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Abstract

Calcified coralline algae are ecologically important in rocky habitats in the marine
photic zone worldwide and there is growing concern that ocean acidification will se-
verely impact them. Laboratory studies of these algae in simulated ocean acidification
conditions have revealed wide variability in growth, photosynthesis and calcification
responses, making it difficult to assess their future biodiversity, abundance and con-
tribution to ecosystem function. Here, we apply molecular systematic tools to assess
the impact of natural gradients in seawater carbonate chemistry on the biodiversity of
coralline algae in the Mediterranean and the NW Pacific, link this to their evolution-
ary history and evaluate their potential future biodiversity and abundance. We found
a decrease in the taxonomic diversity of coralline algae with increasing acidification
with more than half of the species lost in high pCO, conditions. Sporolithales is the
oldest order (Lower Cretaceous) and diversified when ocean chemistry favoured low
Mg calcite deposition; it is less diverse today and was the most sensitive to ocean
acidification. Corallinales were also reduced in cover and diversity but several species
survived at high pCO,; it is the most recent order of coralline algae and originated
when ocean chemistry favoured aragonite and high Mg calcite deposition. The sharp
decline in cover and thickness of coralline algal carbonate deposits at high pCO, high-
lighted their lower fitness in response to ocean acidification. Reductions in CO, emis-

sions are needed to limit the risk of losing coralline algal diversity.
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suitable for the biogenic construction of calcareous reefs (Albright

et al., 2018), as confirmed by the fossil record from before and

When atmospheric CO, levels rise increasing amounts of this gas after ocean acidification events (Honisch et al., 2012). For example,

dissolve in seawater causing ocean acidification. This acidifica- volcanic activity caused a quadrupling of atmospheric CO, levels

tion can cause seawater carbonate saturation to fall below levels 201 million years ago (Mya) which acidified the ocean and triggered
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the extinction of around 80% of all living species on Earth. After
ocean acidification events, weathering of rocks on land slowly in-
creased the carbonate saturation state of the ocean, allowing cal-
careous organisms to diversify over timescales of millions of years.
Volcanic CO, release 55.6 Mya is the closest geological analog to
anthropogenic ocean acidification: Although it was slower than the
present day rate of ocean acidification it led to major declines in the
diversity and abundance of marine calcified organisms (Haynes &
Honisch, 2020).

Coralline algae are the only group of seaweeds that deposit cal-
cite within their cell walls (Hurd et al., 2014), and thanks to these
mineral cell walls they have an extensive fossil record (Aguirre
et al., 2000). As calcium carbonate ‘biofactories’, they act as eco-
system engineers (Ballesteros, 2006; Nelson, 2009; Pefa et al.,
2021; Riosmena-Rodriguez et al., 2017) from the intertidal to deep
water (down to 265 m) and from the tropics to the poles (Amado-
Filho et al., 2012; Littler et al., 1985). They stimulate the settlement
and metamorphosis of many invertebrates, including commercially
important species such as lobsters, scallops, sea urchins and aba-
lone (Huggett et al., 2006; Nelson, 2009). Loss of coralline algae
simplifies coastal ecosystems (Harvey et al., 2021; Kroeker et al.,
2013) and has a negative impact on ocean health and ecosystems
services (Hall-Spencer & Harvey, 2019). An understanding of which
coralline algae will be able to survive the current ocean acidifica-
tion event is lacking, but needed given their critical role in coastal
ecosystems.

Laboratory and field studies have shown that coralline algal re-
cruitment, growth, skeletal strength and survival are generally neg-
atively affected by increased CO, (McCoy & Kamenos, 2015; Smith
et al.,, 2020). Observations along natural gradients of increasing CO,
around shallow water volcanic seep systems show that many cor-
alline algae are vulnerable to ocean acidification but a lack of tax-
onomic information in these observations is a key knowledge gap
(Agostini et al., 2018; Fabricius et al., 2015; Kamenos et al., 2016;
Martin et al., 2008; Porzio et al., 2011). Some coralline algae are re-
silient to ocean acidification which seems to be partly down to the
conditions that they live in. For example, intertidal coralline algae
can divert energy to fight ocean acidification conditions (Bradassi
et al., 2013) and the intertidal often has rapid changes in water car-
bonate chemistry (Wootton et al., 2008). The rate of acidification
is also important, as some coralline algae can tolerate gradual but
not rapid change (Kamenos et al., 2013). Coralline algae are mostly
long-lived organisms (Halfar et al., 2000, 2011); but some thin coral-
line algal crusts can grow and reproduce quickly and build resilience
to ocean acidification conditions within a few generations (Cornwall
et al., 2020).

Our key question is ‘Does ocean acidification change the di-
versity of coralline algal communities?’ and some clues lay in their
fossil record. The Sporolithales, Hapalidiales, Corallinales and the
Corallinapetrales are fully calcified orders of coralline algae (Jeong
et al,, 2021; Le Gall et al., 2010; Nelson et al., 2015; Pena et al.,
2020). The Sporolithales is the oldest of these and first appeared
ca. 137 Mya, in the Lower Cretaceous (Pefa et al., 2020). In the

Cretaceous, surface seawater carbonate saturation levels were
high and marine life with calcareous shells and skeletons pro-
liferated. This is when the Hapalidiales originated (ca. 116 Mya)
followed by the Corallinales (ca. 112 Mya). A meteor strike that
killed most dinosaurs 66 Mya caused ocean acidification which
killed an estimated 67% of coralline algal species (Aguirre et al.,
2000; Henehan et al., 2019). After this mass extinction event
Sporolithales diversity remained low, whereas the Hapalidiales
diversified (Aguirre et al., 2000) and then, during an increase in
tropical coral reefs worldwide (ca. 28-12 Mya), the Corallinales
became highly diverse with ca. 600 species alive today (Gabrielson
et al., 2018; Guiry & Guiry, 2021; Pefna et al., 2019; Rosler et al.,
2016).

Research into the effects of ocean acidification on coralline algae
has so far relied on the use of morphological characteristics for their
identification, likely underestimating the impacts of ocean acidifi-
cation on their diversity. Molecular systematics show that coralline
algae have high levels of cryptic diversity globally (Gabrielson et al.,
2018; Pardo et al., 2014; Pezzolesi et al., 2019) and are morphologi-
cally very variable and so are difficult to identify without DNA-based
methods (Carro et al., 2014; Pefa et al., 2021; Sissini et al., 2014).
Here, we used molecular systematic tools to evaluate the impact of
ocean acidification on the biodiversity of coralline algae along gra-
dients of increasing seawater CO, in the Pacific and Mediterranean
basins to assess the capacity of this important algal group to resist or

adapt to changing ocean conditions.

2 | MATERIALS AND METHODS

2.1 | Study sites and carbonate chemistry

We used natural gradients in seawater carbonate chemistry at
seabed CO, seeps off the volcanic coasts of Italy (Vulcano Island,
Mediterranean Sea, 34°19'N, 139°12'E) and Japan (Shikine Island,
North-Western Pacific, 38°25'N, 14°57'E). Physicochemical sur-
veys have established these locations as natural analogues for the
future effects of ocean acidification, as long as care is taken to
avoid confounding factors (Agostini et al., 2015; Boatta et al., 2013).
Monitoring has revealed locations where benthic organisms settle,
grow and reproduce at higher pCO, levels than reference sites,
but experience no differences in temperature, salinity, dissolved
oxygen, total alkalinity, nutrients, wave exposure, current strength,
substratum type or depth (NW Pacific: Agostini et al., 2018; Cattano
et al., 2020; Harvey et al., 2019, 2021; Mediterranean: Aiuppa et al.,
2021; Cornwall, Revill, et al., 2017; Harvey et al., 2016; Milazzo
etal.,, 2014).

In the NW Pacific, seawater pH, temperature and salinity were
measured in situ using a TOA-DKK multisensor (WQ-22C, TOA-DKK,
Japan) and a durafet pH sensors (Seafet, Sea-Bird Scientific, Canada)
during June and July 2017 (published in Agostini et al., 2018). Total
alkalinity samples were collected at each site: ‘Reference 1' (n = 26),
‘Reference 2’ (n = 26), ‘Increased CO,’ (n = 21), ‘High CO, 1’ (n = 41),
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‘High CO, 2’ (n = 4) and ‘Very high CO,’ (n = 4), immediately fil-
tered at 0.45 um using disposable cellulose acetate filters (Dismic;
Advantech) and stored at room temperature in the dark until mea-
surement. Total alkalinity was measured using an auto-titrator (916
Ti-Touch; Metrohm) with HCl at 0.1 mol L'}, and then calculated from
the Gran function between pH 4.2 and 3.0. In the Mediterranean,
carbonate chemistry was characterized on three visits in late May
and June 2014 for four sites: (i) ‘Reference’, ‘Increased CO,), ‘High
CO,’ and ‘Very high CO,’. Temperature and salinity were measured
in situ using a 556 MPS YSI. Seawater pH was measured using a
meter (Orion Star A216 pH/RDO/DO) and pH electrode (Orion
8107BNUMD—Ross Ultra pH/AIC triode). Total alkalinity samples
were collected at each site: ‘Reference’ (n = 3), ‘Increased co,
(n = 3), ‘High CO,’ (n = 2) and ‘Very high CO,’ (n = 3). Total alkalin-
ity was measured using an open-cell titration system (Metrohm 809
Titrando and 800 Dosino).

Carbonate chemistry parameters for both Shikine and Vulcano
were calculated using the CO,SYS software (Pierrot et al., 2006).

S ey L

Measured pH, total alkalinity, temperature and salinity were used
as the input variables, alongside the disassociation constants
from Mehrbach et al. (1973), as adjusted by Dickson and Millero
(1987), KSO, using Dickson (1990), and total borate concentrations
(Table 1).

2.2 | Sampling and data collection

In the Mediterranean, intertidal and subtidal bedrock at four CO, lev-
els were surveyed and sampled in May 2014 (Table 1): (i) ‘Reference’
(mean pCO, 385 + 48 [SD] patm); (i) ‘Increased CO,’ (mean pCO,
467 + 33 [SD] patm); (iii) ‘High CO,’ (mean pCO, 735 + 315 [SD] patm);
and (iv) ‘Very high CO,’ (mean pCO, 1012 + 139 [SD] patm).
Intertidal bedrock was surveyed and sampled using 25 x 25 cm
quadrats (n = 5 per site) thrown haphazardly. Coralline algal cover
(%, from O—absence—to 100%) was recorded using a 5 x 5 cm grid
in the quadrats to assist these in situ estimates. Specimens were

TABLE 1 Carbonate chemistry of reference and elevated pCO, sites in the NW Pacific (Shikine Island) and Mediterranean (Vulcano
Island). The pH., salinity and total alkalinity (AT) were measured, others were calculated using the CO,SYS program. Values presented as

means, with standard deviation below

Salinity A; (pmol DIC (umol HCO®" (nmol CO;‘ (umol
pCO, (natm) (psu) kg™) pH; ke™) kg™) kg™) eaicite @, ragonite
NW Pacific
Reference
310.8 34.5 2264.8 8.14 1964.0 1742.3 211.6 5.08 3.30
46.0 0.42 15.8 0.05 34.3 55.0 22.2 0.53 0.34
Increased
530.3 34.6 2258.1 7.94 2043.0 1868.7 157.9 3.80 2.48
123.1 0.06 17.2 0.08 37.9 58.5 23.3 0.56 0.36
High CO,
763.6 34.5 2269.6 7.81 2124.2 1983.2 116.3 2.79 1.81
241.6 0.35 19.8 0.09 34.5 45.6 18.4 0.44 0.28
Very high CO,
1796.3 34.7 2268.1 7.53 2212.0 2081.6 75.8 1.82 1.19
1285.2 0.74 20.5 0.24 82.9 82.3 33.3 0.80 0.52
Mediterranean
Reference
385.2 38.2 2500.8 8.08 2186.1 1948.9 224.8 5.24 3.41
47.5 0.05 16.5 0.04 27.7 441 17.9 0.42 0.27
Increased
467.0 38.2 2456.7 8.01 2189.7 1981.8 193.0 4.50 2.93
32.8 0.04 69.0 0.03 13.7 21.4 8.6 0.20 0.13
High CO,
734.6 38.3 2518.7 7.87 2313.9 2132.8 157.6 3.67 2.39
314.6 0.10 2.4 0.15 721 104.8 42.8 1.00 0.65
Very high CO,
1012.5 38.2 2515.6 7.73 2385.6 2240.4 112.4 2.62 1.71
138.5 0.11 13.3 0.05 20.0 26.7 10.9 0.26 0.17



PENA ET AL.

collected from the quadrats of all the different thallus morpholo-
gies present (using a chisel where necessary) and placed into labelled
ziplock bags for subsequent laboratory investigation. In the subtidal
survey conducted at 2-6-m depth, cover was not assessed but col-
lections of specimens were made for molecular identification, as in
the intertidal.

In the NW Pacific, intertidal bedrock and two subtidal ben-
thic habitats (bedrock and rubble) were surveyed in July 2017 for
coralline algal cover and sampled for molecular identification at
four different levels of seawater CO, (Table 1): (i) ‘Reference’ (two
sites, mean pCO, 311 + 46 [SD] patm); (i) ‘Increased CO,’ (one
site, mean pCO, 530 + 123 [SD] patm); (iii) ‘High CO,’ (two sites,
mean pCO, 764 + 242 [SD] patm); and (iv) ‘Very high CO,’ (one
site, mean pCO, 1796 + 1285 [SD] patm). SCUBA diving was used
for subtidal surveys in both benthic habitats (n = 6 per habitat
per site) at a same depth range to the Mediterranean study site
(2-6-m depth).

2.3 | Molecular identification of coralline algae

Specimens were rinsed in freshwater, air-dried and preserved in zi-
plock bags with silica gel. A fragment of each specimen was cleaned
under a stereomicroscope, then a clean part was ground into
powder for DNA extraction. Genomic DNA was extracted using a
NucleoSpin® 96 Tissue kit (Macherey-Nagel, GmbH and Co. KG)
following the manufacturer's protocol. The psbA locus was ampli-
fied using primer pairs: psbA-F1/psbA-R2 and psbA-F1/psbA-600R
(Yoon et al., 2002), and eventually the primer pair psbA21-350F/
psbA22-350R generated for coralline algae (Anglés d'Auriac et al.,
2019). The mitochondrial COI-5P fragment was PCR-amplified for
some Mediterranean specimens using the primer pair Gaz-F1/
Gaz-R1 (Saunders, 2005). The thermal profile for psbA and COI-5P
amplifications and PCR reactions followed Pefa et al. (2015). PCR
products were purified and sequenced by Genoscope (Bibliothéque
du Vivant program, Centre National de Séquencage, France) and
Eurofins (Eurofins Scientific, France). Sequences were assembled
and aligned with the assistance of CodonCode Aligner® (CodonCode
Corporation) and adjusted by eye using SeaView version 4 (Gouy
et al., 2010). Sequences were submitted to the Barcode of Life Data
Systems (project ‘NGCOR’, BOLD, http://www.boldsystems.org;
Ratnasingham & Hebert, 2007) and GenBank (accession numbers
are listed in Table S1). Calculation of genetic distance among psbA
sequences (uncorrected p-distances) was calculated in MEGA v.6
(Tamura et al., 2013). Putative species boundaries were estimated
using Poisson Tree Processes model (PTP, Zhang et al., 2013) on a
phylogenetic tree inferred from Bayesian inference analysis of psbA
sequences using MrBayes 3.2.1 (Ronquist & Huelsenbeck, 2003).
Analyses were performed under a generalized time-reversible with
invariant sites heterogeneity model (GTR+I+G, jModeltest 2.1.3,
Darriba et al., 2012), with four Markov Chain Monte Carlo method
for 10 million generations, and tree sampling every 1000 genera-
tions. Our species delimitation was contrasted with interspecific

divergence—uncorrected p-distances—usually applied for psbA and
COI-5P sequences generated for coralline red algae (e.g. Hind et al.,
2016; Pena et al., 2015, 2021; Pezzolesi et al., 2017, 2019). For spe-
cies identification, sequences were compared with publicly available
sequences of coralline algae from GenBank.

2.4 | Carbonate biomass and complexity of
biogenic habitat

Coralline algae collected from quadrats (n = 6) at each NW Pacific
site (excluding the ‘Very high CO,’ area as it lacked corallines) were
dried at 60°C, then they were weighed and decalcified using HCI.
After decalcification, samples were rinsed with distilled water, dried
again and re-weighed. The CaCO, content in each site (as g 0.1 m2)
was calculated based on the weight difference before and after de-
calcification, the estimated area occupied by each specimen within
the quadrat (625 cm?) and adjusted with the percentage cover es-
timated for coralline algae. A further set of samples of a coralline
algal species that was common at the low tide mark was collected
at low water from different levels of seawater pCO, and examined
using micro-computed tomography (micro-CT scan, Skyscan 1172
system). Tomography was used to illustrate changes in thickness and
CaCO, content of coralline algae. Parameters used were: 70 kV, 142
pA, 13.57-um pixel size, 180° rotational angle and a rotation step
of 0.4°. A 0.5-mm-thick aluminium filter was used. X-ray projection
images obtained during scanning were reconstructed with the soft-
ware NRecon (Bruker). Sections were processed with software pro-
grams CTAn and DataViewer (Bruker).

2.5 | Statistical analyses

Differences in coralline algae cover recorded at increasing levels
of seawater CO, were assessed using one-way ANOVA tests, or by
Welch and Brown-Forsythe tests if the requirement of equality of
variance (Levene test) was not met. Site comparisons were analysed
by post hoc Tukey's HSD tests. Statistical analyses were conducted
by IBM® SPSS® Statistics v. 24 (IBM Corporation, license University
of A Coruna).

3 | RESULTS

3.1 | Carbonate chemistry

The salinity of our NW Pacific sites was 34.5-34.7 with an alkalinity
range of 2258-2269 umol kg™ compared with 38.2-38.3 and 2456-
2518 pmol kg™ in the Mediterranean (Table 1). These are typical val-
ues for these regions. Reference conditions in the NW Pacific had
relatively low values of around 310 patm pCO, compared with 385
patm in the Mediterranean. In both regions, increasing pCO, levels
resulted in significant seawater acidification down from ca. pH 8.1 at
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reference sites to 7.53 at our ‘Very high CO,’ Pacific site (1796 patm
pCO,) and 7.73 at our ‘Very high CO,’ Mediterranean site (1012 patm
pCO,) and both of these locations had low mean aragonite seawater

saturation levels with periods of aragonite undersaturation (Table 1).

3.2 | Fallin coralline algal diversity at increasing
levels of CO,

We generated 223 sequences (211 psbA and 12 COI-5P) for 221
specimens collected (166 in the NW Pacific, 55 in the Mediterranean).
The largest dataset (psbA) had 189 haplotype sequences with 348-
891 base pairs, with 369 variable sites. The phylogenetic tree in-
ferred from our psbA data estimated 57-90 putative species using
the maximum likelihood approach and 66-70 putative species using
the bayesian approach. Based on these estimates and the known
range of infraspecific pairwise distances recorded in coralline algae
(up to 2.92% for the highly diverse Lithophyllum byssoides (Lamarck)
Foslie, Pezzolesi et al., 2017), we estimated that 41 coralline algal
species were collected at our NW Pacific sites and 19 were col-
lected at our Mediterranean sites (Figure 1; Tables S1 and S2) with
the largest infraspecific divergences found among clades within the
Mediterranean, Neogoniolithon brassica-florida and Neogoniolithon

) 4789
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sp.1(1.9%-2.1%). These belonged to the three orders: Sporolithales,
Hapalidiales and Corallinales, with the latter being the most diverse
(40 spp.). No shared taxa were found between our NW Pacific and
Mediterranean collections, and sequences generated for most of the
taxa did not return a species match in GenBank.

Both ocean basins had a sharp decline in coralline species diversity
with increasing CO,, in both intertidal and subtidal habitats (Figure 2;
Table S2); 38 species found at ‘Reference’ sites were not observed in
any of the elevated CO, sites. Sporolithales were only detected at the
NW Pacific Reference sites. Seven species of geniculate coralline algae,
in four genera (Corallina, Ellisolandia, Jania and Amphiroa), were found
at reference sites but only two species (Corallina cf. crassissima and
Amphiroa sp.) occurred at elevated CO,. In the Mediterranean the cor-
alligenous habitat forming species L. stictiforme only occurred at the
‘Reference’ site and epiphytic corallines (Lithophyllum cf. pustulatum,
Lithophyllum sp. 8, L. sp. 9, Corallinales sp.) were also lost as CO, levels
increased above ‘Reference’ levels.

Although coralline algal diversity declined with increasing ocean
acidification, 15 of the coralline taxa found in ‘Reference’ sites (nine
in the NW Pacific, six in the Mediterranean) were also found living
at elevated CO, sites (Figure 1; Table S2). In particular, ten species
were able to survive in the ‘High CO,’ areas although none were
found at the ‘Very high CO,’ sites. Except for two taxa of the order

[ REFERENCE CO:

[ ] INCREASED €02
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FIGURE 1 Species of Corallinales,
Hapalidiales and Sporolithales coralline
algae recorded along CO, gradients in the
NW Pacific and Mediterranean. For each
order, the number of species recorded and
the current number of species estimated
from Algaebase (Guiry & Guiry, 2021)

are shown in brackets. Colours show the
different levels of ocean acidification
(‘Reference’, ‘Increased CO,’ and ‘High
CO,) that the taxa were able to survive.
Time calibration of the three calcified JuRassic
orders based on Pefa et al. (2020)
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FIGURE 3 Coralline algal cover (%, mean + SE, n = 6) on subtidal bedrock and rubble and intertidal bedrock in the NW Pacific (a-c) and
on intertidal bedrock in the Mediterranean (d) exposed to different levels of CO, dissolved in seawater. ‘0’ indicates the absence of coralline

algae at the given site

Hapalidiales (Melobesioideae sp.1 and Phymatolithon sp.5), the re-
maining species found across the CO, gradient belonged to the order
Corallinales. By contrast, seven species collected at ‘Increased’ and
‘High CO,’sites were not recorded in the ‘Reference’ sites; all these
species corresponded to the order Corallinales, and four of them be-

longed to the same genus (Lithophyllum).

3.3 | Coralline algal cover, complexity of biogenic
habitat and carbonate biomass

In both regions, the cover of coralline algae—expressed in
%—decreased significantly as CO, levels rose (Figure 3; Table S3).
Significant differences were detected between ‘Reference’ sites and

the ‘High CO,’ and ‘Very high CO,’sites in the intertidal (66 + 13%
vs. 30 + 24% and 0% in the NW Pacific, and 67 + 43 vs. 0% in the
Mediterranean) as well as subtidally (93 + 9% vs. 28 + 2% and 0%,
respectively in the NW Pacific).

At community scale, in both regions, as coralline algae declined,
non-calcified macroalgae were more abundant among which we
can list the reds Grateloupia elata (Okamura) S. Kawaguchi & H.W.
Wang and crustose Peyssonnelia spp. and Hildenbrandia spp., the
browns Cystoseira spp. sensu lato, Padina pavonica (Linnaeus) Thivy
and Taonia atomaria (Woodward) J. Agardh, and the green Caulerpa
spp., as well as large diatom colonies in the ‘Very high CO,” NW
Pacific site (Figure 4). In addition to the reduction in coralline cover,
the complexity of biogenic habitat created by coralline algae de-
creased with increasing CO,,. Intertidal samples of Phymatolithon sp.
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FIGURE 4 Representative pictures
of coralline algal decline at ‘Reference’,
‘Increased CO,’ and ‘High CO,’ levels in
the NW Pacific and the Mediterranean.
Japan intertidal (a-c) and subtidal

(d-f); Italy intertidal (g-i) and subtidal
(i-N

5 (Figure 5) had thick crusts (up to 2 cm) with a diverse and abundant
associated calcified faunal community in ‘Reference’ site conditions,
but as CO, levels increased the cover of this intertidal coralline alga
decreased, forming only very thin crusts (<0.2 cm in the ‘High CO,’)
with minimal associated calcified fauna and becoming completely
absent at ‘Very high CO,".

In the NW Pacific site, the coralline algal calcium carbonate per
unit area showed a profound decline with increasing CO, (Figure 6).
The calcium carbonate per unit area in the ‘High CO,’ sites (7.96-
8.73 + 4.01-7.97 g CaCO,4 0.1 m2) was <2% of that found at
‘Reference’ sites (505.77-700.48 + 173.44-275.49 g CaCO, 0.1 m2).
Subtidal rubble was the most impacted habitat with low amounts of
coralline algal CaCOj at the ‘Increased CO,’ and ‘High CO,’ sites.

4 | DISCUSSION

This is the first molecular systematic study of the effects of ocean
acidification on coralline algae and shows that this approach is es-
sential for an accurate understanding of how the diversity of coral-
line algae is affected by CO, emissions (Twist et al., 2020). Highly
diverse coralline algal assemblages were simplified under elevated
levels of CO,. Corallinales, the most recently evolved order of the
coralline algae (Pefa et al., 2020), was the most diverse of the or-
ders we recorded and the most resilient to acidification, with 35%
of the species present at high CO,. By contrast, only ca. 12% of the
Hapalidiales were found in the high CO, sites, and the Sporolithales
disappeared with increased CO,. We expected Sporolithales and
Hapalidiales to be more resistant to ocean acidification since they

4791
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first appeared in a period of Earth's history when seawater CO, lev-
els were high (600-1500 ppm) whereas Corallinales originated in
waters with relatively low CO, (400 ppm; Bergstrom et al., 2020;
Hansen et al., 2013; Honisch et al., 2012; Royer et al., 2004). A me-
socosm study of six species (Bergstrom et al., 2020) has found that
the Sporolithales and Hapalidiales species generally had a greater
capacity for CO, use than the Corallinales species and related these
differences with ocean pCO, conditions that prevailed when each
group originated. An experimental study on Sporolithon has shown
that recruits were more sensitive to elevated temperature/pCO,
than adult plants (Page & Diaz-Pulido, 2020) which may explain the
absence of any of these taxa at our increased CO, sites. Laboratory
work showing the vulnerability of Sporolithon durum to ocean acidi-
fication and the resilience of Neogoniolithon (Comeau et al., 2018;
Cornwall, Comeau, et al., 2017) and Chamberlainium sp. (Kim et al.,
2020) confirm our field results.

A lack of accurate identification of the coralline species using
molecular tools makes comparison of our results with previous stud-
ies problematic. At Mediterranean CO, seeps, Porzio et al. (2011)
observed the replacement of thick coralline algal communities by
thin crusts of Hydrolithon cruciatum—order Corallinales—at low pH
sites. On settlement tiles at volcanic CO, seeps, the most pH toler-
ant taxa were found to be thin crusts of Lithoporella melobesioides,
Dawsoniolithon conicum and Porolithon onkodes (order Corallinales)
in Papua New Guinea (Fabricius et al., 2015), and Lithophyllum,
Titanoderma (Corallinales) and Phymatolithon (Hapalidiales) in Italy
(Kamenos et al., 2016). In addition, except for a few experimental
studies (e.g. Bergstrom et al., 2020; Comeau et al., 2018; Cornwall,
Comeau, et al., 2017) that encompassed several coralline taxa
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belonging to different orders, most of the literature is focused on the
physiological responses of a single species, and it often pertains to
the order Corallinales because of their ecological role as reef build-
ers (e.g. Hydrolithon, Porolithon, Lithophyllum; Comeau et al., 2013;
Martin et al., 2013; Scherner et al., 2016; Semesi et al., 2009). In
response to ocean acidification, both acclimation and adaptation can
be crucial to the survival and prevalence of organisms (Sunday et al.,
2014). Despite long-term exposure to increased pCO,, no evidence
of acclimatization of the reef coralline Lithophyllum kotschyanum has
been shown (Comeau et al., 2019) whereas Cornwall et al. (2020)
observed that Hydrolithon reinboldii (now H. boergesenii) gained
tolerance to ocean acidification over several generations. Our re-
sults show that 15 coralline species, most of them from the order
Corallinales, can survive high pCO, conditions; in particular, the
genus Lithophyllum which is one of the most diverse genera (130 spe-
cies, Guiry & Guiry, 2021). Higher genetic diversity may give them
an advantage over the less-resistant taxa, particularly Hapalidiales
and Sporolithales species. On the other hand, mechanistic reasons
related with their skeletal structure could be also involved. Kamenos
et al. (2016) observed changes to a less reactive polymorph of
CaCOy, in small crustose corallines growing under high pCO, in vol-
canic CO, vents at Ischia (ltaly). In addition, the reduction of calcium
carbonate production may particularly affect thick species (McCoy
& Ragazzola, 2014) and it is also related with alterations in the spe-
cies dominance (McCoy et al., 2016; McCoy & Pfister, 2014).

As in many other studies along natural gradients in pCO, we ob-
served large reductions in the cover of the coralline algae as carbon-
ate saturation state declined. The thickness and amount of CaCO,
per unit area also declined abruptly in intertidal and subtidal rubble
samples with increasing seawater pCO,. Samples from subtidal bed-
rock had a similar amount of CaCO, per unit area at high pCO, due
to the presence of Peyssonnelia algal crusts. These observed declines
in coralline algal thickness and cover are likely due to a combination
of disruption to spore settlement and growth, increased energetic
burden of skeletal maintenance, increased dissolution, and high sen-
sitivity of the unpigmented algal tissues plus disruption (Bradassi
et al.,, 2013; Diaz-Pulido et al., 2012; Kato et al., 2014; McCoy &
Kamenos, 2015; Ordofiez et al., 2017; Porzio et al., 2018). It was
conspicuous in the field, and well illustrated using tomography, that
a thickly encrusting species (Phymatolithon sp.5) dominated the low
intertidal fringe of our study region of Japan but showed severe re-
ductions in cover and thickness with increased pCO.,,.

Inthe Mediterranean CO, vents of Ischia (Italy), Porzio et al. (2011)
recorded a decrease in the diversity and abundance of coralline algae.
This loss of habitat complexity provided by coralline algae has many
ecological implications. For instance, decreased size and thickness in-
creases coralline algal susceptibility to grazing (Johnson & Carpenter,
2012; McCoy & Kamenos, 2018) and reduces their ability to com-
pete for space with other seaweeds (Kroeker et al., 2013; Linares
et al., 2015). The knock-on effects of reduced coralline algal diversity
and dominance by species with a thin growth form can include: re-
duced reef accretion in tropical and temperate environments (Adey,
1978; Ballesteros, 2006; Fine et al., 2017; Goreau, 1963), reduced
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habitat provisioning for associated fauna and endolithic organisms
(e.g. Tribollet & Payri, 2001), and alterations in epiphytic microbial
biofilms (Huggett et al., 2018) that disrupt settlement and larval re-
cruitment of marine invertebrates (e.g. coral, sea urchins, Doropoulos
et al,, 2012; Gémez-Lemos et al., 2018; Rahmani & Ueharai, 2001;
Steller & Caceres-Martinez, 2009). Considering adverse effects re-
lated to the interaction with other stressors, like coastal pollution
(Schubert et al., 2019), predatory fishery (Fragkopoulou et al., 2021)
and the importance of their ecosystems to socio-environmental and
economic well-being (Moura et al., 2021), besides reducing CO, emis-
sions, further effort should look to improve ocean health as a whole
(Laffoley et al., 2020), fostering the creation of no-take marine pro-
tected areas with focus on these reef builders to enhance their resil-
ience and survival (Sissini et al., 2020).

Here we also showed with molecular systematic tools that cor-
alline algal assemblages can be highly diverse on hard substrata in
shallow waters. Our study, conducted in the North-Western Pacific
ocean basin and the Mediterranean Sea, detected 60 coralline
algal species belonging to the orders Sporolithales, Hapalidiales
and Corallinales, with the latter being the most diverse. This rep-
resents ca. 14% of the known species of Hapalidiales and ca. 7% of
the known species of Corallinales and Sporolithales (Guiry & Guiry,
2021). The Japanese site was much more diverse than the Italian
one (41 vs. 19 species) due a naturally more diverse flora in Japan
combined to the fact that we sampled a variety of habitats (bedrock
and rubble) but only bedrock in Italy. Most (87%) of the species de-
tected in the present study (52 out of 60) did not return a relevant
match with the publicly available GenBank dataset (containing ca.
3780 psbA sequences). This highlights the substantial diversity of
coralline algae (Gabrielson et al., 2018; Pezzolesi et al., 2019) and
emphasizes a clear need for molecular systematics tools, particularly
in global biodiversity hotspots such as Japan (Tittensor et al., 2010)
which remains poorly studied using this approach (except for Kato &
Baba, 2019; Kato et al., 2011, 2013).

5 | CONCLUSION

We show, for the first time, that ocean acidification can cause a de-
cline in the biodiversity of coralline algae. We reveal an exceedingly
high level of cryptic diversity in the Japanese coralline algal flora and
show that the effects of ocean acidification on coralline algal diver-
sity worldwide have previously been underestimated. It is now clear
that identification using molecular systematics tools significantly
advances insights into the responses of marine communities to
global change. Shallow-water CO, seep systems in two widely sepa-
rated biogeographic regions revealed consistent long-term, multi-
generational assemblage shifts in the coralline algae. A decrease of
coralline algal species diversity was accompanied by a major loss in
seabed cover and we quantify, for the first time, the extent to which
ocean acidification reduces algal carbonate accretion. The order
Corallinales, in particular the genus Lithophyllum, was by far the most
diverse group of taxa able to survive ocean acidification. The ability
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of coralline algal species to tolerate rising CO, levels is underpinned
by what these species experience in terms of environmental vari-
ability today, as well as their evolutionary history. Ocean acidifica-
tion reduces coralline algal habitat complexity and is projected to
adversely affect ecosystem services, and so reductions in CO, emis-
sions are needed to reduce risks to coastal ocean function.

ACKNOWLEDGEMENTS

VP acknowledges support from the postdoctoral programs Campus
Industrial de Ferrol (Universidade da Corufa) and Plan 12C (Xunta
de Galicia), and from the British Phycological Society (Small Grant
Scheme-Project Award 2014). Molecular data were gathered at
the Service de Systématique Moléculaire of the Muséum National
d'Histoire Naturelle (CNRS-UMS 2700). Fieldwork in Japan was
supported by Universidade da Coruia (VP) and by the ‘International
Educational and Research Laboratory Program’, University of
Tsukuba (JH-S, BH) and we thank the Director at the time, Professor
Kazuo Inaba, for providing facilities and RV Tsukuba Il shiptime
from Shimoda Marine Research Center, and Dr Abigail McQuatters-
Gollop for assistance with coralline algal collection. VP thanks Maria
Candas (Estacion de Bioloxia Marifia da Grafa, USC) for the micro-
CT Scan analyses. Fieldwork in the Mediterranean was supported by
the EU ‘Mediterranean Sea Acidification under a changing climate’
project (MedSeA; grant agreement 265103; MM, JH-S) and we thank
Dr Lina Barrios for assistance with coralline algal collection. PH
thanks CAPES-Print Project, CNPq, FAPESC and Fundacao Boticario
for fellowships and financial support. We are grateful to the anony-

mous reviewers for their helpful comments on the manuscript.

AUTHOR CONTRIBUTION

Viviana Pefa: original concept, Pacific and Mediterranean field-
work, DNA sequencing and morpho-anatomical study, writing; Ben
P. Harvey: carbonate chemistry data and Pacific fieldwork, writ-
ing, figures; Sylvain Agostini: carbonate chemistry data and Pacific
fieldwork, writing; Lucia Porzio: writing; Marco Milazzo: carbon-
ate chemistry data and Mediterranean fieldwork, writing; Paulo
Horta: writing; Line Le Gall: DNA sequencing, writing; Jason M.
Hall-Spencer: original concept, Pacific and Mediterranean fieldwork,

writing.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the

Supporting Information of this article.

ORCID
Viviana Pefa " https://orcid.org/0000-0001-7003-3850
https://orcid.org/0000-0002-4971-1634
https://orcid.org/0000-0001-9040-9296
https://orcid.org/0000-0001-9359-3543
https://orcid.org/0000-0002-2202-0542
https://orcid.org/0000-0001-7699-7589
https://orcid.org/0000-0001-7807-4569

https://orcid.org/0000-0002-6915-2518

Ben P. Harvey
Sylvain Agostini
Lucia Porzio
Marco Milazzo
Paulo Horta
Line Le Gall
Jason M. Hall-Spencer

REFERENCES

Adey, W. H. (1978). Algal ridges of the Caribbean sea and West Indies.
Phycologia, 17, 361-367. https://doi.org/10.2216/i0031-8884-
17-4-361.1

Agostini, S., Harvey, B. P., Wada, S., Kon, K., Milazzo, M., Inaba, K., &
Hall-Spencer, J. M. (2018). Ocean acidification drives community
shifts towards simplified non-calcified habitats in a subtropical-
temperate transition zone. Scientific Reports, 8, 11354. https://doi.
org/10.1038/s41598-018-29251-7

Agostini, S., Wada, S., Kon, K., Omori, A., Kohtsuka, H., Fujimura, H.,
Tsuchiya, Y., Sato, T., Shinagawa, H., Yamada, Y., & Inaba, K. (2015).
Geochemistry of two shallow CO, seeps in Shikine Island (Japan)
and their potential for ocean acidification research. Regional Studies
in Marine Science, 2(Suppl.), 45-53. https://doi.org/10.1016/j.
rsma.2015.07.004

Aguirre, J.,Riding, R., & Braga, J. C.(2000). Diversity of coralline red algae:
Origination and extinction patterns from the Early Cretaceous
to the Pleistocene. Paleobiology, 26, 651-667. https://doi.
org/10.1666/0094-8373(2000)026<0651:DOCRAO>2.0.CO;2

Aiuppa, A., Hall-Spencer, J. M., Milazzo, M., Turco, G., Caliro, S., & Di
Napoli, R. (2021). Volcanic CO, seep geochemistry and use in un-
derstanding ocean acidification. Biogeochemistry, 152, 93-115.
https://doi.org/10.1007/s10533-020-00737-9

Albright, R., Takeshita, Y., Koweek, D. A., Ninokawa, A., Wolfe, K., Rivlin,
T., Nebuchina, Y., Young, J., & Caldeira, K. (2018). Carbon dioxide
addition to coral reef waters suppresses net community calcifica-
tion. Nature, 555, 516-519. https://doi.org/10.1038/nature25968

Amado-Filho, G. M., Moura, R. L., Bastos, A. C., Salgado, L. T., Sumida, P.
Y., Guth, A. Z., Francini-Filho, R. B., Pereira-Filho, G. H., Abrantes,
D. P, Brasileiro, P. S., Bahia, R. G, Leal, R. N., Kaufman, L., Kleypas,
J.A., Farina, M., & Thompson, F. L. (2012). Rhodolith beds are major
CaCO; bio-factories in the tropical South West Atlantic. PLoS One,
7(4), e35171. https://doi.org/10.1371/journal.pone.0035171

Anglés d'Auriac, M., Le Gall, L., Pefa, V., Hall-Spencer, J. M., Steneck, R.
S., Fredriksen, S., Gitmark, J., Christie, H., Husa, V., Grefsrud, E. S.,
& Rinde, E. (2019). Efficient coralline algal psbA mini barcoding and
High Resolution Melt (HRM) analysis using a simple custom DNA
preparation. Scientific Reports, 9, 578. https://doi.org/10.1038/
s41598-018-36998-6

Ballesteros, E. (2006). Mediterranean coralligenous assemblages: A syn-
thesis of present knowledge. Oceanography and Marine Biology,
Annual Review, 44, 123-195. https://doi.org/10.1201/97814
20006391

Bergstrom, E., Ordofiez, A., Ho, M., Hurd, C., Fry, B., & Diaz-Pulido,
G. (2020). Inorganic carbon uptake strategies in coralline algae:
Plasticity across evolutionary lineages under ocean acidification
and warming. Marine Environmental Research, 161, 105107. https://
doi.org/10.1016/j.marenvres.2020.105107

Boatta, F., D'Alessandro, W., Gagliano, A. L., Liotta, M., Milazzo, M.,
Rodolfo-Metalpa, R., Hall-Spencer, J. M., & Parello, F. (2013).
Geochemical survey of Levante Bay, Vulcano lIsland (Italy), a
natural laboratory for the study of ocean acidification. Marine
Pollution Bulletin, 73, 485-494. https://doi.org/10.1016/j.marpo
Ibul.2013.01.029

Bradassi, F., Cumani, F., Bressan, G., & Dupont, S. (2013). Early reproduc-
tive stages in the crustose coralline alga Phymatolithon lenormandii
are strongly affected by mild ocean acidification. Marine Biology,
160, 2261-2269. https://doi.org/10.1007/s00227-013-2260-2

Carro, B., Lopez, L., Pefa, V., Barbara, |., & Barreiro, R. (2014). DNA bar-
coding allows the accurate assessment of European maerl diver-
sity: A Proof-of-Concept study. Phytotaxa, 190, 176-189. https://
doi.org/10.11646/phytotaxa.190.1.12

Cattano, C., Agostini, S., Harvey, B. P., Wada, S., Quattrocchi, F., Turco, G.,
Inaba, K., Hall-Spencer, J. M., & Milazzo, M. (2020). Changes in fish
communities due to benthic habitat shifts under ocean acidification


https://orcid.org/0000-0001-7003-3850
https://orcid.org/0000-0001-7003-3850
https://orcid.org/0000-0002-4971-1634
https://orcid.org/0000-0002-4971-1634
https://orcid.org/0000-0001-9040-9296
https://orcid.org/0000-0001-9040-9296
https://orcid.org/0000-0001-9359-3543
https://orcid.org/0000-0001-9359-3543
https://orcid.org/0000-0002-2202-0542
https://orcid.org/0000-0002-2202-0542
https://orcid.org/0000-0001-7699-7589
https://orcid.org/0000-0001-7699-7589
https://orcid.org/0000-0001-7807-4569
https://orcid.org/0000-0001-7807-4569
https://orcid.org/0000-0002-6915-2518
https://orcid.org/0000-0002-6915-2518
https://doi.org/10.2216/i0031-8884-17-4-361.1
https://doi.org/10.2216/i0031-8884-17-4-361.1
https://doi.org/10.1038/s41598-018-29251-7
https://doi.org/10.1038/s41598-018-29251-7
https://doi.org/10.1016/j.rsma.2015.07.004
https://doi.org/10.1016/j.rsma.2015.07.004
https://doi.org/10.1666/0094-8373(2000)026%3C0651:DOCRAO%3E2.0.CO;2
https://doi.org/10.1666/0094-8373(2000)026%3C0651:DOCRAO%3E2.0.CO;2
https://doi.org/10.1007/s10533-020-00737-9
https://doi.org/10.1038/nature25968
https://doi.org/10.1371/journal.pone.0035171
https://doi.org/10.1038/s41598-018-36998-6
https://doi.org/10.1038/s41598-018-36998-6
https://doi.org/10.1201/9781420006391
https://doi.org/10.1201/9781420006391
https://doi.org/10.1016/j.marenvres.2020.105107
https://doi.org/10.1016/j.marenvres.2020.105107
https://doi.org/10.1016/j.marpolbul.2013.01.029
https://doi.org/10.1016/j.marpolbul.2013.01.029
https://doi.org/10.1007/s00227-013-2260-2
https://doi.org/10.11646/phytotaxa.190.1.12
https://doi.org/10.11646/phytotaxa.190.1.12

PENA ET AL.

conditions. Science of the Total Environment, 725, 138501. https://
doi.org/10.1016/j.scitotenv.2020.138501

Comeau, S., Cornwall, C. E., DeCarlo, T. M., Doo, S. S., Carpenter, R. C., &
McCulloch, M. T. (2019). Resistance to ocean acidification in coral
reef taxa is not gained by acclimatization. Nature Climate Change, 9,
477-483. https://doi.org/10.1038/s41558-019-0486-9

Comeau, S., Cornwall, C. E., DeCarlo, T. M., Krieger, E., & McCulloch, M.
T. (2018). Similar controls on calcification under ocean acidification
across unrelated coral reef taxa. Global Change Biology, 24, 4857~
4868. https://doi.org/10.1111/gcb.14379

Comeau, S., Edmunds, P. J., Spindel, N. B., & Carpenter, R. C. (2013). The
responses of eight coral reef calcifiers to increasing partial pressure
of CO, do not exhibit a tipping point. Limnology and Oceanography,
58, 388-398. https://doi.org/10.4319/10.2013.58.1.0388

Cornwall, C. E., Comeau, S., DeCarlo, T. M., Larcombe, E., Moore, B.,
Giltrow, K., Puerzer, F., D'Alexis, Q., & McCulloch, M. T. (2020).
A coralline alga gains tolerance to ocean acidification over multi-
ple generations of exposure. Nature Climate Change, 10, 143-146.
https://doi.org/10.1038/s41558-019-0681-8

Cornwall, C. E., Comeau, S., & McCulloch, M. T. (2017). Coralline algae
elevate pH at the site of calcification under ocean acidification.
Global Change Biology, 23, 4245-4256. https://doi.org/10.1111/
gch.13673

Cornwall, C. E., Revill, A. T., Hall-Spencer, J. M., Milazzo, M., Raven, J. A.,
& Hurd, C. L. (2017). Inorganic carbon physiology underpins mac-
roalgal responses to elevated CO,. Scientific Reports, 7(1), 46297.
https://doi.org/10.1038/srep46297

Darriba, D., Taboada, G. L., Doallo, R., & Posada, D. (2012). jModelTest
2: More models, new heuristics and parallel computing. Nature
Methods, 9, 772. https://doi.org/10.1038/nmeth.2109

Diaz-Pulido, G., Anthony, K.R.N.,Kline, D.I.,Dove, S., & Hoegh-Guldberg,
0.(2012). Interactions between ocean acidification and warming on
the mortality and dissolution of coralline algae. Journal of Phycology,
48, 32-39. https://doi.org/10.1111/j.1529-8817.2011.01084.x

Dickson, A. G. (1990). Thermodynamics of the dissociation of boric acid
in potassium chloride solutions from 273.15 to 318.15 K. Journal of
Chemical & Engineering Data, 35, 253-257. https://doi.org/10.1021/
je00061a009

Dickson, A. G., & Millero, F. J. (1987). A comparison of the equilibrium
constants for the dissociation of carbonic acid in seawater media.
Deep-Sea Research. Part. A, Oceanographic Research Papers, 34(10),
1733-1743. https://doi.org/10.1016/0198-0149(87)90021-5

Doropoulos, C., Ward, S., Diaz-Pulido, G., Hoegh-Guldberg, O., & Mumby,
P. J. (2012). Ocean acidification reduces coral recruitment by dis-
rupting intimate larval-algal settlement interactions. Ecology Letters,
15,338-346. https://doi.org/10.1111/j.1461-0248.2012.01743.x

Fabricius, K. E., Kluibenschedl, A., Harrington, L., Noonan, S., & De'ath,
G. (2015). In situ changes of tropical crustose coralline algae along
carbon dioxide gradients. Scientific Reports, 5, 9537. https://doi.
org/10.1038/srep09537

Fine, M., Tsadok, R., Meron, D., Cohen, S., & Milazzo, M. (2017).
Environmental sensitivity of Neogoniolithon brassica-florida associ-
ated with vermetid reefs in the Mediterranean Sea. ICES Journal of
Marine Science, 74, 1074-1082. https://doi.org/10.1093/icesjms/
fsw167

Fragkopoulou, E., Serréo, E. A., Horta, P. A., Koerich, G., & Assis, J. (2021).
Bottom trawling threatens future climate refugia of rhodoliths glob-
ally. Frontiers in Marine Science, 7, 1246. https://doi.org/10.3389/
fmars.2020.594537

Gabrielson, P. W., Hughey, J. R., & Diaz-Pulido, G. (2018). Genomics re-
veals abundant speciation in the coral reef building alga Porolithon
onkodes (Corallinales, Rhodophyta). Journal of Phycology, 54, 429-
434. https://doi.org/10.1111/jpy.12761

Gomez-Lemos, L. A., Doropoulos, C., Bayraktarov, E., & Diaz-Pulido, G.
(2018). Coralline algal metabolites induce settlement and mediate

Y i ey L

the inductive effect of epiphytic microbes on coral larvae. Scientific
Reports, 8, 17557. https://doi.org/10.1038/s41598-018-35206-9

Goreau, T. F. (1963). Calcium carbonate deposition by coralline algae and
corals in relation to their roles as reef-builders. Annals of the New
York Academy of Sciences, 109, 127-167. https://doi.org/10.1111/
j.1749-6632.1963.tb13465.x

Gouy, M., Guindon, S., & Gascuelo, O. (2010). SeaView Version 4: A
multiplatform graphical user interface for sequence alignment and
phylogenetic tree building. Molecular Biology and Evolution, 27, 221~
224. https://doi.org/10.1093/molbev/msp259

Guiry, M. D., & Guiry, G. M. (2021). AlgaeBase. World-wide electronic pub-
lication. University of Ireland. Searched on 15 April 2021 http://
www.algaebase.org

Halfar, J., Williams, B., Hetzinger, S., Steneck, R. S., Lebednik, P,
Winsborough, C., Omar, A., Chan, P., & Wanamaker, A. D. J. (2011).
225 years of Bering Sea climate and ecosystem dynamics revealed
by coralline algal growth-increment widths. Geology, 39, 579-582.
https://doi.org/10.1130/g31996.1

Halfar, J., Zack, T., Kronz, A., & Zachos, J. C. (2000). Growth and high
resolution paleoenvironmental signals of rhodoliths (coralline red
algae): A new biogenic archive. Journal of Geophysical Research,
105(C9), 22107-22116. https://doi.org/10.1029/2004)JC002671

Hall-Spencer, J. M., & Harvey, B. P. (2019). Ocean acidification impacts
on coastal ecosystem services due to habitat degradation. Emerging
Topics in Life Sciences, 3, 197-206. https://doi.org/10.1042/ETLS2
0180117

Hansen, J., Sato, M., Russell, G., & Kharecha, P. (2013). Climate sensitivity,
sea level and atmospheric carbon dioxide. Philosophical Transactions
of the Royal Society A: Mathematical, Physical and Engineering
Sciences, 371, 20120294. https://doi.org/10.1098/rsta.2012.0294

Harvey, B. P., Agostini, S., Kon, K., Wada, S., & Hall-Spencer, J. M. (2019).
Diatoms dominate and alter marine food-webs when CO, rises.
Diversity, 11(12), 242. https://doi.org/10.3390/d11120242

Harvey, B. P, Kon, K., Agostini, S., Wada, S., & Hall-Spencer, J. M. (2021).
Ocean acidification locks algal communities in a species-poor early
successional stage. Global Change Biology, 27, 2174-2187. https://
doi.org/10.1111/gcb.15455

Harvey, B. P., McKeown, N. J.,, Rastrick, S. P. S., Bertolini, C., Foggo, A.,
Graham, H., Hall-Spencer, J. M., Milazzo, M., Shaw, P. W., Small, D.
P., & Moore, P. J. (2016). Individual and population-level responses
to ocean acidification. Scientific Reports, 6, 20194. https://doi.
org/10.1038/srep20194

Haynes, L. L., & Honisch, B. (2020). The seawater carbon inventory at the
Paleocene-Eocene Thermal Maximum. Proceedings of the National
Academy of Sciences of the United States of America, 117, 24088-
24095. https://doi.org/10.1073/pnas.2003197117

Henehan, M. J., Ridgewell, A., Thomas, E., Zhang, S., Alegret, L., Schmidt,
D. N., Rae, J. W. B., Witts, J. D., Landman, N. H., Greene, S. E.,
Huber, B. T., Super, J. R, Planavsky, N. J., & Hull, P. M. (2019). Rapid
ocean acidification and protracted Earth system recovery followed
the end-Cretaceous Chicxulub impact. Proceedings of the National
Academy of Sciences of the United States of America, 116, 22500-
22504. https://doi.org/10.1073/pnas.1905989116

Hind, K. R., Gabrielson, P. W,, Jensen, C. P, & Martone, P. T. (2016).
Crusticorallina gen. nov., a non-geniculate genus in the subfamily
Corallinoideae (Corallinales, Rhodophyta). Journal of Phycology, 52,
929-941. https://doi.org/10.1111/jpy.12449

Honisch, B., Ridgwell, A., Schmidt, D. N., Thomas, E., Gibbs, S. J., Sluijs,
A., Zeebe, R., Kump, L., Martindale, R. C., Greene, S. E., Kiessling,
W., Ries, J., Zachos, J. C., Royer, D. L., Barker, S., Marchitto, T. M. J.,
Moyer, R., Pelejero, C., Ziveri, P., ... Williams, B. (2012). The geolog-
ical record of ocean acidification. Science, 335, 1058-1063. https://
doi.org/10.1126/science.1208277

Huggett, M. J., McMahon, K., & Bernasconi, R. (2018). Future warming
and acidification result in multiple ecological impacts to a temperate


https://doi.org/10.1016/j.scitotenv.2020.138501
https://doi.org/10.1016/j.scitotenv.2020.138501
https://doi.org/10.1038/s41558-019-0486-9
https://doi.org/10.1111/gcb.14379
https://doi.org/10.4319/lo.2013.58.1.0388
https://doi.org/10.1038/s41558-019-0681-8
https://doi.org/10.1111/gcb.13673
https://doi.org/10.1111/gcb.13673
https://doi.org/10.1038/srep46297
https://doi.org/10.1038/nmeth.2109
https://doi.org/10.1111/j.1529-8817.2011.01084.x
https://doi.org/10.1021/je00061a009
https://doi.org/10.1021/je00061a009
https://doi.org/10.1016/0198-0149(87)90021-5
https://doi.org/10.1111/j.1461-0248.2012.01743.x
https://doi.org/10.1038/srep09537
https://doi.org/10.1038/srep09537
https://doi.org/10.1093/icesjms/fsw167
https://doi.org/10.1093/icesjms/fsw167
https://doi.org/10.3389/fmars.2020.594537
https://doi.org/10.3389/fmars.2020.594537
https://doi.org/10.1111/jpy.12761
https://doi.org/10.1038/s41598-018-35206-9
https://doi.org/10.1111/j.1749-6632.1963.tb13465.x
https://doi.org/10.1111/j.1749-6632.1963.tb13465.x
https://doi.org/10.1093/molbev/msp259
http://www.algaebase.org
http://www.algaebase.org
https://doi.org/10.1130/g31996.1
https://doi.org/10.1029/2004JC002671
https://doi.org/10.1042/ETLS20180117
https://doi.org/10.1042/ETLS20180117
https://doi.org/10.1098/rsta.2012.0294
https://doi.org/10.3390/d11120242
https://doi.org/10.1111/gcb.15455
https://doi.org/10.1111/gcb.15455
https://doi.org/10.1038/srep20194
https://doi.org/10.1038/srep20194
https://doi.org/10.1073/pnas.2003197117
https://doi.org/10.1073/pnas.1905989116
https://doi.org/10.1111/jpy.12449
https://doi.org/10.1126/science.1208277
https://doi.org/10.1126/science.1208277

PENA ET AL.

coralline alga. Environmental Microbiology, 20, 2769-2782. https://
doi.org/10.1111/1462-2920.14113

Huggett, M. J., Williamson, J. E., de Nys, R., Kjellberg, S., & Steinberg,
P. D. (2006). Larval settlement of the common Australian sea ur-
chin Heliocidaris erythrogramma in response to bacteria from the
surface of coralline algae. Oecologia, 149, 604-619. https://doi.
org/10.1007/s00442-006-0470-8

Hurd, C. L., Harrison, P. J., Bischof, K., & Lobban, C. S. (2014). Seaweed
ecology and physiology. Cambridge University Press. https://doi.
org/10.1017/CB0O9781139192637

Jeong, S. Y., Nelson, W., Sutherland, J. E., Pefa, V., Le Gall, L., Diaz-
Pulido, G., Won, B. Y., & Cho, T. O. (2021). Corallinapetrales and
Corallinapetraceae: A new order and family of coralline red algae
including Corallinapetra gabrieli comb. nov. Journal of Phycology, 57,
849-862. https://doi.org/10.1111/jpy.13115

Johnson, M. D., & Carpenter, R. C. (2012). Ocean acidification and
warming decrease calcification in the crustose coralline alga
Hydrolithon onkodes and increase susceptibility to grazing. Journal
of Experimental Marine Biology and Ecology, 434-435, 94-101.
https://doi.org/10.1016/j.jembe.2012.08.005

Kamenos, N. A., Burdett, H. L., Aloisio, E., Findlay, H. S., Martin, S.,
Longbone, C., Dunn, J., Widdicombe, S., & Calosi, P. (2013).
Coralline algal structure is more sensitive to rate, rather than the
magnitude, of ocean acidification. Global Change Biology, 19, 3621~
3628. https://doi.org/10.1111/gcb.12351

Kamenos, N. A., Perna, G., Gambi, M. C., Micheli, F., & Kroeker, K. (2016).
Coralline algae in a naturally acidified ecosystem persist by main-
taining control of skeletal mineralogy and size. Proceedings of the
Royal Society B: Biological Sciences, 283, 20161159. https://doi.
org/10.1098/rspb.2016.1159

Kato, A., & Baba, M. (2019). Distribution of Lithophyllum kuroshioense sp.
nov., Lithophyllum subtile and L. kaiseri (Corallinales, Rhodophyta), but
not L. kotschyanum, in the northwestern Pacific Ocean. Phycologia,
58(2), 1-13. https://doi.org/10.1080/00318884.2019.1643200

Kato, A., Baba, M., & Suda, S. (2011). Revision of the Mastophoroideae
(Corallinales, Rhodophyta) and polyphyly in nongeniculate species
widely distributed on Pacific coral reefs. Journal of Phycology, 47,
662-672. https://doi.org/10.1111/j.1529-8817.2011.00996.x

Kato, A., Baba, M., & Suda, S. (2013). Taxonomic circumscription of het-
erogeneous species Neogoniolithon brassica-florida (Corallinales,
Rhodophyta) in Japan. Phycological Research, 61, 15-26. https://doi.
org/10.1111/j.1440-1835.2012.00665.x

Kato, A., Hikami, M., Kumagai, N. H., Suzuki, A., Nojiri, Y., & Sakai, K.
(2014). Negative effects of ocean acidification on two crustose
coralline species using genetically homogeneous samples. Marine
Environmental Research, 94, 1-6. https://doi.org/10.1016/j.maren
vres.2013.10.010

Kim, J.-H., Kim, N., Moon, H., Lee, S., Jeong, S. Y., Diaz-Pulido, G.,
Edwards, M. S., Kang, J.-H., Kan, E. J., Oh, H.-J., Hwang, J.-D., & Kim,
1.-N. (2020). Global warming offsets the ecophysiological stress of
ocean acidification on temperate crustose coralline algae. Marine
Pollution Bulletin, 157, 111324. https://doi.org/10.1016/j.marpo
1bul.2020.111324

Kroeker, K. J., Micheli, F., & Gambi, M. C. (2013). Ocean acidification
causes ecosystem shifts via altered competitive interactions.
Nature Climate Change, 3, 156-159. https://doi.org/10.1038/
NCLIMATE1680

Laffoley, D., Baxter, J. M., Amon, D. J., Currie, D. E. J., Downs, C. A., Hall-
Spencer, J. M., Harden-Davies, H., Page, R., Reid, C. P., Roberts,
C. M., Rogers, A., Thiele, T., Sheppard, C. R. C., Sumaila, R. U., &
Woodall, L. C. (2020). Eight urgent, fundamental and simultaneous
steps needed to restore ocean health, and the consequences for
humanity and the planet of inaction or delay. Aquatic Conservation:
Marine and Freshwater Ecosystems, 30, 194-208. https://doi.
org/10.1002/aqc.3182

Le Gall, L., Payri, C., Bittner, L., & Saunders, G. W. (2010). Multigene phy-
logenetic analyses support recognition of the Sporolithales ord.
nov. Molecular Phylogenetics and Evolution, 54, 302-305. https://
doi.org/10.1016/j.ympev.2009.05.026

Linares, C., Vidal, M., Canals, M., Kersting, D. K., Amblas, D., Aspillaga, E.,
Cebrian, E., Delgado-Huertas, A., Diaz, D., Garrabou, J., Hereu, B.,
Navarro, L., Teixidd, N., & Ballesteros, E. (2015). Persistent natural
acidification drives major distribution shifts in marine benthic eco-
systems. Proceedings of the Royal Society B: Biological Sciences, 282,
20150587. https://doi.org/10.1098/rspb.2015.0587

Littler, M. M., Littler, D. S., Blair, S. M., & Norris, J. N. (1985). Deepest
known plant life discovered on an uncharted seamount. Science,
227, 57-59. https://doi.org/10.1126/science.227.4682.57

Martin, S., Cohu, S., Vignot, C., Zimmerman, G., & Gattuso, J.-P. (2013).
One-year experiment on the physiological response of the
Mediterranean crustose coralline alga, Lithophyllum cabiochae, to
elevated pCO, and temperature. Ecology and Evolution, 3(3), 676-
693. https://doi.org/10.1002/ece3.475

Martin, S., Rodolfo-Metalpa, R., Ransome, E., Rowley, S., Buia, M.-C.,
Gattuso, J.-P., & Hall-Spencer, J. (2008). Effects of naturally acid-
ified seawater on seagrass calcareous epibionts. Biology Letters,
4(6), 689-692. https://doi.org/10.1098/rsbl.2008.0412

McCoy, S. J., Allesina, S., & Pfister, C. A. (2016). Ocean acidification af-
fects competition for space: Projections of community structure
using cellular automata. Proceedings of the Royal Society B: Biological
Sciences, 283, 20152561. https://doi.org/10.1098/rspb.2015.2561

McCoy, S. J., & Kamenos, N. A. (2015). Coralline algae (Rhodophyta) in
a changing world: Integrating ecological, physiological, and geo-
chemical responses to global change. Journal of Phycology, 51, 6-24.
https://doi.org/10.1111/jpy.12262

McCoy, S. J., & Kamenos, N. A. (2018). Coralline algal skeletal mineral-
ogy affects grazer impacts. Global Change Biology, 24, 4775-4783.
https://doi.org/10.1111/gcb.14370

McCoy, S. J., & Pfister, C. A. (2014). Historical comparisons reveal al-
tered competitive interactions in a guild of crustose coralline algae.
Ecology Letters, 17(4), 475-483. https://doi.org/10.1111/ele.12247

McCoy, S. J., & Ragazzola, F. (2014). Skeletal trade-offs in coralline algae
in response to ocean acidification. Nature Climate Change, 4, 719-
723. https://doi.org/10.1038/nclimate2273

Mehrbach, C., Culberson, C. H., Hawley, J. E., & Pytkowicz, R. M.
(1973). Measurement of the apparent dissociation constants of
carbonic acid in seawater at atmospheric pressure. Limnology and
Oceanography, 18, 897-907. https://doi.org/10.4319/10.1973.18.6.
0897

Milazzo, M., Rodolfo-Metalpa, R., Chan, V. B. S., Fine, M., Alessi, C.,
Thiyagarajan, V., Hall-Spencer, J. M., & Chemello, R. (2014). Ocean
acidification impairs vermetid reef recruitment. Scientific Reports, 4,
4189. https://doi.org/10.1038/srep04189

Moura, R. L., Abieri, M. L., Castro, G. M., Carlos-Junior, L. A., Chiroque-
Solano, P.M., Fernandes, N. C., Teixeira, C. D., Ribeiro, F. V., Salomon,
P.S., Freitas, M. O., Gongalves, J. T., Neves, L. M., Hackradt, C. W.,
Felix-Hackradt, F., Rolim, F. A., Motta, F. S., Gadig, O. B. F., Pereira-
Filho, G. H., & Bastos, A. C. (2021). Tropical rhodolith beds are a
major and belittled reef fish habitat. Scientific Reports, 11, 794.
https://doi.org/10.1038/s41598-020-80574-w

Nelson, W. (2009). Calcified macroalgae - Critical to coastal ecosystems
and vulnerable to change: A review. Marine and Freshwater Research,
60, 787-601. https://doi.org/10.1071/MF08335

Nelson, W. A., Sutherland, J. E., Farr, T. J., Hart, D. R., Neill, K. F., Kim,
H. J., & Yoon, H. S. (2015). Multigene phylogenetic analyses of
New Zealand coralline algae: Corallinapetra novaezelandiae gen.
et sp. nov. and recognition of the Hapalidiales ord. nov. Journal of
Phycology, 51, 454-468. https://doi.org/10.1111/jpy.12288

Ordoiiez, A., Kennedy, E. V., & Diaz-Pulido, G. (2017). Reduced spore ger-
mination explains sensitivity of reef-building algae to climate change


https://doi.org/10.1111/1462-2920.14113
https://doi.org/10.1111/1462-2920.14113
https://doi.org/10.1007/s00442-006-0470-8
https://doi.org/10.1007/s00442-006-0470-8
https://doi.org/10.1017/CBO9781139192637
https://doi.org/10.1017/CBO9781139192637
https://doi.org/10.1111/jpy.13115
https://doi.org/10.1016/j.jembe.2012.08.005
https://doi.org/10.1111/gcb.12351
https://doi.org/10.1098/rspb.2016.1159
https://doi.org/10.1098/rspb.2016.1159
https://doi.org/10.1080/00318884.2019.1643200
https://doi.org/10.1111/j.1529-8817.2011.00996.x
https://doi.org/10.1111/j.1440-1835.2012.00665.x
https://doi.org/10.1111/j.1440-1835.2012.00665.x
https://doi.org/10.1016/j.marenvres.2013.10.010
https://doi.org/10.1016/j.marenvres.2013.10.010
https://doi.org/10.1016/j.marpolbul.2020.111324
https://doi.org/10.1016/j.marpolbul.2020.111324
https://doi.org/10.1038/NCLIMATE1680
https://doi.org/10.1038/NCLIMATE1680
https://doi.org/10.1002/aqc.3182
https://doi.org/10.1002/aqc.3182
https://doi.org/10.1016/j.ympev.2009.05.026
https://doi.org/10.1016/j.ympev.2009.05.026
https://doi.org/10.1098/rspb.2015.0587
https://doi.org/10.1126/science.227.4682.57
https://doi.org/10.1002/ece3.475
https://doi.org/10.1098/rsbl.2008.0412
https://doi.org/10.1098/rspb.2015.2561
https://doi.org/10.1111/jpy.12262
https://doi.org/10.1111/gcb.14370
https://doi.org/10.1111/ele.12247
https://doi.org/10.1038/nclimate2273
https://doi.org/10.4319/lo.1973.18.6.0897
https://doi.org/10.4319/lo.1973.18.6.0897
https://doi.org/10.1038/srep04189
https://doi.org/10.1038/s41598-020-80574-w
https://doi.org/10.1071/MF08335
https://doi.org/10.1111/jpy.12288

PENA ET AL.

stressors. PLoS One, 12(12), e0189122. https://doi.org/10.1371/
journal.pone.0189122

Page, T. M., & Diaz-Pulido, G. (2020). Plasticity of adult coralline algae
to prolonged increased temperature and pCO, exposure but re-
duced survival in their first generation. PLoS One, 15(6), €0235125.
https://doi.org/10.1371/journal.pone.0235125

Pardo, C., Lopez, L., Pefia, V., Hernandez-Kantun, J., Le Gall, L., Barbara,
I., & Barreiro, R. (2014). A multilocus species delimitation reveals
a striking number of species of coralline algae forming maerl in
the OSPAR maritime area. PLoS One, 9(8), €104073. https://doi.
org/10.1371/journal.pone.0104073

Pefa, V., Bélanger, D., Gagnon, P., Richards, J., Le Gall, L., Hughey, J.
R., Saunders, G. W.,, Lindstrom, S. C., Rinde, E., Husa, V., Christie,
H., Fredriksen, S., Hall-Spencer, J., Steneck, R., Schoenrock, K.,
Gitmark, J., Grefsrud, E. S., Anglés d’Auriac, M. B., Legrand, E., ...
Gabrielson, P. W. (2021). Lithothamnion (Hapalidiales, Rhodophyta)
in the changing Arctic and Subarctic: DNA sequencing of type and
recent specimens provides a systematics foundation. European
Journal of Phycology (in press). https://doi.org/10.1080/09670
262.2021.1880643

Pefa, V., De Clerck, O., Afonso-Carrillo, J., Ballesteros, E., Barbara, |.,
Barreiro, R., & Le Gall, L. (2015). An integrative systematic approach
to species diversity and distribution in the genus Mesophyllum
(Corallinales, Rhodophyta) in Atlantic and Mediterranean
Europe. European Journal of Phycology, 50, 20-36. https://doi.
org/10.1080/09670262.2014.981294

Pefa, V., Le Gall, L., Rosler, A., Payri, C. E., & Braga, J. C. (2019).
Adeylithon bosencei gen. et sp. nov. (Corallinales, Rhodophyta): A
new reef-building genus with anatomical affinities with the fos-
sil Aethesolithon. Journal of Phycology, 55(1), 134-145. https://doi.
org/10.1111/jpy.12799

Pefa, V., Vieira, C., Braga, J. C., Aguirre, J., Rosler, A., Baele, G., De
Clerck, O., & Le Gall, L. (2020). Radiation of the coralline red algae
(Corallinophycidae, Rhodophyta) crown group as inferred from a
multilocus time-calibrated phylogeny. Molecular Phylogenetics and
Evolution, 150, 106845. https://doi.org/10.1016/j.ympev.2020.
106845

Pezzolesi, L., Falace, A., Kaleb, S., Hernandez-Kantun, J., Cerrano, C., &
Rindi, F. (2017). Genetic and morphological variation in an ecosys-
tem engineer, Lithophyllum byssoides (Corallinales, Rhodophyta).
Journal of Phycology, 53, 146-160. https://doi.org/10.1111/jpy.
12488

Pezzolesi, L., Pefa, V., Le Gall, L., Gabrielson, P. W., Kaleb, S., Hughey,
J. R., Rodondi, G., Hernandez-Kantun, J. J., Falace, A., Basso,
D., Cerrano, C., & Rindi, F. (2019). Mediterranean Lithophyllum
stictiforme (Corallinales, Rhodophyta) is a genetically diverse
species complex: Implications for species circumscription,
biogeography and conservation of coralligenous habitats.
Journal of Phycology, 55, 473-492. https://doi.org/10.1111/
jpy.12837

Pierrot, D., Lewis, E., & Wallace, D. W. R. (2006). MS Excel program de-
veloped for CO2 system calculations. ORNL/CDIAC-105. https://doi.
org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a

Porzio, L., Buia, M. C,, Ferretti, V., Lorenti, M., Rossi, M., Trifuoggi,
M., Vergara, A., & Arena, C. (2018). Photosynthesis and mineral-
ogy of Jania rubens at low pH/high pCO,: A future perspective.
Science of the Total Environment, 628-629, 375-383. https://doi.
org/10.1016/j.scitotenv.2018.02.065

Porzio, L., Buia, M. C., & Hall-Spencer, J. M. (2011). Effects of ocean acid-
ification on macroalgal communities. Journal of Experimental Marine
Biology and Ecology, 400, 278-287. https://doi.org/10.1016/j.
jembe.2011.02.011

Rahmani, M. A., & Ueharai, T. (2001). Induction of metamorphosis and
substratum preference in four sympatric and closely related spe-
cies of sea urchins (Genus Echinometra) in Okinawa. Zoological
Studies, 40, 29-43.

I i ey

Ratnasingham, S., & Hebert, P. D. N. (2007). BOLD: The barcode of life
data system (www.barcodinglife.org). Molecular Ecology Notes, 7,
355-364. https://doi.org/10.1111/j.1471-8286.2007.01678.x

Riosmena-Rodriguez, R., Nelson, W., & Aguirre, J. (2017). Rhodolith/
Maérl beds: A global perspective. Coastal Research Library (Vol. 15).
Springer. https://doi.org/10.1007/978-3-319-29315-8

Ronquist, F., & Huelsenbeck, J. (2003). MrBayes 3: Bayesian phyloge-
netic inference under mixed models. Bioinformatics, 19, 1572-1574.
https://doi.org/10.1093/bioinformatics/btg180

Rosler, A., Perfectti, F., Pefia, V., & Braga, J. C. (2016). Phylogenetic re-
lationships of corallinaceae (Corallinales, Rhodophyta): Taxonomic
implications for reef-building corallines. Journal of Phycology, 52,
412-431. https://doi.org/10.1111/jpy.12404

Royer, D. L., Berner, R. A., Montafiez, I. P., Tabor, N. J., & Beerling, D.
J. (2004). CO, as a primary driver of phanerozoic climate. GSA
Today, 14(3), 3-7. https://doi.org/10.1130/1052-5173(2004)014<4:
CAAPDO>2.0.CO;2

Saunders, G. W. (2005). Applying DNA barcoding to red macroalgae:
A preliminary appraisal holds promise for future applications.
Philosophical Transactions of the Royal Society B: Biological Sciences,
360, 1879-1888. https://doi.org/10.1098/rstb.2005.1719

Scherner, F.,, Pereira, C. M., Duarte, G., Horta, P. A., Castro, C. B., Barufi,
J. B., & Barreto Pereira, S. M. (2016). Effects of ocean acidifica-
tion and temperature increases on the photosynthesis of tropical
reef calcified macroalgae. PLoS One, 11(5), €0154844. https://doi.
org/10.1371/journal.pone.0154844

Schubert, N., Salazar, V. W., Rich, W. A., Vivanco Bercovich, M., Almeida
Saa, A. C., Fadigas, S. D, Silva, J., & Horta, P. A. (2019). Rhodolith
primary and carbonate production in a changing ocean: The inter-
play of warming and nutrients. Science of the Total Environment, 676,
455-468. https://doi.org/10.1016/j.scitotenv.2019.04.280

Semesi, S. I., Kangwe, J. W., & Bjork, M. (2009). Alterations in seawater pH
and CO, affect calcification and photosynthesis in the tropical cor-
alline alga, Hydrolithon sp. (Rhodophyta). Estuarine, Coastal and Shelf
Science, 84, 337-341. https://doi.org/10.1016/j.ecss.2009.03.038

Sissini, M., Berchez, F., Hall-Spencer, J., Ghilardi-Lopes, N., Carvalho, V.
F., Schubert, N., Koerich, G., Diaz-Pulido, G., Silva, J., Serrao, E.,
Assis, J., Santos, R., Floeter, S. R., Rorig, L., Barufi, J. B., Bernardino,
A. F., Francini-Filho, R., Turra, A., Hofmann, L. C., ... Horta, P. A.
(2020). Brazil oil spill response: Protect rhodolith beds. Science,
367(6474), 155-156. https://doi.org/10.1126/science.aba0369

Sissini, M. N., Oliveira, M. C., Gabrielson, P. W., Robinson, N. M., Okolodkov,
Y. B., Rodriguez, R. R., & Horta, P. A. (2014). Mesophyllum erubescens
(Corallinales, Rhodophyta) - So many species in one epithet. Phytotaxa,
190, 299-319. https://doi.org/10.11646/phytotaxa.190.1.18

Smith, J. N., Mongin, M., Thompson, A., Jonker, M. J., De'ath, G., &
Fabricius, K. E. (2020). Shifts in coralline algae, macroalgae, and
coral juveniles in the Great Barrier Reef associated with present-
day ocean acidification. Global Change Biology, 26, 2149-2160.
https://doi.org/10.1111/gch.14985

Steller, D. L., & Caceres-Martinez, C. (2009). Coralline algal rhodoliths
enhance larval settlement and early growth of the Pacific calico
scallop Argopecten ventricosus. Marine Ecology Progress Series, 396,
49-60. https://doi.org/10.3354/meps08261

Sunday, J. M., Calosi, P., Dupont, S., Munday, P. L., Stillman, J. H., &
Reusch, T. B. H. (2014). Evolution in an acidifying ocean. Trends
in Ecology & Evolution, 29(2), 117-125. https://doi.org/10.1016/j.
tree.2013.11.001

Tamura, K., Stecher, G., Peterson, D., Filipski, A., & Kumar, S. (2013).
MEGA6: Molecular evolutionary genetics analysis version 6.0.
Molecular Biology and Evolution, 30, 2725-2729. https://doi.
org/10.1093/molbev/mst197

Tittensor, D. P., Mora, C., Jetz, W., Lotze, H. K., Ricard, D., Berghe, E. V.,
& Worm, B. (2010). Global patterns and predictors of marine biodi-
versity across taxa. Nature Letters, 466(26), 1098-1101. https://doi.
org/10.1038/nature09329


https://doi.org/10.1371/journal.pone.0189122
https://doi.org/10.1371/journal.pone.0189122
https://doi.org/10.1371/journal.pone.0235125
https://doi.org/10.1371/journal.pone.0104073
https://doi.org/10.1371/journal.pone.0104073
https://doi.org/10.1080/09670262.2021.1880643
https://doi.org/10.1080/09670262.2021.1880643
https://doi.org/10.1080/09670262.2014.981294
https://doi.org/10.1080/09670262.2014.981294
https://doi.org/10.1111/jpy.12799
https://doi.org/10.1111/jpy.12799
https://doi.org/10.1016/j.ympev.2020.106845
https://doi.org/10.1016/j.ympev.2020.106845
https://doi.org/10.1111/jpy.12488
https://doi.org/10.1111/jpy.12488
https://doi.org/10.1111/jpy.12837
https://doi.org/10.1111/jpy.12837
https://doi.org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a
https://doi.org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a
https://doi.org/10.1016/j.scitotenv.2018.02.065
https://doi.org/10.1016/j.scitotenv.2018.02.065
https://doi.org/10.1016/j.jembe.2011.02.011
https://doi.org/10.1016/j.jembe.2011.02.011
https://doi.org/10.1111/j.1471-8286.2007.01678.x
https://doi.org/10.1007/978-3-319-29315-8
https://doi.org/10.1093/bioinformatics/btg180
https://doi.org/10.1111/jpy.12404
https://doi.org/10.1130/1052-5173(2004)014%3C0004:CAAPDO%3E2.0.CO:2
https://doi.org/10.1130/1052-5173(2004)014%3C0004:CAAPDO%3E2.0.CO:2
https://doi.org/10.1098/rstb.2005.1719
https://doi.org/10.1371/journal.pone.0154844
https://doi.org/10.1371/journal.pone.0154844
https://doi.org/10.1016/j.scitotenv.2019.04.280
https://doi.org/10.1016/j.ecss.2009.03.038
https://doi.org/10.1126/science.aba0369
https://doi.org/10.11646/phytotaxa.190.1.18
https://doi.org/10.1111/gcb.14985
https://doi.org/10.3354/meps08261
https://doi.org/10.1016/j.tree.2013.11.001
https://doi.org/10.1016/j.tree.2013.11.001
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1038/nature09329
https://doi.org/10.1038/nature09329

PENA ET AL.

™ Ly e Y

Tribollet, A., & Payri, C. (2001). Bioerosion of the crustose coralline alga
Hydrolithon onkodes by microborers in the coral reefs of Moorea,
French Polynesia. Oceanologica Acta, 24, 329-342. https://doi.
org/10.1016/50399-1784(01)01150-1

Twist, B. A., Cornwall, C. E., McCoy, S. J., Gabrielson, P. W., Martone,
P. T., & Nelson, W. A. (2020). The need to employ reliable and re-
producible species identifications in coralline algal research. Marine
Ecology Progress Series, 654, 225-231. https://doi.org/10.3354/
meps13506

Wootton, J. T., Pfister, C. A., & Forester, J. D. (2008). Dynamic patterns
and ecological impacts of declining ocean pH in a high-resolution
multi-year dataset. Proceedings of the National Academy of Sciences
of the Unite States of America, 105(48), 18848-18853. https://doi.
org/10.1073/pnas.0810079105

Yoon, S. H., Hackett, J. D., & Bhattacharya, D. (2002). A single origin of
the peridinin- and fucoxanthin-containing plastids in dinoflagel-
lates through tertiary endosymbiosis. Proceedings of the National
Academy of Sciences of the United States of America, 99, 11724~
11729. https://doi.org/10.1073/pnas.172234799

Zhang, J., Kapli, P., Pavlidis, P., & Stamatakis, A. (2013). A general species
delimitation method with applications to phylogenetic placements.
Bioinformatics, 29(22), 2869-2876. https://doi.org/10.1093/bioin
formatics/btt499

SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

How to cite this article: Peia, V., Harvey, B. P., Agostini, S.,
Porzio, L., Milazzo, M., Horta, P., Le Gall, L., & Hall-Spencer, J.
M. (2021). Major loss of coralline algal diversity in response to
ocean acidification. Global Change Biology, 27, 4785-4798.
https://doi.org/10.1111/gcb.15757



https://doi.org/10.1016/S0399-1784(01)01150-1
https://doi.org/10.1016/S0399-1784(01)01150-1
https://doi.org/10.3354/meps13506
https://doi.org/10.3354/meps13506
https://doi.org/10.1073/pnas.0810079105
https://doi.org/10.1073/pnas.0810079105
https://doi.org/10.1073/pnas.172234799
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1093/bioinformatics/btt499
https://doi.org/10.1111/gcb.15757

