxanthellate Mediterranean coral Astroides calycularis
(Pallas, 1766; Supporting Information Fig. S1) through a trans-
plant experiment along the Panarea pH gradient. A. calycularis is
an endemic reef-forming Mediterranean species (Musco
et al. 2017) that typically colonizes vertical walls or caves within
the shallow infralittoral (0–15 m depth) (Kruzic et al. 2002),
with densities of up to 90% of cover (Goffredo et al. 2010; Prada
et al. 2019). Moreover, it can reach 50 m depth and live in both

well-lit and dark habitats, preferring turbulent environments
(Kruzic et al. 2002; Grubeli�c et al. 2004; Ingrosso et al. 2018).

A. calycularis is gonochoric and brooding (Goffredo
et al. 2010, 2011; Casado-Amezua et al. 2013) with a reproduc-
tive cycle characterized by a different timing development
between oogenesis and spermatogenesis: the oocytes follow a
2-yr cycle while the spermaries follow an annual cycle (Goffredo
et al. 2011). The sexual reproductive process of scleractinians is
strongly related to multiple environmental parameters such as
sea temperature, day length, solar insulation, lunar irradiance,
and wind speed (Gorbunov and Falkowski 2002; Brady
et al. 2009; van Woesik 2010). Likewise, the reproductive period
of A. calycularis is related to local environmental parameters,
showing a delay of 3 months in fertilization timing between Pal-
inuro (Italy, Southern Tyrrhenian Sea) and Punta de la Mona
(Spain, Alboran Sea), reflecting the shift in seawater temperature
among the two localities (mean � standard deviation:
22.0 � 4.3�C in Palinuro and 18.5 � 4.5�C in Punta de la Mona)
(Goffredo et al. 2011; Casado-Amezua et al. 2013). In Palinuro,
fertilization occurs from February to May, and planulation takes
place from June to July (Goffredo et al. 2011).

A previous study on A. calycularis transplanted along the
Panarea CO2 vent showed a marked decrease in net calcifica-
tion rate and an increase in polyp and tissue mortality,
suggesting that this species is particularly sensitive to a
decrease in pH, especially in warmer seasons characterized
by elevated temperatures (Prada et al. 2017). However, a
recent study performed on colonies of A. calycularis naturally
living in an acidified environment in Ischia (Italy) showed
variable responses in net calcification and growth patterns
(Teixid�o et al. 2020). While single polyps were characterized
by a higher net calcification rate in the low pH sites, the
entire colonies maintained the net calcification rate homoge-
neous, resulting in an equal linear extension rate among the
sites (low and normal pH). However, the colonies were
smaller and formed by fewer polyps in the low pH sites, lead-
ing the authors to hypothesize that the few polyps compos-
ing the colony need to invest more energy in calcification, to
grow faster and reach the size of sexual maturity (Teixid�o
et al. 2020).

Considering the results of these previous studies, we
expected to find negative effects of low pH also on reproduc-
tive output and/or gonadal development.

Materials and methods
Study site

The experimental site is in Bottaro 1, which is a big rock
close to Panarea Island (Mediterranean Sea, Aeolian Archipel-
ago, Italy, 38�3801600N 15�0603700E; Fig. 1a). Bottaro 1 is charac-
terized by an underwater volcanic crater (20 � 14 m) at 10 m
depth that generates constant and continuous CO2 emissions
(98–99% CO2) at ambient temperature, creating a natural pH
gradient (Capaccioni et al. 2007; Fantazzini et al. 2015; Prada
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et al. 2017; Fig. 1b). Along this gradient, four sampling sites
were selected: the control site (site 1: mean pH total scale
[TS] pHTS 8.07), located about 34 m away from the center of
the crater; two intermediate pH sites (sites 2 and 3: mean pHTS

respectively 7.87 and 7.74), matching the intermediate
(Representative Concentration Pathway [RCP] 6.0) and the
most pessimistic (RCP 8.5) IPCC scenario for the end of this
century; and the extreme pH site (site 4: mean pHTS 7.40) situ-
ated in proximity to the vent, matching the most pessimistic
IPCC scenario (RCP 8.5) for 2300 (Collins et al. 2013). The
experimental site has stable hydrothermal–chemical proper-
ties, and among all measured parameters (temperature, salin-
ity, pH, total alkalinity), only the pH differs significantly
among the four sites (see Prada et al. 2017 for detailed seawa-
ter carbonate chemistry in the four transplantation sites).

Sampling and field transplantation
Based on a previous detailed study on the reproductive

cycle of this species, two reproductive periods (described in
the Definitions section) were selected to identify the key
phases and the seasonality of reproductive processes (Goffredo

et al. 2011). Concurrently to each reproductive period, 16–24
mature colonies of A. calycularis (colony area > 3–4 cm2; Gof-
fredo et al. 2011) were collected at Pietra Nave, � 2 km away
from the experimental field, where the species grows naturally
at � 10 m depth. The collected colonies were fixed with cable
ties onto plastic grids and transplanted in the four sites (3–6
colonies for each site; Fig. 1c) to be exposed to experimental
conditions for about 3–4 months and then collected for histo-
logical analysis. At the beginning of the following reproduc-
tive period, new sampled colonies were transplanted for the
same period, and so on, in 2.5 subsequent years (from
November 2010 to June 2012 for a total of four sampling
campaigns).

All the post-treatment colonies were fixed in a formalde-
hyde solution (90% seawater and 10% formaldehyde buffered
with calcium carbonate) for histological analyses.

Biometric analysis
The length (L, maximum axis of the oral disk), width

(w, minimum axis of the oral disk), and height (h, oral-
aboral diameter) of each polyp from each colony were

Fig. 1. (a) Map of Aeolian Archipelago showing Panarea Island and Bottaro 1 (black star). The inset map shows the location of the Archipelago in the
Southern Tyrrhenian Sea. (b) Picture of the underwater crater of Bottaro 1 with the CO2 bubbling. (c) Picture of site 2 (mean pHTS 7.87) showing
transplanted A. calycularis colonies fixed with cable ties onto plastic grids.
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measured with a caliper (� 0.05 mm). The body volume of
each polyp (V) was then estimated using the equation:
V = (L/2) � (w/2) � h � π (Goffredo et al. 2011).
The volume was used to calculate the reproductive parame-
ters analyzed (see the Definitions section).

Histological processing
Each single polyp was separated from the colony by a ham-

mer and chisel and placed inside a bottle. After decalcification
in ethylenediaminetetraacetic acid and dehydration in increas-
ing concentration of ethanol (from 80% to 100%), polyps
were clarified in histolemon and embedded in paraffin wax
(Goffredo et al. 2002). Serial transverse sections were cut at
7 μm intervals along the oral-aboral axis, from the oral to the
aboral pole of the entire polyp. Sections were placed on micro-
scope slides previously washed with 100% ethanol and com-
bined with albumin-glycerin to bond the sections to the
slides. Tissues were then stained with Mayer’s hematoxylin
and eosin (Goffredo et al. 2002).

Cyto-histometric analysis
Cyto-histometric analysis was performed on histological

samples with a light microscope NIKON Eclipse 80i using the
image analysis software NIKON NIS-Elements D 3.1. The
maximum and minimum diameter of oocytes (in nucleated
sections) and spermaries were measured and classified into
developmental stages, according to previous studies on game-
togenesis of this species (Goffredo et al. 2010, 2011). The pres-
ence of embryos in the gastrovascular cavity was recorded and
their maturation stage was identified (Goffredo et al. 2010).
The size of each reproductive element and each embryo
was determined as the mean of the two diameters (Goffredo
et al. 2002).

Definitions
Reproductive output was defined by six parameters:

(1) oocyte and spermary abundance, both defined as the number
of reproductive elements per body volume unit (100 mm3);
(2) gonadal index, defined as the percentage of body volume
occupied by oocytes and spermaries (the volume of each
reproductive element was estimated as described in the sub-
section “Gonadal index” of Goffredo et al. 2002); (3) oocyte
and spermary diameter, defined as the average of the maximum
and minimum diameter of oocytes in nucleated sections and
spermaries; (4) fertility, defined as the number of embryos per
body volume unit (100 mm3) (Marchini et al. 2015); (5) embry-
onal index, defined as the percentage of body volume occupied
by embryos; and (6) embryo diameter, defined as the average of
the maximum and minimum diameter of embryos.

Based on the developing stages of gametes and the presence
of embryos in the coelenteric cavity of female polyps, samples
of the four sampling campaigns were divided into two gonadal
activity periods: (1) pre-fertilization period, characterized by the
presence of two stocks of oocytes (i.e., small oocytes recruited

after the previous fertilization period and larger oocytes) and
the beginning of spermary development (corresponding to
the two sampling campaigns: November 2010–March 2011
and November 2011–March 2012) and (2) fertilization period,
characterized by the presence of two stocks of oocytes
(i.e., small oocytes and large mature oocytes ready to be fertil-
ized), mature spermaries (V maturation stage) ready to be
released and embryos in the coelenteric cavity of female
polyps (corresponding to the two sampling campaigns: March
2011–June 2011 and March 2012–June 2012).

Statistical analysis
A one-way permutation multivariate ANOVA (PERMANOVA)

(Anderson 2001) based on Euclidean distances was performed
with 999 permutations to test differences among sites in the
oocyte size distribution, spermary maturation stage distribution,
and in the reproductive parameters (oocyte and spermary abun-
dance, gonadal index, and diameter). For a small sample size,
the Monte Carlo correction of p-value was used. All the statistical
analyses were performed with the software Primer 6 (Quest
Research Limited).

Results
Both the pre-fertilization and fertilization periods were

characterized by both gametogenetic and sexually inactive
polyps, while only the fertilization period showed embryoge-
netic polyps (Supporting Information Table S1). All
gametogenetic polyps analyzed were gonochoric. In 2012,
most of the polyps of the pre-fertilization period were inactive
due to the quiescent phase of male polyps (Supporting Infor-
mation Table S1).

Pre-fertilization period
Size-frequency distribution of oocytes showed no signifi-

cant differences among sites (PERMANOVA, p [Monte
Carlo] = 0.073; Fig. 2a). Polyps from all sites presented an
abundant stock of small oocytes (diameter < 400 μm) and a
second stock characterized by larger diameters (> 400 μm;
Fig. 2a). Oocyte abundance, gonadal index, and diameter were
not significantly different among sites (PERMANOVA, abun-
dance p (MC) = 0.428, gonadal index p (MC) = 0.354, diame-
ter p = 0.313; Fig. 3a; Supporting Information Table S2).

Maturation stage/frequency distribution of spermaries
showed significant differences among sites (PERMANOVA, p
(MC) = 0.011; Fig. 2b): site 1, site 2, and site 3 were character-
ized by a low percentage of spermaries at stage of maturation
II and a majority of spermaries at stage of maturation III, while
site 4 (pHTS 7.40) was characterized by a higher percentage of
spermaries at stages of maturation I and II (Fig. 2b). Spermary
abundance, gonadal index, and diameter did not show signifi-
cant differences among sites (PERMANOVA, abundance p
(MC) = 0.072, gonadal index p (MC) = 0.147, diameter
p = 0.268; Fig. 3b; Supporting Information Table S3).
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Only four sexually active samples from 2012 have been
detected and included in the analysis.

Fertilization period
Size-frequency distribution of oocytes showed significant

differences among sites (PERMANOVA, p (MC) = 0.048;
Fig. 2a). All sites were characterized by the presence of an
abundant stock of small oocytes (diameter < 400 μm) and a
less abundant stock of larger oocytes (diameter > 400 μm;
Fig. 2a). Site 4 (pHTS 7.40) was characterized by a higher per-
centage of large oocytes than the other sites (Fig. 2a).
Oocyte abundance, gonadal index, and diameter did not

show significant differences among sites (PERMANOVA,
abundance p (MC) = 0.286, gonadal index p (MC) = 0.341,
diameter p = 0.172; Fig. 3a; Supporting Information
Table S2).

Spermary maturation stage distribution was homogeneous
among sites (PERMANOVA, p (MC) = 0.483; Fig. 2b) since all
sites were characterized by spermaries at the stage of matura-
tion V (Fig. 2b). Spermary abundance, gonadal index, and
diameter did not show significant differences among sites
(PERMANOVA, abundance p (MC) = 0.644, gonadal index p
(MC) = 0.327, diameter p = 0.322; Fig. 3b; Supporting Infor-
mation Table S3).

Fig. 2. Oocyte size and spermary maturation stage distributions. (a) Distribution of oocyte size during the pre-fertilization (blue line) and fertilization
(red line) periods. n = number of polyps/oocytes. (b) Distribution of the five spermary maturation stages during the pre-fertilization (blue histogram bars)
and fertilization (red histogram bars) periods.
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Embryos were found in the coelenteric cavity of five
female polyps in site 1 (pHTS 8.07) and two female polyps
in site 2 (pHTS 7.87; Fig. 4; Supporting Information
Table S4).

In 2012, the polyps transplanted in this reproductive
period were lost due to a storm.

Discussion
With increasing acidification, in both pre-fertilization and

fertilization periods, the reproductive parameters of both
oocytes and spermaries (abundance, gonadal index, and diam-
eters) did not show statistical differences among sites (Fig. 3).
However, a larger sample size could increase the analysis
robustness that perhaps could reveal significant differences
among sites.

In the pre-fertilization period also, the oocyte size-frequency
distribution did not show differences among sites, suggesting
that the oogenesis of A. calycularis was unaffected by the
decrease in pH in this period. The same result was found in a
parallel study on the non-zooxanthellate but solitary coral
L. pruvoti transplanted together with A. calycularis colonies of
the present study (Gizzi et al. 2017) and in populations of the

zooxanthellate solitary coral B. europaea naturally living along
the Panarea gradient (Caroselli et al. 2019). Similar results were
also found in mesocosm experiments, where a normal gameto-
genesis was found in the tropical zooxanthellate coral
Montipora capitata after 6 months at pH 7.8 (Jokiel et al. 2008)
and in the zooxanthellate species Oculina patagonica and Mad-
racis pharensis after 12 months at pH 7.4 (Fine and
Tchernov 2007). In the same period (pre-fertilization), sper-
matogenesis seemed more sensitive to the decrease in pH,
showing a delay in spermary development in the extreme pH
site (site 4, pHTS 7.4), where polyps were characterized by a
higher amount of early spermary maturation stages (I and II)
than the other sites (Fig. 2b). A delay in gametogenesis was
found in the sea urchin Hemicentrotus pulcherrimus after
9 months at pH 7.9 (Kurihara et al. 2013) and in the oyster
Crassostrea virginica after 5 weeks at pH 7.1 (Boulais et al. 2017).
A delay in spermatogenesis could postpone the release of
sperms in the water column, which not only may retard the
fertilization but, if it is not accompanied by a parallel delay in
oogenesis, could also reduce or impair fertilization (e.g., if the
sperms are released in the water when only a few or no mature
oocytes are available). A recent study suggests that ocean

Fig. 3. Oocyte and spermary reproductive parameters. Boxplots of oocyte (a) and spermary (b) abundance, gonadal index, and diameter in the pre-
fertilization (blue) and fertilization (red) periods. The box indicates the 25th and 75th percentiles, and the line within the box marks the median. Whisker
length is equal to 1.5� interquartile range (IQR). Circles represent outliers.
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acidification may impact coral spawning events (Olischläger
and Wild 2020), based on the lack of reproductive synchrony
highlighted in the last years by several coral species in the Red

Sea (Shlesinger and Loya 2019). The synchrony breakdown
reduces the probability of successful fertilization, leading to a
dearth of new recruits and thus threatening the future of their
populations (Shlesinger and Loya 2019).

During the fertilization period, oocyte size-frequency distri-
bution showed a more abundant stock of large mature oocytes
(diameter > 400 μm) in the most acidic site (site 4, pHTS 7.4;
Fig. 2a). The persistence of large oocytes may suggest a delay
in the fertilization process at lower pH, perhaps caused by a
slowdown in the release in the water column of sperms not
yet fully mature. However, spermary production (abundance
and gonadal index) and their diameter were unaffected by
decreasing pH (Fig. 3b; Supporting Information Table S3), as
well as the spermary development, since all male polyps ana-
lyzed in this period hosted only mature spermaries (V stage of
maturation; Fig. 2b). An impairment in spermary development
could explain the persistence of mature oocytes in polyps
exposed to lower pH. Spermaries could have reached the last
maturation stage, but spermatozoa might not be ready to be
released, possibly causing the delay in the fertilization process.
In the tropical coral Acropora palmata exposed to pCO2 levels
projected for the end of this century, a reduction in fertiliza-
tion success of 12% was observed due to decreased sperm con-
centration (Albright et al. 2010). The embryogenesis analysis
supported a delay, or even a block, in the fertilization process
of A. calycularis with increasing acidity. Embryos were found
only in site 1 (control, pHTS 8.1) and site 2 (pHTS 7.9), while
no embryos were found in the two most acidic sites (site
3 and site 4, respectively, pHTS 7.7 and 7.4; Fig. 4; Supporting
Information Table S4). A reduction in embryo production (fer-
tility) was found in the tropical corals A. tenuis and A. palmata,
exposed in aquaria to pH levels expected for near-future IPCC
projections (Albright et al. 2010; Albright and Mason 2013).
Another possible explanation for the delay or block in fertili-
zation of A. calycularis may be related to sperm motility. A
reduction in sperm motility impaired by the acidified environ-
ment was found in several marine organisms (Havenhand
et al. 2008; Shi et al. 2017; Boulais et al. 2018), including
corals: an aquarium experiment revealed that 69% of sperms
of the scleractinian coral Acropora digitifera were motile at
pH 8.0, while at pH 7.8 the percentage dropped to 46%, and
at pH 7.7 to 20% (Morita et al. 2010). Moreover, decreasing
pH may alter chemical signals secreted by oocytes to activate
sperm flagellar motility (Morita et al. 2006). These studies sug-
gest that sperms could lose their ability to move in a low pH
environment, failing to reach the oocytes and thus impairing
the fertilization process.

Since sexual reproduction is a costly energy process, corals can
reallocate the energy to other essential life processes such as calci-
fication and growth (Langdon and Atkinson 2005; Silverman
et al. 2007). A parallel study on the net calcification rate of
A. calycularis and L. pruvoti was performed in specimens
transplanted along the same natural pH gradient at Panarea
(Prada et al. 2017). While the solitary coral L. pruvoti invests more

Fig. 4. Embryos reproductive parameters. Boxplot of fertility, embryonal
index, and embryo diameter in the fertilization period. The box indicates
the 25th and 75th percentiles, and the line within the box marks the
median. Whisker length is equal to 1.5� interquartile range (IQR). Circles
represent outliers.
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energy to maintain a constant reproduction (Gizzi et al. 2017) at
the expense of net calcification (Prada et al. 2017), the colonial
A. calycularis showed the most severe effects of low pH, man-
ifesting a high mortality rate, a decreased net calcification rate
(Prada et al. 2017) and an affected reproduction (present study).
Colonial corals generally grow faster than solitary corals
(Chadwick and Loya 1990), and fast-growing corals (including
A. calycularis) may be more sensitive to acidification than solitary
slow-growing corals such as L. pruvoti because of their higher
requirement of carbonate ions (Rodolfo-Metalpa et al. 2010). For
this reason, A. calycularis may need to allocate more energy
towards growth compared to L. pruvoti at the expense of its
reproduction. In a previous study on the hsp70 transcriptional
response to heat stress, conducted in different Mediterranean
coral species, including L. pruvoti and A. calycularis, the latter
resulted in the most sensitive non-zooxanthellate species, show-
ing the highest hsp70 fold changes (Franzellitti et al. 2018). How-
ever, a recent study on A. calycularis naturally living in an
acidified environment in Ischia (Italy) showed variability in net
calcification rate at polyp and colony level that could suggest a
long-term adaptation in the acidified environment. Colonies
from low pH sites calcified and extended at the same rate as
those at ambient pH but were composed of fewer polyps, which
invested more energy to calcify more and extend their skeleton
faster, probably to reach the size of sexual maturity (Teixid�o
et al. 2020). Since polyps exposed to low pH allocate more
energy in the calcification process, less energy could be available
for their reproduction that could be affected.

Most studies investigating the effect of pH on coral repro-
duction, including the current one, assess a short-term impact,
which does not consider the whole gametogenic cycle and
thus reduces the potential effects that could be found on dif-
ferent time scales. Studying the reproduction in populations
that naturally live in acidified environments or starting the
exposure of decreased pH before the gametogenic cycle begins
could reveal more “delays” in the gametogenesis or even an
initial block of the entire gametogenic process in the most
acidic sites. Further studies, including long-term effects, are
needed to elucidate the fine-scale mechanisms that make this
species particularly susceptible to ocean acidification.

In conclusion, the reproductive output of A. calycularis
seemed negatively affected by pH levels predicted for the end
of the century and beyond, showing a delay in spermary
development coupled with the persistence of mature oocytes
in the most acidic site (pHTS 7.4) and the lack of embryos in
the two most acidic sites (i.e., site 3, pHTS 7.7 and site 4, pHTS

7.4). The delay or block in the fertilization process is likely
caused by one or the combination of pre-fertilization prob-
lems, including the lack of reproductive synchrony between
sperms release and available mature oocytes, reduced sperm
motility, and the alteration of oocyte-sperm chemical signal-
ing in acidified conditions. The high sensitivity to low pH
found in A. calycularis, even in short-term experiments of 3–
4 months, may be due to its fast growth rate, which could

leave less energy available for sexual reproduction. These find-
ings suggest that ocean acidification has the potential to
impact A. calycularis, threatening the future of this endemic
reef-forming Mediterranean species.

Nevertheless, further investigations, including long-term
experiments and the synergic effect of pH with temperature,
are needed to better understand how A. calycularis will
respond to future environmental conditions projected for the
coming decades.
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