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ABSTRACT

Rhodolith beds are important marine benthic ecosystems,
representing oases of high biodiversity among sedimentary
seabed environments. They are found frequently and abundantly,
acting as major carbonate ’factories’ and playing a key role in
the biogeochemical cycling of carbonates in the South Atlantic.
Rhodoliths are under threat due to global change (mainly related
to ocean acidification and global warming) and local stressors,
such as fishing and coastal run-off. Here, we review different
aspects of the biology of these organisms, highlighting the
predicted effects of global change, considering the additional
impact of local stressors. Ocean acidification (OA) represents
a particular threat that can reduce calcification or even promote
the decalcification of these bioengineers, thus increasing the eco-
physiological imbalance between calcareous and fleshy algae. OA
should be considered, but this together with extreme events such
as heat waves and storms, as main stressors of these ecosystems
at the present time, will worsen in the future, especially if
possible interactions with local stressors like coastal pollution
are taken into consideration. Thus, in Brazil there is a serious
need for starting monitoring programs and promote innovative
experimental infrastructure in order to improve our knowledge
of these rich environments, optimize management efforts and
enhance the needed conservation initiatives.

Descriptors: Algae, Conservation, Brazil, Global warming,
Pollution, Ocean acidification.
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REsuMo

Bancos de rodolitos formam oésis de alta biodiversidade em
ambientes marinhos de fundo arenoso. Os rodolitos sdo formados
por espécies bioconstrutoras, que fornecem abrigo e substrato
para diversas e abundantes comunidades bentonicas. No Brasil
esses ambientes sdo frequentes, representando grandes “fabricas”
de carbonato com um papel fundamental no ciclo biogeoquimico
do carbono no Atlantico Sul. Estes organismos e ambientes
estdo ameacados pelas mudangas climaticas (principalmente
a acidificagdo dos oceanos e o aquecimento global) e pelos
estressores locais, tais como os impactos causados pela pesca e
as descargas costeiras de efluentes. Neste trabalho fazemos uma
revisdo da taxonomia, filogenia e biologia desses organismos,
com destaque para os efeitos previstos das mudangas climaticas
e suas relagdes com estressores locais. A maioria dos estudos
acerca dos efeitos das mudangas climaticas ¢ da acidificacdo
dos oceanos em algas calcérias relatam respostas negativas ndo
s6 no crescimento e na calcificacdo, mas também no processo
de fotossintese, espessura da parede celular, reprodugdo e
sobrevivéncia das algas. Este cendrio refor¢a a necessidade em
estabelecer uma consistente rede de trabalho para proporcionar
um programa de monitoramento amplo e de longo prazo, bem
como infraestrutura para avaliagdes experimentais de impactos
locais e regionais das mudangas climaticas e dos estressores

locais em bancos de rodolitos.

Descritores: Algas, Conservagdo, Brasil, Mudangas
climaticas, Poluicao, Acidificacio dos oceanos
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INTRODUCTION

Pink or red “rocks” on the sea floor often consist of
different morphotypes of a particular kind of calcareous
red algae (Corallinophycidae). This particular kind of
seaweed, known as coralline red algae, present calcium
carbonate impregnated (i.e. calcified) cell walls.
Crustose coralline red algae are completely calcified
encrusting organisms (Figure 1) that either adhere
tightly to hard substratum or remain unattached to the
seafloor (BROOM et al., 2008). Rhodoliths (including
maérl) can be defined as calcareous nodules composed
of more than 50% of coralline red algal material and
consisting of one to several coralline species growing
together (BOSELLINI; GINSBURG, 1971). They may
cover extensive areas of the seafloor forming large
beds, often associated with high marine biodiversity
(STELLER et al., 2003; RIUL et al., 2009; PENA et
al., 2014). Rhodoliths may be composed entirely of
encrusting coralline algae or may have a core of non-
coralline material (e.g. a shell, piece of dead coral or a
pebble), in addition to encrustations by other calcified
organisms. They are distributed worldwide (FOSTER,
2001), from tropical to polar regions (ADEY;
STENECK, 2001), and from the intertidal zone to
depths of 268 m (LITTLER et al., 1986). Rhodolith
beds represent one of the largest carbonate depositional
environments in the world (TESTA; BOSENCE,
1999), which makes them an important component in
the global carbon biogeochemical cycle and hence, in
the atmospheric CO, balance (OLIVEIRA, 1996).

In Brazil, rhodolith beds extend over almost the
entire continental shelf from Maranhdo (0° 50°S) to
Santa Catarina state (27°17°S). They predominate
within the mesophotic zone (~30-150 m depth) along the
continental shelf, on the tops of seamounts, and around
oceanic islands (AMADO-FILHO; PEREIRA-FILHO,
2012). The mesophotic coralline ecosystems represent
extensions of shallower ecosystems (HINDERSTEIN
etal.,2010), however, information on biotic and abiotic
aspects of mesophotic habitats remains extremely
scarce, due to logistic and technological restrictions,
when compared to shallow habitats (BRIDGE et al.,
2011). However, recent advances in mixed-gas diving
techniques, complemented by ROV observations,
and high-resolution multi-beam bathymetric mapping
systems allow us to begin determining rhodolith beds’
extent, structure, and dynamics (FOSTER et al., 2013).

Rhodoliths represent heavily calcified organisms,
depositing calcium carbonate in the form of high Mg-
calcite, a mineral that attains up to ~90 % of the dry weight
of these species (WOELKERLING, 1993; OLIVEIRA,
1997) and ensures good preservation in fossil record. These
features call the attention not only of phycologists, but also
palaeontologists and geologists interested in the carbonate
abundance of limestone deposits found since the Cretaceous
(LITTLER, 1972; BASSO, 2012). It has been estimated that
the Brazilian continental shelf carbonate stock holds 2 x 10"
tonnes of CaCO, (MILLIMANN; AMARAL, 1974). Among
the rhodolith beds along the Brazilian coast, the Abrolhos
shelf boasts the world’s largest expansion of rhodoliths in
the Atlantic, with a mean relative cover of rhodoliths around
69.1% (+ 1.7%) and a mean density of 211 + 20 nodules per
square meter (AMADO-FILHO et al., 2012a). These authors
estimated a mean CaCO, production rate of about 0.025 Gt/
year for the Abrolhos shelf, containing approximately 5% of
the CaCO, inventory of all the world’s carbonate banks. In
addition to its importance in the global carbon cycle (VAN
DER HEIIDEN; KAMENOS, 2015), the reported amount
of limestone has also called the attention of multinational
companies interested in the large-scale exploitation of these
deposits for agronomic purposes. However, the relatively
low growth rate of mesophotic rhodoliths (about 1.0 mm
per year, BLAKE; MAGGS, 2003; AMADO- FILHO et
al., 2012a) confers on this resource a nearly non-renewable
characteristic, at least on human time-scales (WILSON
et al., 2004). In addition to the use of rhodolith beds as a
source of CaCO,, other potential economic uses include
exploiting their associated biodiversity as a source of
bioactive compounds in the pharmacology, agriculture and
nutraceutical industries (AMADO-FILHO; PEREIRA-
FILHO, 2012; MARINS et al., 2012).

Despite their great importance for biodiversity
resilience and the global carbon budget, in Brazil the
functional ecology of these complex habitats, considering
the intrinsic latitudinal and vertical variability, has received
relatively little attention. In contrast, research programs and
initiatives in Europe (e.g. BIOMAERL, 1996-1999; United
Nations Environment Programme, UNEP, 2007, 2015)
have contributed to the knowledge of: (1) rhodolith bed
diversity, (2) rhodolith-bed associated biota, (3) functional
roles played by key elements of the biota, and (4) impacts
of anthropogenic stressors. This information is being used to
establish research and conservation priorities for European
rhodolith-dominated communities, and to suggest how these

may be achieved.
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Figure 1. Diversity of coralline red algal forms. (a) Encrusting form in the intertidal zone; (b) prostrate foliose form; (c) erect foliose rhodolith; (d)
fruticose rhodolith. Photos: M.N. Sissini.

In Brazil, only in the last decade have rhodolith beds
started gaining more prominence with an increase in the
number of published studies on community structure, habitat
mapping, the influence of anthropogenic impacts, and
molecular systematics (see Table 1).

In the light of the great ecological and economic
importance of rhodoliths, the range of threats they face
currently, as well as those they will face in the future, and
the lack of knowledge on the extent of their distribution and
diversity in Brazil, the present bibliographical review aims
to provide the basic information necessary to guide future
studies, particularly those related to global climate change and
its interaction with local stressors.

ECOLOGICAL ROLE

Rhodolith beds provide significant changes in the
physiognomy of benthic communities, compared to those
in the surrounding sandy bottom environments (Figure 2;
FOSTER et al., 2013). The rhodolith-bed forming species

are considered ecosystem engineers (HALFAR; RIEGL,
2013) and their growth and accumulation over geological
time have constituted important sedimentary deposits (DIAS,
2000). They can also be considered key species because
their thallus shape and skeletal stability promote structural
changes in the environment, increasing habitat heterogeneity
and niche availability, resulting in increased species diversity
(STELLER et al., 2003; FOSTER et al., 2013). In general,
higher species diversity is attributed to the greater availability
of refuges and other resources that reduce losses derived from
competitive exclusion, predation, and physical disturbance
events. For these reasons rhodolith beds have been proposed
as one of the most valuable habitats for studies on marine
biodiversity both in Europe (BARBERA et al., 2003) and in
Brazil (HORTA et al., 2001).

TAXONOMY AND MORPHOLOGY

Rhodoliths comprise the third most diverse group
within the Rhodophyta, with approximately 600 recognized
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Table 1. Summary of published studies on Brazilian rhodolith beds.

Main focus References

AMADO-FILHO et al. (2007, 2012a)
. RIUL et al. (2009)
Meso- and small-scale distribution
PEREIRA-FILHO et al. (2011, 2012)
MOURA et al. (2013)

TESTA; BOSENCE (1999)
GHERARDI (2004)
Rhodolith bed structure AMADO-FILHO et al. (2007)
RIUL et al. (2009)
BAHIA et al. (2010)
PASCELLI et al. (2013)

BRASILEIRO et al. (2015)
KEMPF (1970)
MILLIMAN; AMARAL (1974)

MELLO et al. (1975)
AMADO-FILHO et al. (2012a)

Contribution to global carbonate production

TESTA (1997)

HORTA (2002)
AMADO-FILHO et al. (2007)
NUNES et al. (2008)
FARIAS (2010)
VILLAS-BOAS et al. (2009, 2014a)
BAHIA et al. (2010, 2014)
FIGUEIREDO et al. (2012)
CRESPO et al. (2014)
TORRANO-SILVA et al. (2014)
HENRIQUES et al. (2014 a and b)
VIEIRA-PINTO et al. (2014)
COSTA et al. (2014)
BORGES et al. (2014)
SISSINI et al. (2014)

Species composition of rhodolith beds

BAHIA et al. (2015)
TAMEGA et al. (2015)
FIGUEIREDO et al. (1997)
GHERARDI & BOSENCE (2001)
ROCHA et al. (2005)
FIGUEIREDO et al. (2007)
METRI & ROCHA (2008)
AMADO-FILHO et al. (2010)
SCHERNER et al. (2010)
PEREIRA-FILHO et al. (2011)
SANTOS et al. (2011)
AMADO-FILHO & PEREIRA-FILHO (2012)
BERLANDI et al. (2012)
PASCELLI et al. (2013)
GONDIM et al. (2014)
VILLAS-BOAS et al. (2014a)
PEREIRA-FILHO et al. (2015)

Associated communities/organisms

MEIRELLES et al. (2015)
RIUL et al. (2008)
MARINS et al. (2012)
VILLAS-BOAS et al. (2014b)
FIGUEIREDO et al. (2015)

Influence of environmental factors on rhodolith bed habitats
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Figure 2. Different rhodolith physiognomies are sometimes observed at a single site, such as on Trindade Island. (A) Rhodolith beds without
abundant associated benthic flora and (B) rhodolith beds with abundant overgrowth of other algal species. Photos: M.N. Sissini.

morpho-species (BRODIE; ZUCCARELLO, 2007; GUIRY;
GUIRY, 2015). To date, 48 species of encrusting coralline
red algae have been recognized in the Brazilian flora: 9
Sporolithaceae, 25 Corallinaceae, and 14 Hapalidiaceae
(Table 2). Of those, about 26 species are known, on the
Brazilian coast, as rhodolith-forming. In relation to habitat or
morphotype, there are no studies distinguishing between the
occurrence of exclusively rhodolith-forming or exclusively
non-rhodolith-forming species.

Because rhodolith beds consist of a diversity of living
organisms, they are characterized as being both temporally and
spatially dynamic ecosystems (AMADO FILHO et al., 2010;
BARRETO, 1999; DIAS, 2001; DIAS; VILLACA, 2012).
The surface morphology of rhodoliths presents variations
regulated by depth (ADEY et al., 1982), hydrodynamic
bioerosive processes and taxonomy (BOSENCE, 1983).
Depth is also a regulatory factor for rhodolith density (m)
and size (Figure 3; BAHIA et al., 2010; PASCELLI et al.,
2013). A comparison of three areas of the Brazilian tropical
continental shelf with contrasting slopes showed that in areas

with a gentle slope, rhodoliths increased in size and decreased
in abundance (m?), with a gentle increase of the ellipsoidal to
spherical shape with depth (BAHIA et al., 2010). In contrast,
rhodoliths from narrow shelves and steep slopes decreased in
size but increased in abundance.

Studies have also noted that the number and size of
protuberances, hollows or cavities that characterize different
morphotypes of rhodoliths are fundamental features that
determine the diversity and abundance of the associated flora
and fauna (e.g., AMADO-FILHO et al., 2010; BERLANDI
et al,, 2012). All this morphological plasticity makes the
taxonomical evaluation of their diversity difficult, particularly
at the species level.

ASSOCIATED FAUNA AND FLORA

In some large areas of the Brazilian coast, the lack of
hard substrate prevents the occurrence of most macroalgal
species. In these areas rhodolith beds provide habitats for
fleshy macroalgae and other groups of benthic organisms,
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Table 2. Species of Corallinophycidae (excluding articulate forms) reported for the Brazilian coast. (* indicates the species
that still need to be revised using modern techniques and nomenclature; ° indicates the species that have been added in the
last three years; # indicates rhodolith-forming species).

SPOROLITHALES

Sporolithaceae

Sporolithon australasicum (Foslie) N. YAMAGUISHI-TOMITA EX M.J. WYNNE*
Sporolithon elevatum HENRIQUES & RIOSMENA-RODRIGUEZ-#

Sporolithon episporum (M.A. Howe) E.Y. DAWSON #

Sporolithon erythraeum (Rothpletz) KYLIN*

Sporolithon howei (Lemoine) N. YAMAGUISHI-TOMITA EX M.J. WYNNE*
Sporolithon molle (Heydrich) HEY DRICH#

Sporolithon pacificum E.Y. DAWSON*

Sporolithon ptychoides HEYDRICH#

Sporolithon tenue BAHIA, AMADO-FILHO, MANEVELDT and W.H. ADEY +#
CORALLINALES

Coralinaceae

Hydrolithon boergesenii (Foslie) FOSLIE

Hydprolithon farinosum (J.V. Lamouroux) D. PENROSE and Y.M. CHAMBERLAIN
Hydfrolithon rupestre (Foslie) PENROSWe#

Hydrolithon samoénse (Foslie) KEATS and Y.M. CHAMBERLAIN

Lithophyllum atlanticum VIEIRA-PINTO, OLIVEIRA and HORTA-#

Lithophyllum congestum (Foslie) FOSLIEe

Lithophyllum corallinae (P.L. Crouan and H.M. Crouan) HEYDRICH#
Lithophyllum depressum VILLAS-BOAS, FIGUEIREDO and RIOSMENA-RODRIGUEZ#
Lithophyllum johansenii WOELKERLING and CAMPBELL#

Lithophyllum margaritae (Hariot) HEYDRICH#

Lithophyllum stictaeforme (Areschoug) HAUCK#

Neogoniolithon accretum (Foslie and Howe) SETCH and MASON

Neogoniolithon atlanticum TAMEGA, RIOSMENA-RODRIGUEZ, MARIATH and FIGUEIREDO®
Neogoniolithon brassica-florida (Harvey) SETCHELL and MASON-
Neogoniolithon fosliei (Heydrich) SETCHELL and MASON#

Neogoniolithon mamillare (Harvey) SETCHELL and MASON*

Pneophyllum conicum (Dawson) KEATS, CHAMBERLAIN and BABA°
Pneophyllum fragile KUTZING*#

Porolithon improcerum (Foslie and Howe) LEMOINE-

Porolithon onkodes (Heydrich) FOSLIE

Porolithon pachydermum (Foslie) FOSLIE-

Spongites fruticulosa KUTZINGe#

Spongites yendoi (Foslie) CHAMBERLAIN#

Titanoderma prototypum (Foslie) WOELKERLING, Y.M. CHAMBERLAIN and P.C. SILVA-#
Titanoderma pustulatum (J.V. Lamouroux) NAGELI#

HAPALIDIALES

Hapalidiaceae

Lithothamnion brasiliense FOSLIE*#

Lithothamnion crispatum HAUCK#

Lithothamnion glaciale KJELLMAN-#

Lithothamnion muelleri LENORMAND ex ROSANOFF-#

Lithothamnion occidentale (Foslie) FOSLIE#

Lithothamnion sejunctum FOSLIE

Lithothamnion steneckii MARIATH and FIGUEIREDO-

Melobesia membranacea (Esper) J.V. LAMOUROUX

Melobesia rosanoffii (Foslie) LEMOINE-

Mesophyllum engelhartii (Foslie) ADEY o#

Mesophyllum erubescens (Foslie) Me. LEMOINE#

Mesophyllum macroblastum (Foslie) W.H. ADEYe

Phymatolithon calcareum (Pallas) W.H. ADEY and D.L. MCKIBBIN*#
Phymatolithon masonianum WILKS and WOELKERLING

BRAZILIAN JOURNAL OF OCEANOGRAPHY, 64(sp2):117-136;2016



0 15 35

Distance of shore (Km)

w
S

3

Depth (m)

e
S

0 30 60

Distance of shore (Km)

Depth (m)

Depth (m)

Horta et al.: Brazilian rhodoliths beds

0 5 10

Distance of shore (Km)

0 5 10

Distance of shore (Km)

Figure 3. Vertical and latitudinal changes observed in the size (volume) and density of rhodoliths from different beds on the Brazilian coastline
(based on BAHIA et al., 2010 and PASCELLI et al., 2013). PB: Paraiba; BA: Bahia; ES: Espirito Santo; SC: Santa Catarina.

thus increasing local biodiversity (RIUL et al., 2009) and
primary production. Biodiversity, productivity and live
biomass (standing stock) in shallow rhodolith beds are
higher than in most of their equivalents found in deeper
areas or in unconsolidated flat bottom communities (RIUL
et al., 2009). Remarkably, rhodolith beds provide refuge
for small animals, as abundant mesograzers in southern
Brazil (SCHERNER et al., 2010), and many larger species
of fish and invertebrates that occur on adjacent reef
systems will pass over these beds, looking for food and
substrate for reproduction. Despite such limitations in
supporting a “complete” reef assemblage, rhodolith beds
likely represent migration corridors for several species
when they cover large inter-reef areas, such as those found
in the Abrolhos Bank (AMADO-FILHO et al., 2012a).
When compared to deep-water sand and mud-benthic
communities, rhodolith beds represent submerged oases
(Figure 4). In this context, PEREIRA-FILHO et al. (2015)
hypothesized that the coalescence of rhodoliths constitutes
an early successional stage in the formation of large
coralline reefs on southwestern Atlantic tropical shelves.
In a study evaluating the marine biota of the Brazilian
Exclusive Economic Zone, LAVRADO (2006) reported a
Shannon-Wiener diversity index of 4.0 and 5.1 for specific
areas down to 250 m depth and associated this increase in
the diversity of epibenthic communities to the presence
of rhodolith beds. Information about density, dimension,
shape and percentage of the live surface of rhodoliths,

associated fauna and flora, rhodolith growth rates, and
calcium carbonate mineralization for specific areas of the
Brazilian Economic Exclusive Zone.

PEREIRA-FILHO et al. (2012) and AMADO-
FILHO et al. (2012b) showed that the mesophotic zone
of seamount tops and insular shelves of oceanic islands
present rich benthic communities dominated by rhodoliths.
Despite their extensive area, the fauna and flora richness
associated with rhodolith beds in Brazil is very poorly
studied and research has focused on few specific sites and
taxa (Figure 5). However, the importance of rhodolith
beds in supporting a high diversity and abundance of
marine species in comparison with surrounding habitats
is recognized (NELSON, 2009), and at least one endemic
species, the polychaete Sabellaria corallinea, is known
to occur only in the rhodolith beds of northeastern Brazil
(SANTOS et al., 2011).

In the few studies that have evaluated the fauna
associated with rhodolith beds, 136 solitary and 32
colonial species of invertebrates, totalling 168 taxa, have
been reported growing in 100 m?of a subtropical rhodolith
bed located on Arvoredo Island, southern Brazil (METRI,;
ROCHA, 2008). Among the solitary forms, Polychaeta,
Crustacea and Mollusca were the most important groups,
while among the colonial forms the Porifera Pachataxa
sp. and the Ascidiacea Didemnum sp. were registered in
90% of the samples. Another study by BERLANDI et al.
(2012) compared the Polychaeta composition of different
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Figure 4. Example of the seaweed and zoobenthic communities found in rhodolith beds on the Brazilian coast. This picture highlights the presence
of gastropods, echinoderms and a turf algae assemblage on Desert Island, southern Brazil. Photo: P.A. Horta.
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Figure 5. Fauna and flora associated with Brazilian rhodolith beds. Arvoredo Island, according to BOUZON & FREIRE (2007), MERTI & ROCHA
(2008), SCHERNER et al. (2010) and PASCELLI et al. (2013), Trindade and Martin Vaz Island according to PEREIRO-FILHO et al. (2011),
rhodolith beds off the coast of Paraiba according to RIUL et al. (2009), SANTOS et al. (2011) and GONDIM et al. (2014), and Espirito Santo
according to FIGUEIREDO et al. (2007), AMADO-FILHO et al. (2010) and BERLANDI et al. (2012). Numbers indicate the number of species
described for the taxa and the same color was used for the same taxa at each site.
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rhodolith forms (small rhodoliths with long branches and
large rhodoliths with short branches) and found that of the 26
families that had been found, 4 were exclusively associated
with large rhodoliths and 9 exclusively with the small ones.
The rhodolith-bed associated fauna and flora have been
studied almost exclusively in beds found above 30 m.

In relation to the rhodolith-bed associated flora, some
studies have indicated a high and specific diversity. For exam-
ple, AMADO-FILHO et al. (2010) reported that in the south-
ern part of Espirito Santo state rhodolith beds provide an im-
portant habitat for epibenthic communities, supporting 25%
of the known macroalgal species richness along the Brazilian
coast. Also, new records of seaweeds have been found spe-
cifically associated with the rhodolith beds of Espirito Santo
and the northeastern and southeastern Brazilian coasts
(AMADO-FILHO et al., 2010, GUIMARAES; AMADO-
FILHO, 2008; RIUL et al., 2009).

GLOBAL AND LOCAL THREATS

Rhodolith beds, like many other marine ecosystems,
are affected by ongoing global change due to the rise in the
concentration of greenhouse gases in the atmosphere (CO,
in particular) and all its associated consequences, such
as an increase in seawater temperatures (1-4°C by 2100),
decreases in seawater pH (by ~0.3-0.5 units), shifts in carbon
chemistry, sea level rise, and the increase in the strength
and frequency of extreme weather events (GIBBARD et al.,
2005; IPCC, 2014).

Global change is likely to have a profound impact on
the physiology of a range of marine species across many
phyla. However, warmer seawater temperatures and ocean
acidification (OA) are expected to have a stronger negative
effect on crustose coralline species, such as most rhodolith
species, than on other macroalgal taxa (DONEY et al., 2009).
Data from multiple mesocosm studies on the effect of OA
and/or temperature rise on different species of macroalgae
suggest that the magnitude of algal growth and calcification
responses to OA seems to be species-specific (e.g. PRICE
et al., 2011; JOHNSON et al., 2012; CAMPBELL et al.,
2014). However, as a general rule, most calcareous algae
seem to experience a reduction in biomineralization, while
non-calcareous algae either show no effect or become more
productive (DONEY et al., 2009; JOHNSON et al., 2012;
KROEKER et al., 2012).

Calcified organisms can also act as buffers to OA, since
they release CO,* ions that bind with free H* protons to form
HCO,, thus neutralizing the acidification process (DONEY
et al., 2009; SABINE; TANHUA, 2010; BASSO, 2012).
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Model predictions estimate that in the future seawater CO,
concentration will increase by 192% and HCO, will increase
by 14% from de-calcification processes (ROLEDA et
al., 2012). These changes are expected to cause negative
effects on marine calcifiers, both animals and algae, due
to their reduced ability to maintain and/or renew their
calcareous skeleton (FABRY et al., 2008; JOKIEL et al.,
2008; TYRRELL, 2008; HURD et al., 2009; RUSSELL
et al., 2009; SEMESI et al., 2009; CORNWALL et al.,
2012; JOHNSON et al., 2012). Despite the prediction that
OA can compromise calcification, this process depends on
the particularities of the physiology and mineralogy of the
different taxonomic groups (RODOLFO-METALPA et al.,
2009).

As regards the two main crystallographic forms of
biological carbonates, aragonite is twice as soluble as
pure calcite, while calcite with high Mg concentrations
(8-12%) is more soluble than aragonite (MORSE et al.,
2006). Changes in the chemistry of seawater or increased
temperatures can change the Mg content in the calcification
process, altering the solubility of these crystals and
eventually enhancing the sensitivity of calcifiers to OA
(AGEGIAN, 1985; see review BASSO, 2012). However,
it has been shown that coralline algae are able to form
dolomite (NASH et al.,, 2012; DIAZ-PULIDO et al.,
2014), a feature that has been associated with organisms
living in high-energy environments (NASH et al., 2013).
This mineral, formed within the cell wall, provides
potential stability to calcareous algae, as inferred from the
geological record. In fact, a recent study has shown that
coralline algae exposed to OA and conditions of increasing
warmth increased their dolomite concentration by 200%
(DIAZ-PULIDO et al.,, 2014). Dolomite-rich coralline
red algae have 6-10 times lower rates of dissolution than
those precipitating predominantly Mg-calcite (NASH et al.,
2013). This property must be responsible for its abundance
during periods of high CO, concentration in our geological
past and represents an important aspect that should be taken
into consideration when considering experiments about
OA.

For many photosynthetic marine organisms, changes in
CO, availability may either have no effect or may alter their
metabolism in either positive or negative ways (see review
KOCH et al., 2013). For example, species whether without
or with inefficient carbon concentration mechanisms
are usually carbon limited. For these organisms, higher
pCO, increases the affinity of RUBISCO for CO,, with
a consequent increase in their photosynthetic rates (see
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review KOCH et al., 2013). In the case of coralline
algae, they that are considered to be one of the groups
of calcifying taxa with the highest susceptibility to
OA, as they accrete high-Mg calcite, the most soluble
form of CaCO,. (BOROWITZKA, 1982; MORSE et
al., 2006). The CaCO, deposition in this algal group
occurs extracellularly within the cell wall (see review
in BOROWTZKA, 1982), representing up to 80-90%
of their biomass (BILAN; USOV, 2001).

Most studies about the OA effect on coralline algae
report negative responses in growth and calcification
(see Figure 6A; e.g. KUFFNER et al., 2008; SEMESI
et al., 2009; NOISETTE et al., 2013; JOHNSON et al.,
2014), but also in photosynthesis (e.g. ANTHONY et
al., 2008; JOHNSON; CARPENTER, 2012; COMEAU
et al., 2012; JOHNSON et al., 2014; KATO et al.,
2014; TAIT, 2014), cell wall thickness (RAGAZZOLA
et al., 2012; MCCOY; RAGAZZOLA, 2014b),
reproduction (CUMANI et al.,, 2010), recruitment
(KUFFNER et al., 2008), and survivorship (DIAZ-
PULIDO et al., 2012). These strong negative OA
effects on coralline algae have been shown to alter
the competitive interactions between different species
of these coralline algae (MCCOY; PFISTER, 2014a),
between coralline algae and non-calcified algae
(JOKIEL et al., 2008; KUFFNER et al., 2008; PORZIO
et al., 2011; HOFMANN et al., 2012; KROEKER et
al., 2013a,b), and also between coralline algae and
grazer (MCCOY; PFISTER, 2014a). PORZIO et al.
(2011) demonstrated a loss of 25% of coralline algae
diversity in environments that are naturally acidified
by submerged vents of CO, off the Italian coast.
These changes in the phytobenthic communities in
acidified environments reinforce the hypothesis that
different ecophysiological susceptibilities of different
taxonomic groups will result in profound changes in
the physiognomy of these benthic environments in the
coming decades.

Most studies related to global climate change
effects on coralline algae have focused so far on their
response to OA, while only a few have also included
other environmental factors (see Figure 6B), such as
temperature (e.g. JOHNSON; CARPENTER, 2012;
MARTIN et al., 2013; NOISETTE et al., 2013;
COMEAU et al., 2014) and light conditions (GAO;
ZHENG, 2010; COMEAU et al.,, 2014), or local
factors, such as nutrient concentration (RUSSELL et
al., 2009; STENGEL et al., 2014).
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Figure 6. (A) Type of response of coralline algae (growth/
calcification) reported in ocean acidification studies (n = 31), and
(B) classification of experimental marine climate change studies on
coralline algae (n = 56 studies) according to the climate variable tested
(OA- ocean acidification, Temp.-temperature)

Besides a variety of studies investigating the OA
response in coralline algae, only a few studies have
been performed on the effect of the increase in seawater
temperature and possible synergistic effects of ocean
warming and acidification (see Figure 6B).

Generally, ocean warming is expected to affect
algal community structure, seeing that temperature
is an important general driver of the algal life cycle
and consequently, of their phenology and distribution
(RICHARDSON, 2008). All these changes can have
a decisive impact on the changes in the distribution
of populations, expanding the edges of the tropical
population to higher latitudes, or excluding populations
of colder waters (low temperature dependent) from their
current subtropical or warm temperate environments,
pushing them beyond these edges.

Studies combining OA and ocean warming scenarios
have shown that there can be synergistic effects between
both factors. For example, in Porolithon onkodes, the
increase in CO, causes high mortality and necrosis only
when under high temperatures (>28°C, DIAZ-PULIDO
et al., 2012). In other experiments with the encrusting
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alga Lithophyllum cabiochiae from the Mediterranean,
an additive effect of temperature was observed,
resulting in higher mortality, necrosis and dissolution of
the calcareous skeleton at high temperatures (MARTIN;
GATTUSO, 2009). Thus both seawater pH and
temperature, whether alone or in combination, will most
likely change the physiognomy of rhodolith beds in the
near future (see Figure7).

CO, Dissolved in Seawater

€0, +H,0 + CO3" % 2HCO3

Temperature

pH

',

Time

Figure 7. Schematic representation of rhodolith bed physiognomy
impacted by warmer and more acidified waters in the future oceans,
as predicted by the IPPC (2014).

Much of the effort that has addressed the impacts
of climate change on the biology of marine primary
producers remains limited and has dealt with aspects
related to two initial treatment factors, acidification and
temperature (WERNBERG et al., 2012). However, these
factors have been occurring concomitantly, with other
factors related to various processes associated with further
changes in climate and other sources of stress. Thus, the
significant future increase in rainfall (FAXNELD et al.,
2010) as predicted to occur in south-central South America
(IPCC, 2014) should act in parallel to the first two factors,
changing environmental conditions, especially in coastal
regions (see SCHERNER et al., 2012).

In addition to the future changes in temperature and
the pH of seawater, there are other co-occurring drivers
of environmental change, such as enhanced river run-off/
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sedimentation due to an increase in rainfall (IPCC, 2014).
Thus, larger volumes of sediments will be transported
to the continental shelf. Sedimentation can influence the
survival and growth of rhodoliths. WILSON et al. (2004)
showed that rhodoliths when buried under gravel suffered
less severe effects than those buried under fine sediment.
They related the differences between sedimentation
effects to the movement of water around the thalli, which
also restricts gas exchange. Mud-rich sediment with high
concentrations of sulphide was quite harmful to rhodoliths
and associated biota. Also, rhodolith beds can be affected
indirectly by discharges of drill cuttings from oil and gas
activities (DAVIES et al., 2007). These activities on the
Brazilian shelf adjacent to the beds result in a fine sediment
cover of the algae that can cause reductions in their net
primary production up to 50-70% (RIUL et al., 2008;
FIGUEIREDO et al., 2015). This reduction in primary
production severely impacts rhodolith-forming algae, and
has high potential to compromise the establishment of
associated diversity.

A greater amount of rainfall increases the flux of
nutrients from urban and rural environments into the
ocean, fertilizing coastal areas (VIAROLI et al., 2005;
FAXNELD et al., 2010). Moreover, the growth of the
human population and the increasing use of coastal areas
represent the main sources of nutrient enrichment in
marine environments, especially from sewage discharges
(HALPERN et al., 2008; TEICHBERG et al., 2010; LUO
et al., 2012). An increase of sewage-derived nutrients in
the coastal marine environment changes the structure of
phytobenthic communities in urbanized areas (MARTINS
etal., 2012, SCHERNER et al., 2012).

An increase in the concentrations of dissolved
nutrients in rhodolith beds constitutes an extremely
important threat to this ecosystem (WILSON et al,
2004). Inorganic nitrogen and phosphate are the two
most important nutrients for macroalgal growth and
are consequently what promotes excessive blooms in
macroalgal biomass (VIAROLI et al., 2005; TEICHBERG
etal., 2010). Macroalgal blooms can produce conspicuous
shifts in the marine benthic communities (SCHENER et
al., 2012). Thus, nitrogen and phosphorus are considered
limiting nutrients in many marine ecosystems (ZEHR;
KUDELA, 2011). Opportunistic species, such as Ulva
spp., are highly favoured in terms of growth with
increasing quantities of nitrogen in the form of nitrate and
ammonium (LUO et al., 2012). RUSSELL et al. (2009)
observed that filamentous turfs are highly favoured by the
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increase in nutrients. On the other hand, perennial species,
such as Sargassum stenophyllum, are negatively affected
by increases in nutrient concentration, as evidenced by a
decrease in photosynthesis with increasing concentrations
of ammonium (SCHERNER et al., 2012). However, in the
same study, in Ulva lactuca, the increase in ammonium
concentrations produced an increase in photosynthetic
activity. Thus, nitrogen pollution affects algae differently,
depending on the species and eventual interaction with
other factors (MARTINS et al., 2012). GRALL and
HALL-SPENCER (2003) have described the effects of
agricultural pollution, urban sewage, and industrial waste
on rhodolith beds in France. The main consequences were
similar to those described for other types of sedimentary
habitats and environments, such as an increase in siltation
and a higher abundance and biomass of opportunistic
species, which replace sensitive ones. A radical change
in rhodolith-associated biota together with a reduction
in species diversity and area of live rhodolith cover was
observed. The authors mentioned two rhodolith beds that
have been killed in the Bay of Brest, both of which were
situated directly under sewage outflows.

Of all the factors that determine the structure of a
rhodolith bed, the regime of waves and currents is the
most significant (ATABAY, 1998). Rhodolith beds require
high energy hydrodynamic regimes. The fragmentation
of coralline algae deposits culminates with the formation
of new individuals, storms being the main driving force
for the formation of rhodolith beds. However, rhodolith
beds do not develop if the water dynamic is excessively
strong to the point where it causes unsustainable loss
rates of thalli, or transports individuals outside suitable
habitats. Likewise, weak currents and wave action cause
stabilization and overgrowth by larger algal species
or burial by fine sediments, leading to rhodolith death
(MARRACK, 1999; FOSTER et al., 2013). Although
poorly documented (FREIWALD, 1995), these phenomena
are keys to understanding the structure of the rhodolith
bed community and its dynamics. Water transparency is
also a fundamental factor in the distribution of rhodolith
beds (CANALS; BALLESTEROS, 1996).

As documented by AMADO-FILHO et al. (2010), the
diversity and abundance of the associated community of
a shallow-water rhodolith bed is inversely related to the
frequency and intensity of extreme events or cold fronts,
which are more frequent and intense especially during the
winter (PASCELLI et al., 2013). These phenomena may
increase water motion and the frequency of the rolling of

rhodoliths, eroding the surface and reducing the diversity
and biomass of associated soft-bodied algae. It should
also be borne in mind that these phenomena reduce light
availability near the bottom, theoretically reducing the

potential primary production of these formations.

INTERACTIONS BETWEEN GLOBAL AND LOCAL
STRESSORS

Besides the anthropogenic impacts that increase
nutrient concentrations in coastal regions (MARTINS etal.,
2012), global-change related scenarios that predict more
intense and frequent rainfall will also result in more river
run-off. Hence, larger volumes of land-derived pollutants
will be transported to the continental shelf, severely
impacting coastal marine communities. This drainage
can reduce the pH and enhance the CO, concentration
even further, especially in anthropogenically influenced
estuaries, aggravating the global impacts (NORIEGA et
al., 2012). Thus, drainage basins and associated estuaries
represent important regions for evaluating interactions
between local and global stressors (HOWARTH et al.,
1995; CANALS; BALLESTEROS, 1996), including
variations in rainfall patterns.

There are different ways in which global factors, such
as temperature and acidification, can interact with local
factors, such as nutrients: (1) isolated: the effect of each
factor is not influenced by the effects produced by other
factors studied independently; (2) additive: factors have a
joint effect on the study object that is equal to the sum of the
effects caused by each factor when tested in isolation; (3)
synergy: the factors have a joint effect on the study object
that is greater than the simple sum of the effects caused by
each factor when acting in isolation; and (4) antagonistic:
the factors have a negative interaction, one neutralizing
the other. Most studies have focused on one factor at a
time, few have addressed two factors simultaneously and
rarely have three or more been tested together to assess
the existence of potential multiple levels of interaction
(Figure 6). It is true that experimental designs with three
or more factors are difficult to implement because the
number of necessary replicates increases exponentially
and interpretation of results can become too complex.
An example of a synergistic interaction has been given
by RUSSELL et al. (2009), who detected an interaction
between the effects of high pCO, and nutrients on
photosynthesis and algal cover parameters, compromising
the performance of calcareous algae and encouraging
the growth of turf species. Thus, local stressors, as well
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as climate change factors - have to be considered in the
evaluation of likely future scenarios.

CONSIDERATIONS FOR FUTURE RESEARCH

Although important and abundant throughout the
Brazilian coast, rthodolith beds are still poorly understood
in many aspects. For example, recent molecular results
(SISSINI et al., 2014; VIEIRA-PINTO et al., 2014) have
reinforced the need for molecular information to clarify
taxonomy and distribution patterns of key rhodolith
bed-forming species. This is important in the context
of conservation strategies, as without basic information
about the distribution of the genetic diversity and
population genetic connectivity of keystone, foundation
and main engineering marine species along the Brazilian
coast, conservation and management strategies may be
compromised.

Another aspect that needs attention is the threats that
global change and its possible interactions with local
stressors represents for rhodolith beds. These threats can
have numerous consequences for these ecosystems but,
unfortunately, in Brazil studies investigating the impact of
global change and/or local stressors are still lacking (KERR
etal., 2016).

This demands networking within the Brazilian scientific
community, in order to coordinate, for example, collective
efforts to perform baseline characterization of these
formations in Brazil. This characterization on a large scale
will provide us with a better understanding of the factors
that determine different patterns of diversity and abundance.
This pioneering survey will also allow the selection of key
areas for the implementation of a program for long-term
monitoring. It will provide us with vital information for
the creation and improvement of models that will enhance
our ability to predict the distribution of these beds and their
associated fauna and flora in the coming decades.

In order to provide evidence of the expected
consequences of global change and possible interaction
with local stressors for the marine environment, within
a reasonable timeline (i.e. 5-10 years), we also need to
prioritize where research efforts have to be placed. The
three topics agreed upon by the authors, which should be
given greatest priority are: (1) understanding how OA will
interact with other anthropogenic and climatic stressors,
(2) understanding whether species may adapt or become
acclimatized to future OA conditions and how this will
affect species interactions and ecosystem stability, and

(3) monitoring and modelling temporal, spatial and
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habitat variability in carbonate chemistry in order to more
accurately predict future changes on the regional and local
scale. Whilst these topics are seen as particular priorities, in
answering questions regarding the expected consequences
of OA, many of the topics we have listed are interlinked,
providing the background and context for other research
areas. This represents a difficult task, requiring multi-
stressor experiments with complex experimental designs
that will require increased collaboration and joint funding
initiatives to allow the manpower, expertise and funding to
successfully carry them out. This will be vital, if we are to
develop the most appropriate strategies for the mitigation
or remediation of or even the adaptation to future scenarios
related to global climate change.
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