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Abstract

As an era of significant environmental and societal transformations, forecasting the
future entails considerable uncertainty. This article gives a perspective on calcifying
organisms capable of adapting to a warmer and more acidic ocean, which may also
contribute to future reef construction. While it is challenging to conceive, we cannot
rule out a transformation of reef ecosystems, possibly characterized by increase in
octocorals, a greater presence of giant clams, and a greater ecological prominence of
coralline algae along with their rhodoliths. In the Caribbean Sea, reefs will possibly no
longer be dominated by the extensive Acropora communities that characterized their
preindustrial zenith. Instead, there may be a shift towards ecosystems composed

of dense octocoral communities and mesophotic assemblages where scleractinian
corals with symbionts adapted to low-light environments are more likely to persist.
Rehabilitation in shallow waters can take advantage of coralline algae and coastal
reef systems close to seagrass and mangrove ecosystems can improve coral health.
Although these changes may seem unsatisfactory, essential ecological services could
persist, including habitat provision for many species, spaces for human recreation,
and, significantly, a notable contribution to global carbonate cycles. It is crucial to
highlight that any human effort to prevent biodiversity loss is both praiseworthy

and equitable, as the decline in biodiversity due to climate change is a collective
obligation of humanity.

Keywords Reef-building shifts, Future reefs, Octocorals, Calcifying bacteria, Endolithic
algae (Ostreobium), Mesophotic reefs, Crustose coralline algae

1 Introduction

Coral reefs are among the world’s most biodiverse ecosystems and are vital to human
well-being, providing ecosystem services such as food security, coastal protection, bio-
active compounds, and support tourism [1-4]. Aesthetically, coral reefs are unparal-
leled in the marine environment (Fig. 1). Unfortunately, they face multi-dimensional
anthropogenic threats from both local and global pressures. Local threats may originate
on land (e.g., declining water quality due to nutrient inputs, pollutants, plastic debris
and sediment accumulation) or from the sea (e.g., habitat destruction, overexploitation,
and the introduction of potentially invasive species); they may arise from the spread of
infectious diseases, or they may be associated with global environmental change, such as
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Fig. 1 Reef-building corals (Scleractinia: Anthozoa: Cnidaria) comprising various species of Acropora, along the
coast of Dahab, Egypt, Red Sea (Image: Juan A. Sanchez)

ocean warming, acidification, rising sea levels, increased stratification and altered circu-
lation patterns [4—7]. Collectively, these threats paint an alarming picture of how these
irreplaceable ecosystems may change over the course of the century [2, 8].

Currently, atmospheric carbon dioxide (CO,) levels and global temperatures exceed
those recorded over the past 420,000 years [8]. As of February 2025, atmospheric CO,
concentrations have reached approximately 427 ppm, surpassing levels from the last
800,000 years and increasing at an unprecedented rate [9-11]. Likewise, carbonate ion
concentrations (~210 pumol kg™!) are now at their lowest levels in 420,000 years. Since
the beginning of the industrial era, seawater has also become more acidic (-0.1 pH
units) and sea temperature has risen (0.7 °C), accompanied by an increase in the fre-
quency and intensity of marine heatwaves over the past century [8, 12—14]. Under these
novel circumstances, population-level shifts are occurring in marine ecosystems due to
physiological intolerance to new environmental conditions. Additionally, altered disper-
sal patterns and interactions among species are being documented globally, leading to
major shifts in community structure and diversity [15, 16].

Given the magnitude of the coral reef crisis, researchers have increasingly sought to
predict the future of these ecosystems. Changes in community composition are antici-
pated, potentially favoring thermally resilient species or those with high recruitment
rates [17-21]. The possibility of species shifting poleward, leading to a bimodal distri-
bution in species richness around the equator, has also been discussed [22, 23]. How-
ever, reefs in regions with favorable environmental conditions or high inherent resilience
—termed coral reef refugia— may respond differently [21, 24—26]. Reefs that naturally
experience extreme physicochemical conditions have been identified as key systems
for improving ecosystem-scale predictions of future reef dynamics [27]. Additionally,
various stressors, including the loss of herbivores and eutrophication, may trigger coral-
algal phase shifts in benthic dominance [28]. Shifts in community composition may also
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diverge from the typical coral-macroalgae transitions, resulting in alternative benthic
communities dominated by sponges, corallimorpharians, or soft corals [29-31].

Who will build tropical reefs in the aftermath of climate change and ocean acidifica-
tion? This review investigates the potential repercussions of coral reefs undergoing sig-
nificant alterations due to the decline of stony corals while remain as ecosystems. As
scleractinian-dominated reefs face mounting threats, this review explores the potential
of alternative calcifiers that may emerge as key architects of future tropical reefs. As
researchers from the Global South, drawing primarily from our experience in the South-
ern Caribbean and Tropical Eastern Pacific, we emphasize the critical importance of
incorporating alternative perspectives to develop a more comprehensive understanding
of the coral reef crisis. Here, we offer a perspective shaped by geographic and ecological
contexts distinct from the predominant reef models in most studies, which we hope will
contribute to a more diverse understanding of coral reef futures.

2 What is the extent of the crisis?

Coral reefs are among the most endangered environments on the planet. The immediate
impacts of elevated temperatures on corals have been well-documented since the 1980s
[2]. The structural integrity of coral reef ecosystems relies on the deposition of calcium
carbonate (CaCO,) by corals (Fig. 1), a process facilitated by their mutualistic endosym-
bionts —photosynthetic dinoflagellates from the family Symbiodiniaceae, previously
known as zooxanthellae— [32]. Coral bleaching occurs when disruptions in the symbi-
ont’s photosynthesis lead to the production of reactive oxygen species (ROS), triggering
the expulsion of dinoflagellates. This process often causes cellular damage in both the
host and the symbiont. A temperature increase of just 1 °C above the maximum average
can induce bleaching [8, 33]. However, bleaching can also be triggered by factors other
than temperature, such as an increase of radiation, resulting from diminished cloud
cover or a calm sea surface [34]. Coral bleaching may occasionally correlate with dys-
biosis —a disruption in the composition or function of microbial communities—, which
can alter coral health and resilience. Additionally, some bleaching events have been
linked to microbial infections targeting Symbiodiniaceae algae [35, 36]. At the colony
level, moderate bleaching is a form of stress that reduces growth rate, while intense and
prolonged bleaching may lead to coral death. A higher susceptibility of corals to disease
may also be associated with bleaching events [36]. The combination of bleaching and
disease may have devastating effects on living corals at a large spatial scale [37]. Since
the 1980s, four global bleaching events have been recorded, all linked to thermal stress
[38]. The fourth global bleaching event has been the most destructive to date. This event
began in the Caribbean during the boreal summer and extended into the austral summer
of 2023-2024, with severe bleaching and mortality reported across Latin America, the
Caribbean, and certain Pacific Islands [39-41].

The ability of corals to build massive complex structures is vulnerable to mild shifts in
pH and temperature [7, 42]. For corals and other calcifying organisms, ocean acidifica-
tion makes the process of secreting and maintaining a skeleton more difficult [13]. Cur-
rent massive losses of coral cover indicate corals will be particularly vulnerable to future
ocean warming and acidification [6]. Also, acidifying waters jeopardize the ability of
young recruits to achieve the levels of calcifying fluid supersaturation needed to support
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rapid growth [43] and for adults, growth rates might be reduced, and coral skeletons
may become less dense, increasing the likeliness of damage during storms [7].

Populations of several reef-building species are expected to decline [7]. This in turn
will have a negative impact in fish assemblages, including declines of diversity and abun-
dance [44]. In fact, it has been suggested that fish biodiversity is threatened by reef deg-
radation associated with climate change and the creation marine reserves is not enough
to secure their survival [45]. Invertebrates will also be threatened by the loss of coral
cover. Since coral traits are related to the diversity of reef-associated invertebrates, pro-
gressive decline of coral habitat is expected to lead to losses in invertebrate diversity [46].

The degradation of coral reef habitats compromises important ecosystem services
for coastal communities including fisheries provision. The decline in fish populations
directly threatens the livelihoods of millions of people who already depend on reef fish-
ing highlighting the socioeconomic consequences of coral loss [47, 48]. Low-income
countries highly dependent on tourism might face severe consequences with a shift away
from coral-dominated reefs since this will alter the perceived attractiveness of these eco-
systems for tourists [49]. Even in high income countries such as Australia and the United
States, coral reef degradation will impact the tourism industry [50]. Coastal protection
provided by barrier reefs will also be in jeopardy, leaving coastal communities and eco-
systems such as mangroves, saltmarshes and seagrass meadows more vulnerable to the
impact of storms and hurricanes [51]. This is especially worrying under a scenario of
increasingly severe hurricanes and cyclones in the tropics [52]. The combined effect of
sea level rise, the loss of beach sand attributed to storms and hurricanes together with
the loss of sand production linked to coral reefs will lead to less stable beach ecosys-
tems. This will likely have an important impact on the subsistence of coastal communi-
ties, fishing activities and tourism [8, 50]. Thus, the ecosystem services we receive from
coral reefs are rapidly declining, threatening the sustainability of millions of people who
directly benefit from these fragile ecosystems [53].

Addressing the coral reef crisis, characterized by substantial decline since the 1950s,
requires a major undertaking. This damage makes it unlikely that reefs will return to
their pristine state, as documented initially by coral reef scientists [54]. Numerous coral
reefs currently exhibit diminished ecosystem integrity, since major predators, like grou-
pers and sharks, have vanished from their habitats [47]. Moreover, herbivorous fish,
including parrotfish, have been substantially depleted, primarily as a result of overfishing
in recent decades [55]. In the absence of parrotfish, the main herbivores on the reef, rap-
idly proliferating algae directly compete with corals [47]. The accumulation of sediments
and nutrients, such as nitrogen and phosphorus, from rivers in coastal areas facilitates
macroalgal proliferation, which monopolizes the space vacated by corals as they gradu-
ally perish following coral bleaching events [56]. The transformation of the ecosystem
is evidenced by a nutrient imbalance, characterized by an accumulation of phosphorus,
now sequestered by algae, and an overabundance of labile dissolved organic carbon,
abundant in polysaccharides [57].

3 What if scleractinian corals are unable to endure?

First, we must consider that within the vast diversity of scleractinian corals, some spe-
cies may not be able to cope with the accelerating rise in temperature and ocean acidi-
fication. One-third of zooxanthellate reef-building corals are classified as being at high
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risk of extinction [58]. Among the species listed on the International Union for Conser-
vation of Nature (IUCN) Red List, the acroporids Acropora cervicornis and A. palmata
were once major reef builders in the Caribbean. However, drastic population declines
have left them critically endangered, rendering them unable to fulfill their historical
ecological role. In the Rosario Islands (Cartagena, Colombia), an eleven-kilometer fring-
ing reef once featured a broad expanse of these corals near the reef front [59]. In recent
years, brain corals from the family Meandrinidae, including notable species such as the
cathedral coral (Dendrogyra cylindrus), have been particularly vulnerable to stony coral
tissue loss disease (SCTLD). This disease originated in the Florida Keys and has pro-
gressively spread throughout the Caribbean [60]. D. cylindrus has already vanished from
the Florida coral tract, and its current status remains uncertain. Given these trends, the

extinction of some hard coral species in the coming years would not be unexpected.

3.1 Could certain scleractinian corals flourish on future Caribbean reefs?

Identifying resilient corals capable of enduring fluctuating conditions can be achieved
by observing them in ecologically stressed environments [27]. Coral reefs in the Colom-
bian Caribbean are exposed to effluents from major rivers, such the Magdalena, Sind,
and Atrato [61]. While excessive sedimentation and increased nutrient levels typically
considered limiting factors for coral growth, robust coral reefs exist in these conditions
[62]. The genus Agaricia (formerly Undaria) comprises brooding scleractinian corals
present in ten ecoregions from the Caribbean and the Atlantic [63]). With seven spe-
cies, it stands out amongst the limited scleractinian diversity of the Caribbean Sea. The
lettuce coral Agaricia tenuifolia appears to thrive in reefs with significant continental
influence, adapting to sedimentation by developing a honeycomb structure with verti-
cal ridges that help mitigate sediment suffocation [64]. The distribution of A. tenuifo-
lia is erratic within the Caribbean, ranging from Colombia to Belize, but being absent
in the Antilles, Bahamas, and Florida. Scientists working in Belize and Panama previ-
ously noted its substantial proliferation, proposing that it was a “weed-like” opportu-
nistic coral that expanded rapidly following Acropora mortality [65]. However, while its
environmental preferences overlap somewhat with those of Caribbean Acropora species,
they do not completely coincide. In regions where elkhorn corals cannot persist, the let-
tuce coral is among the few that thrive. Moreover, numerous animals and algae are asso-
ciated with the microhabitats created by their skeletons [66]. While the resilience of this
coral may make it a potential “winner” in future Caribbean reefs, it is important to note
that widespread bleaching in this species has been noted, as it primarily inhabits shallow
reef zones (0—10 m), where bleaching is often severe [36, 67]. In the future, the most per-
sistent agariciids may be those found in mesophotic environments.

Another aspect of the remarkable ecological flexibility of Agaricia is the ability of some
of its species to colonize the mesophotic zone [68]. Commonly referred to as the twilight
zone, or mesophotic coral ecosystems, this region receives less than 1% of the solar radi-
ation that penetrates the ocean surface and harbors certain reef-building corals at depths
ranging from 40 to 150 m. This reef ecosystem has garnered our interest because to the
significant environmental alterations in the water column—such as light, nutrients, phy-
toplankton, and water density—that facilitate species diversification, although it remains
largely underexplored [69]. Additionally, the limited light exposure and relatively cooler
temperatures compared to the surface provide a sanctuary from drastic environmental
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fluctuations [67, 70]. Similarly, if we seek ancient adaptations that appear outmoded,
this relatively pristine location serves as a great setting for such exploration. There, we
discovered another species of Agaricia, the mushroom coral A. undata, a mesophotic
specialist characterized by dark blotches extending from the base to the periphery of the
coral [71]. These blotches are also seen in A. fragilis, a species that extends well down to
60 m.

3.2 Do corals possess a concealed repertoire of photosymbionts that are more adaptable
to climate change?

Agaricid corals often exhibit dark blotches caused by endolithic algae of the genus Ostre-
obium, which belongs to the siphonous green algal order Bryopsidales [72—75]. While
considered a monophyletic group, molecular evidence suggests that the diversity of this
genus is currently underestimated [73, 74, 76—79]. Ostreobium spp. chemically penetrate
coral skeletons to establish their habitat; they are formally referred to as euendolithic, as
they must reside within mineral substrates. Ostreobium is a widespread coral symbiont
reported in 85% of coral species across a geographic and bathymetric range [77]. These
endolithic algae often create a high-density green band underneath the coral tissue [80,
81]. Photosynthesis in Ostreobium is quite particular, displaying a set of adaptations that
allow them to inhabit low-light environments like the limestone skeleton of a coral or
deep-water habitat where light penetration can be less than 0.01% [82]. For instance,
Ostreobium can absorb green light using xanthophyll pigments, is able to alter its chlo-
rophyll b: chlorophyll a ratio according to water depth, and can absorb light in the red
and far-red wavelengths [81, 83-86].

From an ecological perspective, endolithic algae are proposed to have a dual role as
coral symbionts, exhibiting both mutualistic and parasitic characteristics [72, 77, 82, 87,
88]. Metabolic interactions between endolithic algae and coral hosts suggest there is a
mutualistic ectosymbiosis, where the algae help cycle and store nutrients, contributing
to the high productivity of tropical and subtropical reef ecosystems [83]. Studies have
recorded the transfer of photoassimilates, including carbon [89, 90] and nitrogen [89]
from Ostreobium spp. to the coral host. During bleaching events, increased photosyn-
thetically active radiation stimulates blooms of endolithic algae and photoassimilate
production, enhancing translocation to the host. For example, transfer of 14 C-labelled
carbon from endolithic algae to the coral Mediterranean Oculina patagonica was signifi-
cantly higher in bleached individuals than in non-bleached ones, suggesting that endo-
lithic algae may help the host survive bleaching events [91]. Similarly, a photobiology
study in the Caribbean species Montastrea faveolata found that endolithic blooms dur-
ing bleaching periods could aid coral recovery by reducing skeleton reflectance [92].This
energy source may be insufficient for costly processes such as reproduction, likely only
supporting survival and recovery from stress [93, 94]. Conversely, endolithic algae also
act as agents of microbioerosion, dissolving CaCOj; in dead skeletons and increasing the
microporosity of live skeletons [95]. This bioerosion activity can destabilize coral reef
structures, increasing the susceptibility to abrasion and further dissolution, thus impact-
ing reef topology [83, 87]. Additionally, endolithic algae contribute to the trophic chain
by serving as a food source for macrobioeroders, such as sea urchins and parrotfishes
[87].
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The depth-generalist coral Agaricia undata, which colonizes mesophotic reefs as deep
as 100 m, exhibits a greater diversity of Ostreobium (12 clades) compared to Symbio-
dinium (7 clades) [71, 79]. No genetic structuring was found for either the host or Sym-
biodinium across depths in A. undata. The high diversity and bathymetric structuring of
Ostreobium clades associated with this species, coupled with the lack of partitioning for
hosts and Symbiodinium, suggest a potential role for endolithic algae in the coral’s ability
to colonize mesophotic ecosystems. In the genus Agaricia, symbiosis with Ostreobium
is common across all seven species (Murgueitio & Sinchez, in preparation), including
those inhabiting mesophotic environments such as A. undata and A. grahamae, which
thrive at depths of 60—100 m, as well as species like A. humilis and A. agaricites, typically
found in shallower waters [96, 97].

To establish endolithic algae as a resource comparable to Symbiodiniaceae algae, sev-
eral criteria must be met for a close coral-endosymbiont relationship. First, evidence
of interaction between these algae and coral tissue is essential. While previous data of
translocation of photoassimilates was reported in Mediterranean trials during bleach-
ing events, further evidence was needed to demonstrate interactions under normal con-
ditions [91]. The black blotches on Agaricia mushroom corals provided such evidence.
Studies on A. undata and A. fragilis revealed a close association between the algae and
the darkened area of the coral skeleton [79] (Fig. 2). Algal filaments not only inhabit the
shaded region but also protruded through pores on the surface of the skeleton, specifi-
cally within the calcification matrix. Remarkably, the algae formed tubes penetrating the
coral tissue lamellae, making direct contact with the living polyp tissue [98]. In A. fra-
gilis the algae also make flat junction between coral costae never seen before (Fig. 2C,
D). These findings suggest that endolithic algae might fulfill fundamental criteria to be
regarded as a resource different from Symbiodiniaceae algae in the context of a close
coral-endosymbiont relationship.

Reviewing samples from our Agaricia collection (ANDES-IM) and following the meth-
ods in [79], we found pipeline-like structures across the costae of corals in 11% of the
specimens of A. fragilis but absent in A. grahamae, A. lamarcki, A. humilis or A. agaric-
ites. These pipelines, which varied in shape and calcification, were observed in samples
both with and without dense endolithic algae coverage. However, where comparisons
were possible, pipeline density appeared higher in samples with dense Ostreobium cov-
erage. EDS analyses revealed differences in composition between the pipeline and the
coral skeleton. While coral skeleton is primarily composed of carbon (C), calcium (Ca)
and oxygen (O), pipelines additionally contain sulphur (S) (often in high proportions),
magnesium (Mg) and barium (Ba). This phenomenon, so far only seen in Agaricia,
deserves further research to assess the potential mutualistic role of Ostreobium spp. in
low-light environments. In Porites corals, old cavities created by Ostreobium and other
bioeroders seem to be filled through a secondary mineralization process [99]. Interest-
ingly, Sidereastrea radians, a shallow-water coral (intertidal to 3 m), associated with sea-
grass beds, also exhibits dense perforation of Ostreobium spp. deep within the skeleton
apparently from a very thin type of the algae (Fig. 3). This provides information about
the coral’s resilience to bleaching occurrences in the research area (Rosario islands,
Cartagena, Colombia).
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Fig.2 Mesophotic coral Agaricia fragilis at depth of 60 m in Bajo Trompadas (Bart, Cartagena, Colombia). A. Under-
water Photo by Juan A. Sdnchez. B-F) Several Ostreobium structures visible at coral surface from sample ANDES-IM
4199, a specimen with macroscopic dense coverage of endolithic algae noted as dense green. B-C) Flat junctions
between coral costae. E-F) Pipelines between coral costae (From Amalia Murgueitio honors thesis at Universidad
de los Andes)

4 Coral reefs: a collection of reef-building life

Renowned marine paleontologist George Stanley, after examining fossil coral reefs
throughout his career, concluded that contemporary coral reefs function as an “obsoles-
cence museum” still including all past reef-building types [100]. It is as if, in a metropo-
lis such as New York, every transportation system that has ever existed—horse-drawn
carriages, steam trains, streetcars, subways, buses, and automobiles—remained in
operation. While the subway serves as the primary mode of horizontal transportation
for most individuals, various alternatives persist, much like coral reefs. Similarly, while
stony corals (Anthozoa) are currently the dominant reef-builders, coral reefs also sup-
port other calcifying organisms, albeit in lesser abundance today, including fire corals
(Hydrozoa), octocorals (Anthozoa), giant clams (Gastropoda), and coralline algae (Rho-
dophyta). Additionally, stromatolites, which thrived several billion years ago, can still be
found in regions such as the Bahamas. All these organisms rely on photosynthesis, either
directly or via symbiosis with microalgae, to sustain high growth rates. Although they
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Fig. 3 Macrostructural and microstructural views of the coral Siderastrea radians. (A) Macroscopic view of the coral
Siderastrea radians, showing its semispherical structure and the corallites on the surface. (B) Transverse sections of
different sizes from the core to the surface of the coral. (C) Transverse section of the coral’s calcareous skeleton,
indicating distinct pigmentation areas (upper black arrow: live coral tissue; lower black arrow: zone with Ostreo-
bium). (D) SEM image (5,800X) of the internal surface of the calcareous skeleton (zone with Ostreobium), showing
microbioerosion of the skeleton caused by Ostreobium, (grooves in red arrows, holes in yellow arrows). (E) SEM
image (10,000X) highlighting the microbioerosion grooves and holes. (F) SEM image (2000X) revealing dense and
porous zones in the calcareous matrix, with internal microbioerosion indicated by the arrows

are not currently the primary reef architects, they could claim that role in the future.
Over 100 million years ago, rudists, a form of clam, were the reef-builders. Their extinc-
tion—likely due to the same catastrophe that eradicated the dinosaurs—left an ecologi-

cal niche vacant, allowing scleractinian corals to dominate to the present day [101].

4.1 Isit possible for climate change to induce a phase shift in reef construction?

It is important to note that, while shifts in reef-building organisms are well-documented
in the geological record, such changes in the near future could have severe conse-
quences for coastal communities. The increase in atmospheric CO,, depletes carbonate
) and

calcite (Q,, ) saturation states [102]. Initially, it impacts species that crystallize CaCOq

ions needed for CaCOj; deposition and lowers ocean pH, reducing aragonite (Q,,,
as aragonite, but organisms that deposit calcite are comparatively less affected (Q.,),
indicating their greater resilience to ocean acidification. The fossil record indicates the

depletion of aragonite saturation, permitting calcite-dominant species to prevail among
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reef builders [66]. The ocean’s acidifying periods posed significant challenges for marine
animals, yet they served as evolutionary pressure, leading to the emergence of many
skeletal types, some integrated with corneal proteins, in octocorals over a hundred mil-
lion years ago [103].

Numerous evolutionary innovations for CaCO; deposition persist among octocoral
species in coral reefs. While they are not primary reef builders like scleractinian corals,
octocorals play an important role by contributing to structural complexity [104] and in
certain areas, they are significant contributors of CaCOj, to sediments [105]. The octo-
corals of the soft coral variety, prevalent in the Indo-Pacific, deposit spiculite—a con-
glomerate of granular calcite skeletons—at their bases. In several Indo-Pacific locations,
spiculite deposits form towers that rival the rock produced by stony corals [106]. Obser-
vations from southern Japan, where naturally acidified waters from CO, vents have
led to a transition from hard coral-dominated to octocoral-dominated reefs, provide
insights into alternative scenarios [29]. Are these reefs in Japan a glimpse into the future
of coral reefs? It is encouraging to consider that, despite the reduction of stony corals,
the ecosystem itself may persist. In the Caribbean Sea, gorgonian corals —a group of
octocorals— are prevalent; they are primarily soft with a proteinaceous endoskeleton
but deposit CaCOj at their bases, similar to small stony corals [107] (Fig. 4). Gorgonians
have shown a notable increase in recent decades, contrasting with the swift decline of
hard corals [70, 108, 109]. Mesocosm experiments simulating ocean acidification con-
ditions, have revealed the remarkable resilience of gorgonians in acidic environments,
maintaining growth and calcification of their granular skeletons even at very low Q_,
and Q,,
the substantial populations of gorgonians could potentially mitigate this effect. A simi-

saturation [110]. Despite their deposits being smaller than those of spiculite,

lar trend might be observed in other organisms involving fire corals or giant clams in

Y

Fig.4 The octocoral seafan Gorgonia ventalina, growing on top of a colony of Siderastrea siderea in the Florida keys,
Low key reef 5 m (Photo: Juan A. Sdnchez)
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a different region. While the specific ecosystem services provided by coral reefs may
change or be lost, as shown by the historical fossil record, the ecosystem itself may per-
sist in an alternate form.

5 Bacteria-Mediated calcification

Another process that may gain ecological relevance in future reefs is bacteria-mediated
calcification, also known as microbially induced CaCO; precipitation (MICP). This pro-
cess plays a key role in the formation of CaCOj; deposits in aquatic ecosystems and is
fundamental for marine biogeochemistry and global carbon cycling [111, 112]. Through
MICP, bacteria modify their surrounding chemical environment via metabolic pro-
cesses, leading to CaCO; precipitation. In marine ecosystems, this mineralization is
closely associated microbialite formation, such as stromatolites, and other biogenic car-
bonate structures, significantly contributing to sedimentation and carbon accumulation
[113-115]. This process is distinct from biologically controlled mineralization, where
cellular activity specifically directs the mineral’s nucleation, morphology, and final loca-
tion, as seen in calcifying organisms like algae, echinoderms, and mollusks [115, 116].

5.1 Geological records and ecological implications of bacterially mediated calcification:
could bacteria replace corals?

The formation of stromatolites and other carbonate microbial structures in marine envi-
ronments represents one of the oldest records of bacterially induced biomineralization.
Stromatolites, laminated structures formed by the accumulation of CaCOj,, date back to
the Precambrian and were created through the cyclic growth of microbial communities
that precipitated or trapped mineral particles in their environment. This mineralization
process was crucial in primitive oceans, where microbial mats dominated the seascape
and regulated water chemistry by consuming CO, and producing oxygen, thus trans-
forming Earth’s early atmosphere [113, 115].

In present-day marine environments, microbial mats play an important role in CaCO,
precipitation, particularly in hypersaline areas where high alkalinity and light levels sup-
port the photosynthetic activity of cyanobacteria. Photosynthesis in these organisms
consumes CO,, increasing local alkalinity and promoting carbonate precipitation [117].
Sites like Shark Bay, Australia, the Bahamas, and Laguna Vermelha, Brazil, exhibit the
accumulation and fossilization of carbonate deposits within microbial mats, providing
record of microbial activity [118, 119]. These mats also alter the balance of reduced and
oxidized forms of carbon, influencing CaCO; precipitation by altering pH and alkalin-
ity [115]. While some metabolic activities generate alkalinity and facilitate carbonate
precipitation, others produce dissolved inorganic carbon or organic acids, potentially
reducing pH and leading to carbonate dissolution. This balance between precipitation
and dissolution ultimately contributes to the lithification of microbial mats, reflecting
the interaction of various microbial processes [115, 120].

Throughout the Phanerozoic, carbonate platforms have been predominantly com-
posed of metazoan and algal skeletons, with benthic microbial carbonates playing a
relatively minor role in marine environments. This stands in stark contrast to the Pro-
terozoic, where deposits formed through bacteria-mediated calcification were dominant.
The diversification of metazoans near the end of the Proterozoic marked the beginning
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of a decline in microbial carbonates, a trend that has persisted throughout the Phanero-
zoic [121-123].

The primary drivers of this decline are thought to include competition with eukaryotes
and changes in substrate conditions [123—-125]. Consequently, some authors argue that
since metazoan competition was the principal factor limiting the abundance of micro-
bial carbonates, a temporary reduction in metazoan activity could lead to a resurgence
of microbial carbonate deposition [123].

Historically, during periods following mass extinction events of metazoans, microbial
carbonates partially regained the abundance they had prior to the emergence of these
organisms [126]. This is evidenced by the record of stromatolites in the Late Devonian
and Early Triassic, where they acted as opportunistic generalists that proliferated in the
aftermath of these extinction events [123, 127, 128]. However, there is no direct evidence
to confirm that competitive exclusion due to the rise of metazoans was the primary
cause of the decline in microbial carbonates. Furthermore, there remains disagreement
within the scientific community regarding the precise timing of the origin of metazoans
[123].

In contrast, there is consensus on the diversification of algae, which is estimated to
have occurred approximately 1,500 million years ago, after which they likely became
integrated into microbialite communities [123]. This is of great significance, as it has
been proposed that two key components of the tissue-like structure of thrombolites in
tropical regions are calcified filaments of the green algae genus Ostreobium spp. and
structures formed from spores of Acetabularia spp [129]. In shallow reefs of regions
such as Tahiti, microbialites experienced widespread development during the last degla-
ciation, a period marked by rising sea levels and environmental degradation [130]. These
microbialites formed during a late stage of encrustation on dead coral colonies or related
encrusting organisms, such as red algae. This succession reflects an increase in nutri-
ent availability in the environment, as one of the essential prerequisites for microbialite
development is the presence of nutrients supplied by surface runoff from adjacent rivers
[130-132]. The massive input and subsequent concentration of nutrients in the environ-
ment not only hinder coral reef formation but also promote the growth of algal turf and,
in turn, the development of microbialites [130-133].

The exopolymeric matrix (EPS) secreted by bacteria around microbial cells serves as
a barrier between the cell and its metabolic substrates, playing a key role in marine bio-
geochemical processes [134—136]. This matrix is where carbonate minerals nucleate and
grow, influencing both the morphology and mineralogy of the resulting precipitates dur-
ing organomineralization [136]. The acidity and functional groups within the EPS matrix
are critical for its metal-binding potential and susceptibility to biotic and abiotic degra-
dation, both essential for CaCOj; precipitation [137]. Beyond its role in mineral forma-
tion, EPS also supports sediment stability by resisting erosion, retains critical nutrients
within the microbial community, facilitates cell-to-cell communication, and traps
viruses [138]. These processes are not only fundamental to microbialite formation but
also contribute to their broader ecological functions in coastal ecosystems. For instance,
microbialites act as buffers against nutrient pollution, as the primary producer commu-
nities associated with them absorb nitrogen and phosphorus [139, 140]. Furthermore,
through photosynthetic processes, microbialites accumulate CO,, fixing it into inorganic
layers as carbonate and sequestering carbon over the long term. This mechanism is like
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that observed in other habitats formed by calcifying organisms, such as coral reefs. The
net primary production of microbialites ranges from 2.17 to 14.49 Mg C ha™" yr’, a rate
comparable to that recorded in South African mangroves [139, 140].

5.2 Symbiotic interactions and calcification in marine organisms

Bacteria-mediated calcification is also observed in symbiotic interactions with marine
organisms, such as sponges and crustaceans [141, 142] and possible in octocorals. In
sponges, endosymbiotic bacteria produce calcitic spherulites that strengthen the host
structure, against pathogen and physical abrasion. Sponge cells, similar to archaeocytes,
engulf these bacteria, which then thrive and proliferate within internal vacuoles, con-
tributing to CaCOj; precipitation and forming an additional skeleton [143]. Similarly, in
terrestrial crustaceans such as the isopod Titanethes albus, symbiotic bacteria generate
calcium deposits within specialized organs, creating an acidic polysaccharide matrix
that facilitates carbonate mineral nucleation [144]. Many octocorals deposit CaCO; at
their holdfasts [107]. In the case of Caribbean gorgonian corals, the deposits only occur
in very large colonies regardless of the species and in the two main families, Gorgoniidae
and Plexauridae. It is possible that these deposits are related to their symbiotic bacteria.

5.3 Bacterial adaptations to extreme environments and their contribution to
biomineralization

Bacteria involved in biogenic calcification often inhabit extreme environments, where
metabolic adaptations enable them to induce carbonate precipitation under adverse
conditions. For example, Planococcus halocryophilus, found in psychrophilic environ-
ments, upregulates carbonic anhydrase expression, a key enzyme in CaCO, mineraliza-
tion, allowing carbonate deposition within cell envelopes. This adaptation is crucial for
survival in cold environments and offers insights into low-temperature biomineraliza-
tion [145]. In hypersaline lakes and anaerobic conditions, bacteria, including sulfate-
reducing bacteria, manipulate pH and alkalinity to enhance CaCOj precipitation even in
the absence of oxygen [137]. These extreme environments provide valuable insights into
how bacteria modify their surroundings to promote carbonate formation and reveal how
these processes have persisted and evolved over time [146].

The study of bacterially induced biomineralization has broad implications, for carbon
cycling, fossil preservation and adaptation to extreme conditions [119]. Calcifying bacte-
ria influence carbonate deposit formation on the seafloor and in lake sediments, impact-
ing coastal ecosystems stability geological structure durability. Furthermore, bacterial
biomineralization has potential applications in ecosystem restoration, historical monu-
ment conservation, and building material sustainability [147].

6 From corals to coralline algae: carbon capture pathways in a changing ocean
Although bacteria in reef systems could be a hidden source of calcification, coralline
algae could be the elephant in the room of future calcifiers in coral reefs. In terms of
calcification, Crustose Coralline Algae (CCA) have relevant advantages over corals. For
instance, Table 1 presents a summary of calcification rates in corals and CCA. Carbon-
ate production exhibits a distinct latitudinal gradient, with significantly higher rates
observed in tropical ecosystems, such as the Great Barrier Reef (Australia), Florida,
and the Caribbean, compared to temperate and polar environments, including Ireland,
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Norway, and Wales. This pattern reflects the influence of warmer temperatures and ele-
vated metabolic activity, which enhance calcification in tropical reef-building organisms.
However, certain cold-water calcifying algae, such as Lithothamnion glaciale in Norway,
exhibit carbonate production rates comparable to those of tropical reefs. This finding
suggests that, despite the generally lower growth rates characteristic of high-latitude
environments, their contribution to global carbonate cycles remains significant. The cor-
alligenous assemblages from the Mediterranean sea host one most diverse ecosystems
in temperate regions [148]. The presence of highly productive calcifying species in cold
waters underscores the need for further research into their ecological roles and potential
responses to climate change. Moreover, crustose coralline algae (CCA) generally exhibit
higher calcification rates than corals across multiple locations. Studies conducted in
Colombia, Tobago and Barbados indicate that CCA are the primary contributors to car-
bonate production. Additionally, massive corals such as Orbicella faveolata and Porites
astreoides display higher calcification rates compared to branching corals like Acropora
cervicornis, suggesting that differences in biomineralization may be influenced by mor-
phological traits. These variations highlight the complexity of carbonate production
across different reef structures and emphasize the importance of understanding species-
specific contributions to reef accretion in the context of environmental change (Table 1).
For most calcifying phototrophs, calcification and photosynthesis occur simultaneously
under light conditions [149, 150]. This interaction can act as an important “recycling”
pathway for carbon substrates [151]. Recent advancements have improved our under-
standing and measurement of carbon dynamics [152]. The balance between photosyn-
thesis, respiration, calcification, and CaCO; dissolution can significantly alter seawater
carbonate chemistry in reef ecosystems over daily and seasonal cycles [153]. Both pho-
tosynthesis and calcification contribute to a reduction of dissolved inorganic carbon
(DIC) in seawater, whereas respiration and CaCOj; dissolution result in an increase in
DIC. Photosynthesis raises pH by reducing the concentration of hydrogen ions, whereas
respiration lowers pH by increasing it. These [H*] shifts can alter the relative concentra-
tions of C032‘, HCO;7, and CO,, which in turn influence calcification [154]. This bal-
ance is crucial for understanding of the carbonate chemistry process [155, 156].
Photoautotrophic marine ecosystems are recognized as major reef-building facies due
to their biomass and associated sediments over geological timescales [183]. These eco-
systems, located at the boundary between land-sea and across the continental shelf, play
a crucial role in global carbon cycle [152, 184, 185]. This has become a growing conser-
vation priority due to its potential in mitigating climate change impacts [152, 183]. Due
to their current significance in carbon capture through both organic and inorganic path-
ways, coral reefs could be considered an important net carbon sink ecosystems [186].
Crustose coralline algae (CCA), together with other organisms like Halimeda spp., for-
aminifera, mollusks, contributes to the construction of reef frameworks. CCA is a signif-
icant but frequently underestimated source of framework carbonate [187—189]. Recent
studies have indicated that corals and CCA may play a significant role in carbon seques-
tration by absorbing and storing atmospheric CO, [190, 191]. CCA also contributes
to reef structure to a comparable extent [191]. Despite higher abundances of primary
producers can have negative repercussions for reefscapes, in the case of coralline algae
they also have the potential to positively influence the physicochemical environment
and help mitigate the adverse effects of problems as ocean acidification (OA) [192]. The
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remarkable productivity and substantial carbonate deposits of CCA further underscore
their role as critical contributors to the present and future of tropical reefs, highlighting
the need for further research to better understand the dynamics, stability, and long-term
carbon sequestration capacity of coralline algal beds [190, 193].

7 Rehabilitating the coral reef ecosystem

Tropical marine ecosystems are biodiversity hotspots with significant interconnection
between estuaries, mangroves, seagrasses, and coral reefs. Understanding and preserv-
ing these ecosystems requires knowledge of the energy fluxes, interconnections and
interdependencies. The global coral reef crisis, driven by climate change, overfishing,
particularly of herbivorous species, and nutrient pollution, highlight the importance of
adjacent ecosystems like seagrass beds. The excess of nutrients benefits its competing
algae, and significantly alters the water and marine sediment microbiota leading to coral
disease [194, 195]. Despite progress in coral propagation within nurseries over the last
decade [196, 197], some transplanted corals exhibit disease primarily due to environ-
mental factors, especially alterations in water microbes [194]. Effective coral reef resto-
ration needs novel ecosystem-based approaches that prioritize water quality and create
optimal conditions for coral health.

The remedies to halt the deterioration of coral reefs are evident. Yet, their execution
necessitates a fundamental shift in the prevailing paradigm of human development.
The mitigation of climate change effects is essential to prevent coral bleaching. How-
ever, even with an immediate energy transformation, measures must be implemented
to remove excess greenhouse gases currently present, and achieving pre-industrial lev-
els will require decades [198]. Local degradation factors, such as overfishing and nutri-
ent surplus, may be more manageable in the short to medium term. Nevertheless, while
coral reefs are predominantly located in the Global South nations such as Colombia, it
lacks initiatives to manage their waters and mitigate the nutrient load released by their
cities and rivers [199]. Overfishing results from societal inequality and exemplifies a
predicted tragedy of the commons [59]. Moreover, the symbiosis between corals and
Symbiodinaceae has two major weaknesses in the face of climate change: their optimal
temperature is not far from the threshold at which coral bleaching occurs, and the sym-
biont have few resources to photoacclimate due to the lack of chlorophyll b and having
type II Rubisco, a rarity among photoautotrophs with oxygenic photosynthesis, which is
less efficient compared to type I present in green algae and plants [200].

In the last decade, scientists have been divided on what the approach should be to
prevent the loss of corals and coral reefs. Many have mobilized to support the restora-
tion processes of coral populations through coral nursery techniques [201]. There exists
the adequate understanding regarding the settings that facilitate the restoration of coral
reefs amidst various environmental stressors. Most common techniques include coral
gardening based on asexual propagation [202]. For example, coral micro-fragmentation
uses small fragments of coral that are cloned and allowed to grow in a structure away
from the reef, where algae and other threats are manually removed to prevent them from
coming into contact with the coral sprouts [196, 203]. While a few projects have suc-
cessfully used coral larvae, most rely on fragments from surviving corals on the reef.
After one or two years, when the coral fragments have reached an adequate size, they
are replanted onto the reef [202]. The growth of fragments in nurseries is very successful
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compared to the often modest survival of transplanted fragments. Some research
efforts aim to develop genetically modify coral strains and Symbiodiniaceae algae better
equipped to survive in the face of climate change potentially offering a critical tool for
reef restoration in the future [204—-206].

The likelihood that coral nurseries can effectively restore the coral reefs, which have
been in steady decline over the past three decades, is low. All initiatives to mitigate coral
reef degradation are legitimate, but a community-shift perspective may yield accurate
forecasts and management strategies for this vital ecosystem. A ‘One Health' approach
to coral reef restoration recognizes the interconnectedness of human and coral health
with proximity to seagrass beds reducing disease-causing bacteria in the water that
induce both human and coral illnesses by 50% [207]. Corals adjacent to seagrass beds are
typically healthier than those located distantly from the meadow or reefs without con-
nection with this ecosystem [207]. The presence of mangroves and seagrasses reduces
pollutant influx, while simultaneously offering a nursery habitat for diverse invertebrates
and herbivorous fish that maintain low algal biomass, thereby reducing competition
with corals and promoting a healthier water microbiota with reduced coral pathogens
[208, 209]. The stoplight parrotfish, Sparisoma viride, exhibits diverse trophic prefer-
ences and facilitates live Symbiodiniaceae algae dispersal through its feces, which poten-
tially could act as inoculum for newly settled or bleached corals [210]. Crustose coralline
algae enhance coral health by contributing to reef construction, forming and cementing
rhodoliths and coral fragments, providing a substrate for coral larvae recruitment, and
exhibiting resistance to ocean acidification [20, 211].

We earnestly hope that coral restoration methods will ultimately succeed in reha-
bilitating scleractinian coral populations and halting the degradation of coral reefs.
However, this idea emphasizes the restoration of modified reef ecosystems and the
establishment of new reef patches by integrating elements that promote coral vitality,
including mangroves, seagrasses and coralline algae. Reef rehabilitation acknowledges
the difficulties in conserving and managing coastal natural resources amid a changing
environment, while emphasizing the urgent necessity to address alterations in ecosys-
tem functionality to restore resilience and enhance water conditions conducive to coral
development.

8 Conclusions: who will be responsible for depositing the limestone in the
future?

As we enter the onset of climate change, characterized by fast environmental and soci-
etal transformations, forecasting the future entails significant uncertainty. A potential
effect is a gradual transition in the distribution of coral reefs from tropical regions to
temperate zones, where scleractinian corals may encounter colder temperatures, as
observed in recent years at their extreme tolerances [27]. However, ocean acidification,
lower light regimes at higher latitudes and relatively slow growth and reproduction may
constrain their success. The fossil record indicates that limestone, the matrix of tropi-
cal reefs, can exist as either aragonite or calcite, depending on environmental condi-

tions. Aragonite (Q,,,,) formation is favored by high aragonite saturation states similar

arag
to pre-industrial conditions. On the other hand, calcite (Q_, ) becomes more likely under
conditions of ocean acidification, akin to our current scenario. In this last scenario, how-

ever challenging to envision, we cannot dismiss the possibility of a transformation in
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the reef ecosystem, characterized by an increase in octocorals, potentially huge clams
[212]—albeit absent in the Atlantic—and possibly an abundance of coralline algae and
their rhodoliths.

Regardless, certain scleractinian corals may continue to be relevant reef-builders. The
close association of corals with the potentially adversarial microbioerosion algae Ostreo-
bium instills optimism for the continued construction of coral reefs by hard corals at
least in the mesophotic zone. In regions such as the Caribbean, these reefs may not be
like the Acropora-dominated reefs of their preindustrial peak, but rather reefs resem-
bling mesophotic coral ecosystems, with abundant coralline algae in shallow reefs like
those subjected to sedimentation in the southern Caribbean around Cartagena. Even
in an altered state, these reefs may continue to provide essential ecosystem services,
including habitat provision for various species, including those for human use, recre-
ational spaces, and, crucially, a large contribution to global carbonate cycles. It is essen-
tial to emphasize that any human attempt to prevent a species from extinction is both
commendable and just, as the loss of biodiversity resulting from climate change is a
shared responsibility of humanity. Coral nurseries have galvanized society in the fight
against coral extinction more effectively than any previous initiative. They only have our
admiration for their commitment and integrity. Coral reef rehabilitation procedures may
be enhanced by identifying alternative calcifying species and creatures, developing new
technologies, while mitigating external stressors that undermine coral resilience, includ-
ing overfishing and nutrient influx.
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