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Ocean warming is expected to impinge detrimentally on marine ecosystems worldwide
up to impose extreme environmental conditions capable to potentially jeopardize the
good ecological status of scleractinian coral reefs at shallow and bathyal depths.
The integration of literature records with newly acquired remotely operated vehicle
(ROV) data provides an overview of the geographic distribution of the temperate
coral Dendrophyllia cornigera spanning the eastern Atlantic Ocean to the whole
Mediterranean Sea. In addition, we extracted temperature values at each occurrence
site to define the natural range of this coral, known to maintain its physiological
processes at 16°C. Our results document a living temperature range between ~7°C
and 17°C, suggesting that the natural thermal tolerance of this eurybathic coral may
represent an advantage for its survival in a progressively warming ocean.

Keywords: coral ecosystems, Dendrophyllia cornigera, mesophotic zone, global change, coral survival, future
ocean

INTRODUCTION

More efficient remote-sensing technologies, advanced SCUBA diving techniques, increasing quality
of ROV (Remotely Operated Vehicles) images, and maneuverability have sensibly bettered our
in-depth understanding of shallow-to-deep marine habitats. In the Mediterranean Sea, scleractinian
corals populate all depths: (i) zooxantellate corals in shallow waters (with Cladocora caespitosa as
the major bioconstructor); (ii) zooxanthellate and azooxanthellate corals at intermediate depths,
approximately between 30 and 200 m (e.g., Dendrophyllia cornigera and D. ramea); and (iii)
azooxanthellate cold-water corals (CWCs) below 200 m depth, mostly dominated by Madrepora
oculata and Desmophyllum pertusum (=Lophelia pertusa: Addamo et al., 2016).

However, to date, relatively little information is available on mesophotic-to-twilight coral
habitats, though these are known to be defined by specific environmental factors and characterized
by high level of biodiversity (Loya et al., 2018; Corriero et al., 2019).

Although our perception of how global climate changes are affecting marine environments
is still limited, there is a growing awareness that these may negatively influence marine
ecosystems (Poloczanska et al., 2013; Gattuso et al., 2015). This holds true, in particular, for
coral biocostructions, known for supporting and enhancing biodiversity, and providing unique
ecosystems services (Hoegh-Guldberg et al., 2017). According to the Fifth Assessment Report (AR5)
of the Intergovernmental Panel on Climate Change (IPCC) the current global climate change
is proceeding at an unprecedented pace compared to those occurred in the geological history

Frontiers in Marine Science | www.frontiersin.org 1

November 2019 | Volume 6 | Article 692


https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/journals/marine-science#editorial-board
https://www.frontiersin.org/journals/marine-science#editorial-board
https://doi.org/10.3389/fmars.2019.00692
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmars.2019.00692
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2019.00692&domain=pdf&date_stamp=2019-11-08
https://www.frontiersin.org/articles/10.3389/fmars.2019.00692/full
http://loop.frontiersin.org/people/799454/overview
http://loop.frontiersin.org/people/422128/overview
http://loop.frontiersin.org/people/43245/overview
http://loop.frontiersin.org/people/656020/overview
https://www.frontiersin.org/journals/marine-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Castellan et al.

The Yellow Coral Dendrophyllia cornigera in a Warming Ocean

(Pachauri et al., 2014). The surface ocean temperatures have
increased of about 1°C since the beginning of the 20th century
(0.89°C over the period 1901-2012, Pachauri et al, 2014).
Available forecasts provide quantitative scenarios of the possible
future state of the ocean, prospecting that oceans will be warmer,
more acidic and stratified, less productive, and oxygenated than
at present by the end of the 21st century (Pachauri et al., 2014).
If these predictions come true, stenoecius marine organisms
will be facing extreme conditions in the near future, calling
for adaptation or failure. Warming ocean temperatures may
influence corals fitness and physiological processes, leading to
variations in their abundance and distribution (Hughes et al.,
2018). Decreasing ocean pH may alter coral calcification capacity
and metabolism, though with responses that appear to be species-
specific (McCulloch et al., 2012; Rodolfo-Metalpa et al., 2015;
Movilla, 2019).

The consequences of global changes have already been
observed at tropical latitudes, where coral reefs have experienced
several mass bleaching events (e.g., in 1998, 2002, and 2006),
with the largest event recorded in 2016 (Lough et al, 2018).
Globally, 90% of all reefs is expected to experience severe
bleaching with annual incidence by 2055 (Hooidonk et al., 2014).
The Mediterranean Sea is also strongly influenced by climate
change, with future warming expected to exceed global rates by
25% (Lionello and Scarascia, 2018). Here, global changes are
threatening coral ecosystems by exacerbating bleaching events in
temperate zooxanthellate species (Kersting et al., 2013), inducing
mass mortality of circalittoral coral communities due to heat
waves (Coma et al.,, 2009), and emphasizing the reduction of
food supply and oxygen availability for deep-sea corals related
to ocean stratification and the restriction of water recycle
(Levin and Bris, 2015).

Dendrophyllia cornigera, the yellow coral, is a considerable
component of both mesophotic and deep coral ecosystems in
the Mediterranean Sea, extending its bathymetric range up to
participate to deep-sea ecosystems dominated by white cold-
water corals (Roberts et al., 2009; Angeletti et al., 2014; Taviani
et al, 2017; Altuna and Poliseno, 2019; Ayma et al, 2019;
Chimienti et al., 2019; Puig and Gili, 2019; Rueda et al,
2019). This coral species was observed also as part of the
mesophotic-to-deep coral communities in the Atlantic, from
the Azores to the Bay of Biscay (Rodolfo-Metalpa et al,
2015). The spatial distribution of D. cornigera (Figure 1), and
the wide range of environments that this species populates,
suggest that it may have less restrictive environmental needs
to settle and grow compared to those of other CWCs, mainly
restricted to temperature between 4°C and 13°C (Roberts et al.,
2006). In several studies investigating the biological response
of different deep-sea corals (mainly M. oculata, D. pertusum,
and D. cornigera) to the increasing sea water temperature,
D. pertusum showed decreased fitness performances at 15°C
(Brooke et al., 2013) while M. oculata appeared more tolerant
(Orejas et al., 2011). The same thermal treatments applied
on specimens of D. cornigera revealed an higher ability to
capture preys (zooplankton) and an increase in the growth
and respiration rates at temperature regimes up to over 16°C
(Gori et al., 2014; Reynaud and Ferrier-Pages, 2019). However,

information about the spatial distribution of D. cornigera and its
temperature preferences from in situ observations are still poor
and fragmented, lessening our capability to make predictions
regarding the fate of this species in relation with global changes.
In this study, we quantify D. cornigera occurrences based on
16 ROV video transects performed in 8 sites spanning different
areas of the Mediterranean Sea. These data have been integrated
with published D. cornigera records to get a comprehensive
picture of the distribution of D. cornigera and of how its
abundance varies in relation with depth. Finally, we determine
the temperature range of its occurrence. Our contribution aims
at providing the first comprehensive overview on the geographic
and bathymetric distribution of D. cornigera, strongly focusing
to the definition of its thermal tolerance range with in situ
observation, and speculating about possible response in face of
global ocean warming.

MATERIALS AND METHODS

Benthic Community Data

Data come from the analysis of 16 ROV videos collected during
8 oceanographic cruises carried out from 2010 to 2017 in 6
different areas (Supplementary Table S1): 9 from the Adriatic
Sea (Bari Canyon, off Monopoli and off Montenegro); 6 in the
Ionian Sea (Amendolara Seamount and Santa Maria di Leuca);
and 1 in the Tyrrhenian Sea (Nora Canyon) (Figure 1A). We
analyzed the videos using ArcGIS and Adelie software. The
navigation data were simplified using Gaussian smoothing and
synchronized with the high-definition ROV videos. The benthic
communities were mapped by randomly extracting a frame every
10 s, obtaining over 9700 seafloor images. After removing poor-
quality frames, the remaining images were analyzed for the
taxonomic identification of sessile megabenthic fauna and to
determine D. cornigera sites.

Literature Records

The ROV data were integrated with previous information on
the distribution of D. cornigera from available peer-reviewed
publications, national and international reports obtained from
principal scientific databases (such as ISI Web of Knowledge,
Scopus, Google Scholar). We selected only works reporting the
geographic position and the depth of the coral occurrences. In
older publications, benthic samples were collected using dredges,
hauls or other devices, making it impossible to identify the precise
coordinates and depths of the samples. We therefore decided to
exclude sites without a precise location and with an uncertainty
in the sampling depth greater than 100 m, which could generate
a bias in the temperature analysis.

Temperature Ranges

Seawater temperature values at water depths close to the
D. cornigera sites were sourced from the World Ocean Atlas 2013
version 2 (WOA13v2) dataset at 0.25° (Locarnini et al., 2013).
For each site, we extracted seasonal temperature values (winter:
January-March; spring: April-June; summer: July-September;
autumn: October-December) at the closest available depth to
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obtained from ROV video transects (red dots).

FIGURE 1 | Dendrophyllia cornigera distribution. (A) Detailed view of the sites explored by the ROV dives. BC, Bari Canyon (272-510 m depth); SML, off Santa
Maria di Leuca (119-498 m depth); AS, Amendolara Seamount (133-205 m depth); NC, Nora Canyon (441-463 m depth); Mt, off Montenegro (433-504 m depth);
Mp, off Monopoli (463-494 m depth). (B) Locations of D. cornigera published records (yellow dots, for reference see Supplementary Table S1), and occurrences

that of D. cornigera records. Temperatures were extracted at
the minimum and maximum depth values for those literature
records missing a unique depth value but characterized by a
range. The annual minimum and maximum temperature of
each D. cornigera records were calculated, providing the overall
temperature range.

RESULTS

Geographic and Bathymetric Distribution

of Dendrophyllia cornigera

The 16 ROV dives explored 90,054 m? of seabed in the depth
range comprised between 119 and 510 m. Overall, the analysis
of the benthic communities revealed a notable presence of
D. cornigera within the 6 investigated areas, with 61 sites having
at least one colony of the yellow coral, for a total of 116 colonies
(Supplementary Table S2). The Ionian dives revealed the highest
number of D. cornigera specimens (83 colonies in 42 sites).
In particular, the Amendolara Seamount area hosts the highest
value documented, 67 colonies distributed in 35 sites, while dives
performed off Santa Maria di Leuca show the lowest abundance
in the Tonian Sea (16 colonies in 7 sites). The occurrences are
significantly lower in the Adriatic Sea, where a total of 14 sites
host 22 colonies. Here, 5 coral sites were identified in the Bari
Canyon area and off Monopoli, which present 6 and 12 colonies,
respectively, while dives performed off Montenegro show only

one colony for each of the 4 sites. In the Nora Canyon (South
Sardinia), 11 colonies were observed in 5 sites along the transect.
Most of the coral occurrences fall within the 100-200 m depth
range, where 32 sites and 61 specimens were counted (Figure 2).
At this depth, transects performed along the Amendolara
Seamount largely contribute to the abundance observed (29 sites
and 58 colonies), while Santa Maria di Leuca dives display much
lower values (3 sites and 3 colonies). A second peak of abundance
is present between 400 and 500 m depth, with a total of 20 sites
hosting 42 colonies. Within this bathymetric range, we identified
sites with D. cornigera specimens in all the explored areas,
with the exception of Amendolara Seamount area. The highest
number of sites were detected in Nora Canyon and off Monopoli
areas (5 coral sites each), while a greater number of specimens (13
colonies) was reported in the Santa Maria di Leuca area.

Literature Records

The selection of published documents reporting geographic
and bathymetric locations of D. cornigera resulted in 36
publications, from 1948 to 2018, and a total of 120 coral records
(Figure 1B). With the exception of two documents targeting
both Mediterranean and Atlantic regions, the majority of the
selected publications refer to the Mediterranean Sea (27 out of 36;
Figure 1B and Supplementary Table $3). Overall, 81 D. cornigera
occurrences are reported in the Mediterranean region, with
a decreasing trend toward the eastern basin: 18 publications
(57 records) for the western Mediterranean, 5 publications
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FIGURE 2 | Bathymetric distribution of D. cornigera records. 3D schematic representation showing the bathymetric distribution, and the number of D. comigera
records from literature review and ROV analysis performed in this study, by depth range.

(16 records) for the central Mediterranean, and 6 publications
(8 records) for the eastern Mediterranean, mainly in the Aegean
Sea (Figure 1B).

The Mediterranean D. cornigera records encompass a
bathymetric range between 70-100 m and 733 m (Figure 2 and
Supplementary Table S2). The majority falls within 200-300 m
depth (29 records), with fewer occurrences in the range
100-200 m (15 records), and 300-400 m (13 records).

A much lower number of records concerns the Atlantic Ocean,
with 39 sites reported in 9 publications and a bathymetric range
spanning from 30 to 1200 m (Figure 2). As for the Mediterranean
Sea, a great part of the records (26 of 39) are located between 100
and 400 m depth, but with the highest value between 300 and
400 m depth (10 records).

Finally, we integrated the literature records with the new ROV
occurrences from the present study, obtaining a total number of
181 D. cornigera records for the Atlantic-Mediterranean region.

Temperature Range
The seawater temperatures close to the coral sites show a wide
variability ranging from ~7°C to ~17°C (Figure 3). More than
80% of the coral records occur between ~13°C and ~15°C and a
second peak of abundance (ca. 15%) was detected between ~10°C
and ~13°C (Figure 3A).

Temperature values show a clear separation between the
Atlantic and Mediterranean sites, with the exception of few
sites located along the Moroccan coast and off the Azores

(Figure 3B). The Mediterranean sites are characterized by well-
defined temperature ranges, varying from 12.89°C to 15.55°C.
Temperature variations at any individual site are wider at
shallower depths and gradually decrease going deeper. The
overall range of temperature is wider for the Atlantic sites (from
6.93°C in the Bay of Biscay at 1200 m to 16.59°C off the
Azores at 91 m), and the temperature variation does not seem
directly related to depth, with few deep sites showing up to 1°C
seasonal amplitude.

DISCUSSION

Despite D. cornigera being commonly recognized as an
occasional species in CWCs ecosystems dominated by M. oculata
and D. pertusum (Chimienti et al., 2019; Rueda et al,, 2019,
with references therein), corals of the genus Dendrophyllia are
a consistent component of temperate coral ecosystems since
at least the Miocene. Dendrophyllia corals from this geological
period have been observed with high abundances in on-land
Mediterranean CWCs fossil occurrences, being also present in
the Pliocene and the Early-Middle Pleistocene records (Vertino
et al,, 2019). At the Pliocene-Pleistocene boundary, the diversity
of dendrophylliids remarkably decreased, starting the “golden
age” of Lophelia-dominated bioconstructions. To date, most of
the D. cornigera rubble facies in the Mediterranean Sea date back
to the Late Pleistocene, implying a greater development of this
species in the recent geological time (Vertino et al., 2014).
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FIGURE 3 | Frequency histogram and temperature annual variability of D. cornigera sites by water depth. (A) Number of D. cornigera records by temperature.
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Through the combined analysis of the new ROV videos and
the available literature records, we obtained a comprehensive
view of the modern geographic distribution of D. cornigera,
which extends from the Azores and the eastern Atlantic coast
to the whole Mediterranean Sea (Figure 1), in agreement with
previously published information (Gori et al., 2014). The lower
number of D. cornigera records in the southern Ionian Sea and
the Levantine Basin could be an artifact reflecting the paucity of
scientific publications on these areas compared to the available
literature for the western Mediterranean Sea and the eastern
Atlantic Ocean. In principle, this lack of information could bias
the present-day D. cornigera distribution, with existing gaps not
necessarily associated to unsuitable conditions.

The geographic and bathymetric distribution of temperate
scleractinian corals reflects different environmental factors.
Radiation levels (for zooxanthellate corals only), geomorphologic
and hydrological conditions, seawater temperature and dissolved
nutrient, and oxygen concentration are among the major drivers
controlling the temperate coral growth (Roberts et al., 2009). In
particular, seawater temperature seems to play a major role in
determining and limiting the distribution of zooxanthellate and
azooxanthellate scleractinian corals (Coma et al., 2009; Roberts
et al,, 2009; Kersting et al., 2013). C. caespitosa, a significant
zooxanthellate scleractinian reef-builder in the Mediterranean
Sea, populates shallow waters down to 40 m depth in a
temperature range of ~14-25°C (Montagna et al., 2007; Rodolfo-
Metalpa et al., 2008). Several studies have investigated the
environmental factors controlling C. caespitosa distribution.
Under suboptimal conditions, such as high light intensity
and irregular food source, C. caespitosa shows the ability
to upregulate its heterotrophy and maintain the symbiosis,
presenting light-adapted symbiotic zooxanthellae (Symbiodinium
Clade A) (Rodolfo-Metalpa et al., 2008; Hoogenboom et al.,
2010). Seawater temperature, on the contrary, clearly influences
the distribution of C. caespitosa and causes bleaching events
(Kersting et al., 2013).

Temperature also affects the distribution of azooxanthellate
CWC, with most of the species living within ~4-14°C
temperature range (Roberts et al., 2006; Taviani et al., 2017).
In the Mediterranean Sea, CWCs find suitable conditions to
settle below ~200 m depth, where the temperature is typically
lower than 14°C. The near-homeothermic conditions of the deep
Mediterranean Sea, that does not get colder than 12°C (Lejeusne
et al., 2010), allow CWCs to populate the seabed over 1000 m
depth (Mastrototaro et al., 2010).

Field observations and results from culturing experiments
in aquaria reveal a higher thermal tolerance of D. cornigera
compared to CWCs species. Studies testing the physiological
responses of several CWCs to different temperatures show the
absence of significant physiological changes in D. cornigera at
temperatures up to 16°C (Gori et al., 2014). In situ annual
temperature ranges are in line with these experimental results
and confirm that this coral is well adapted to relatively warm
temperature conditions (Figure 3). A further line of evidence
comes from the bathymetric distribution of D. cornigera, which
extends from 30 to 1200 m depth. The highest number of
occurrences are observed between 100 and 200 m depth

(53 coral sites) (Figure 2). These depths probably present
the most suitable temperature conditions for the coral (from
13.80 = 0.05°C to 14.35 £ 0.08°C in the Mediterranean Sea and
from 12.89 + 0.64°C to 13.47 £ 0.71°C in the Atlantic Ocean)
(Figure 3A). Therefore, the tolerance to high temperature allows
D. cornigera to settle at shallower depths, where temperatures are
too warm for more sensitive temperate coral species.

A natural tolerance to warm conditions seems to be shared
by corals in family Dendrophylliidae, genus Dendrophyllia. For
instance, Dendrophyllia ramea, presents a patchy distribution in
the Mediterranean Sea, having been observed in the Adriatic Sea
(Kruzi¢ et al,, 2002), and the Levantine Basin (Salomidi et al,,
20105 Orejas et al., 2017). The environmental and ecological
factors regulating the distribution of D. ramea are still poorly
known, but available information suggest that this species
preferentially thrives in the shallower layers of the water column
(approximately from 20 to 150 m), thus requiring warmer
conditions (Orejas et al., 2019). In addition, Eguchipsammia
fistula (family Dendrophylliidae) has been reported in the
Red Sea at intermediate depths (230-270 m) at 21.6°C and
Dendrophyllia sp. even deeper (570-640 m) in the same basin at
21.5°C (Roder et al., 2013).

The bathymetric distribution of D. cornigera shows a notable
peak of abundance between 300 and 400 m, with temperature
ranging from 13.24 £ 0.05°C to 13.39 £ 0.05°C in the
Mediterranean Sea and 11.73 £ 0.34°C to 12.14 £ 0.41°C in the
Atlantic Ocean, indicating the capability of this coral to colonize
also deeper and colder layers.

The Mediterranean Sea is experiencing a gradual warming,
from the surface down to the deepest layers, as a result of
global climate changes (Vargas-Yanez et al., 2008). The IPCC
documented an increasing trend in Mediterranean Sea surface
temperature of 0.66°C from 1950 to 2009 (Pachauri et al.,
2014). Current predictions, based on different Representative
Concentration Pathways (RCPs), indicate a temperature increase
from 0.5°C to 2.6°C for the end of the 21st century (Shaltout
and Omstedt, 2014). The raise of seawater temperature over its
actual range of variability will probably push temperate coral
ecosystems beyond the range of natural temperature, potentially
influencing their fitness and survival. In-tank experiments
testing the response of C. caespitosa to warm conditions
reported coral tissue necrosis or mortality appearing at 26-
28°C (Kersting et al, 2013). The warming of the seawater
temperature over the thermal tolerance of C. caespitosa at
its distribution depth (from 0 to ~40 m) may lead to an
increase in the intensity and frequency of bleaching events
(Rodolfo-Metalpa et al., 2006). Cladocora caespitosa cannot
escape these warmer conditions moving deeper along the water
column because of its specific trophic needs (i.e., radiation
levels for photosynthesis). As a consequence, this warming
might in principle reduce the extent of C. caespitosa reefs,
enhancing the importance of coral ecosystems composed by
species with higher thermal tolerance and playing a similar
ecological role.

The increase in temperature is taking place also in the deep
Mediterranean Sea. The most conservative predictions for the
2016-2035 period forecast a temperature increase of about
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0.035°C per year for the 150-350 m depth layer (Ozer et al.,
2017). Applying this rate of increase to the current thermal
conditions of the D. cornigera sites between 150 and 350 m
depth, the seawater temperature value will be ~0.7°C warmer in
2035 (from 14.23 +£ 0.04°C to 14.61 £ 0.07°C) than present-day
(from 13.57 4= 0.04°C to 13.94 = 0.07°C). Deep-sea warming will
probably lead to the exceeding of CWCs thermal limits in the
shallower part of their bathymetric range, strongly threatening
their survival and influencing their distribution (Gori et al., 2014;
Maier et al., 2019).

Global change influences several environmental drivers of
paramount importance for temperate corals. Ocean acidification
is thought to be a major threat to coral ecosystems, reducing
the amount of carbonate ions [CO32~] available in seawater.
Predictions anticipate that ca. 70% of known CWCs reefs will
be exposed to waters corrosive to aragonite before the end of
21st century (Tittensor et al, 2010) up to evoking negative
to counteractive scenarios for their eventual survival (Maier
et al., 2011; McCulloch et al., 2012; Gammon et al., 2018).
However, some studies reveal that net calcification rates, as well
as dissolution rates of exposed skeleton and respiration rates of
different deep-sea coral species, do not significantly change when
exposed to high seawater pCO;, with D. cornigera showing no
physiological alterations (Movilla et al., 2014; Rodolfo-Metalpa
et al,, 2015; Reynaud and Ferrier-Pages, 2019).

Climate change may also affect nutrient concentrations and
food sources, which are of primarily importance for CWCs
distribution and survival (Lionello and Scarascia, 2018). The
Mediterranean Sea is markedly oligotrophic and characterized
by a strong stratification of the water column during summer,
resulting in high temperatures, and low food availability (e.g.,
Zabala and Ballesteros, 1989). In deep-sea habitats, where
food availability may be extremely heterogeneous in time and
space (Mienis et al, 2009), benthic ecosystems are under
strong nutritional forcing, leading to a “summer dormancy”
in many benthic suspension feeders (Lejeusne et al., 2010).
Global warming is intensifying water column stratification,
producing a 40% lengthening of summer conditions (Coma
etal., 2009) and influencing the fundamental biological processes
that require high-energy investments, such as coral growth
and reproduction. Opportunistic trophic behavior has been
observed in D. pertusum (Mueller et al., 2014) and recent studies
demonstrated a high trophic plasticity of D. cornigera, which
favors the wide distribution of this coral in areas with variable
food availability (Gori et al., 2018).

However, the big question remains: will the yellow coral
D. cornigera have an edge in the race against global ocean
warming? Our results suggest that the natural thermal tolerance
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