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Abstract The present study aims at assessing the thermal 
tolerance of the black coral Antipathella wollastoni (Gray, 
1857), which forms extensive forests in multiple Macaron-
esian islands. Fragments of A. wollastoni were exposed for 
15 d to temperature conditions ranging from 19 to 26.5 °C, 
and multiple endpoints were investigated. No mortality was 
observed, and total antioxidant capacity remained unaf-
fected by temperature increase. Respiration rates described 
a Gaussian relationship and tissue necrosis a linear increase 
with temperature. Increased temperature triggered the for-
mation of bailout propagules, a process that may be used 
by the species as an escape strategy under unfavourable 
environmental conditions. Propagules of A. wollastoni 
were described for the first time. Altogether, A. wollastoni 
was suggested to have low vulnerability to increased tem-
peratures, owing to its wide thermal window of performance 
(9.7 °C) and thermal safety margin (1.2 °C), similar to its 
congeneric Mediterranean Antipathella subpinnata.

Keywords Marine animal forests · Thermotolerance · 
Ocean warming · Black corals · Bailout · Propagules · 
Thermal performance curves

Introduction

Antipatharians, also known as black corals, are sessile 
colonial hexacorals. They produce a black spiny skeleton 
made of chitin and scleroproteins and are commonly con-
sidered as azooxanthellate (Wagner et al. 2012). They can 
form dense aggregations of one or more species, sometimes 
called “marine animal forests” (MAFs; sensu Rossi et al. 
2017). These can modify environmental conditions locally 
and act as biodiversity hotspot in all oceans (Bo et al. 2012, 
2014a, b, 2015; Oakley 1988; Tazioli et al. 2007; Warner 
2005), generally from shallow depths to the deep sea (Bo 
et al. 2018; Cairns 2007; Tazioli et al. 2007; Wagner et al. 
2012). From a conservation perspective, antipatharians are 
included in the CITES convention, due to their exploitation 
(Wagner et al. 2012). At the same time, their slow growth 
and long life led to their inclusion as vulnerable marine eco-
systems (VMEs) by FAO and OSPAR.

Due to their erect position and branching morphology, 
these underwater forests are particularly vulnerable to fish-
ing activities such as bottom trawling and trammel nets 
(Bo, et al. 2014a, b; Gori et al. 2019; Moccia et al. 2022). 
In addition, antipatharians possess a range of characteris-
tics that make them extremely sensitive to changes: slow 
growth, delayed first reproduction, low survivorship and 
recruitment of larvae and extreme longevity (Parker 1997; 
Wagner et al. 2012). For these reasons, antipatharians are 
listed in multiple international agreements for marine eco-
system conservation (e.g. CITES Appendix II; Rossi et al. 
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2017), but this does not protect them from ongoing global 
changes, such as ocean warming (OW).

The few studies on the impacts of increased tempera-
tures on antipatharians are recent and have revealed mixed 
effects (Godefroid et al. 2023). Among studying other var-
iables, these studies have also produced thermal perfor-
mance curves (TPCs) that allow describing the metabolic 
performance of an organism across temperatures. TPCs 
are characterized by a thermal optimum (Topt) that repre-
sents the temperature at which performance is maximum 
and by a thermal breadth (Tbr) that describes the width 
of the thermal window of performance. In a first study, a 
mesophotic (80 m) species of the genus Stichopathes in 
the tropics (Mo’orea, French Polynesia, Pacific Ocean) was 
exposed to a range of temperature conditions for 16 days 
(Godefroid et al. 2022a). Results showed that this spe-
cies lived close to its Topt (28.8 °C), with many effects 
observed beyond this limit, including reduced metabo-
lism, impaired healing capacity, increased tissue necrosis, 
mucus and antioxidant production. In addition, the Tbr of 
this tropical species was narrow (4.4 °C), which in general 
characterises species that are well adapted to their local 
thermal conditions. A similar experiment (15 days heat 
stress) was performed on the mesophotic (70 m) branched 
Antipathella subpinnata (Ellis and Solander, 1786) from 
the Western Mediterranean (Bordighera, Italy), reaching 
different conclusions. A. subpinnata showed a wide Tbr 
(6.1 °C) with no observed effects, nor signs of stress, at the 
experimental temperatures, even at 3 °C above the annual 
maximum temperature (Godefroid et al. 2022b). A wide 
Tbr is likely more favourable under OW as it implies that 
the species is able to tolerate a wider range of temperatures 
and that temperature increase will have little impact on 
its performance, compared to a species with a narrow Tbr.

Antipatharia have a very wide bathymetric and geo-
graphic distribution, and thus such differences in physi-
ological tolerance are expected among species. However, 
due to the paucity of studies available, it is difficult to 
infer if these different responses are due to phylogenetic or 
environmental factors. Therefore, the present study aims 
at assessing the thermal tolerance of the congeneric Anti-
pathella wollastoni (Gray, 1857), which forms extensive 
forests in subtropical waters of the Canarian Archipelago 
(Bianchi et al. 2000; Czechowska et al. 2020), as well as in 
other islands of the Macaronesian region (e.g. Azores; de 
Matos et al. 2014). This is also particularly timely as the 
warming rate in the Canary Islands upwelling system is the 
highest of all four Eastern Boundary Upwelling systems 
(Arístegui et al. 2009). More specifically, the present study 
aims to reproduce an experimental design similar to that 
used in previous studies (15 days exposure to a range of 
temperature conditions), to ensure comparability across 
experiments.

Material and methods

Sampling site and antipatharian collection

Fragments of Antipathella wollastoni were collected at 25 m 
depth on 23rd January 2022, in Baja de Gando (27°55’ 
56.1" N, 15°21’ 11.0" W), located on the East coast of Gran 
Canaria Island (Canary Islands, Spain). The annual range of 
temperature in the study site is 18.4–24.7°C (see Fig. S1), 
and at the time of collection, the seawater temperature was 
19 °C. In total, seven fragments (ca. 100 mm height) were 
collected from eight different colonies (n = 56). Fragments 
were collected in plastic bags filled with seawater from the 
site of collection and then transported in a refrigerated box 
to the experimental facility of the University Institute of Sus-
tainable Aquaculture and Marine Ecosystems (IU-ECOA-
QUA), within 1 h. Fragments were individually tagged, 
attached to a support using holdfast EPOXY resin (Holdfast, 
Aquarium Systems, France), and placed in an open-circuit 
system composed of seven fibreglass aquaria (35L, salinity 
36.8), under identical temperature relative to the site of col-
lection (19 °C). One fragment of each colony was placed 
per aquarium, so each aquarium contained eight fragments 
from different colonies. Seawater in the system was filtered 
using a biological filter (Biological Filter, Aqua Medic, Bis-
sendorf, Germany) and a skimmer (AQUA OCEAN PRO-
SKP900, Spain). Seawater temperature was controlled using 
a chiller (Johnson Controls A350, ± 0.5 °C, America), and 
aeration was provided in each aquarium. All aquariums 
were illuminated for 10 h each day by blue-light fluores-
cent tubes (T8 10.000 K, Power Luw Pro, Spain), based on 
the local photoperiod. Fragments were fed two times a day 
(in the morning and at dawn) with a mix composed of live 
rotifers, freshly hatched Artemia, copepods (Ocean Prime, 
Copepods 500–700 μm, Groningen, The Netherlands) and 
phytoplankton (Tropic Marin, Phyton 60 G, Germany). Sea-
water parameters were checked daily using a handheld meter 
(WTW Multi 350i for temperature, pH and conductivity) 
and colorimetric tests (for nitrates and nitrites), to ensure 
good seawater quality.

Experimental design

Fragments were maintained for one month at collection 
site temperature (19 °C). Then, temperature was gradually 
increased in the aquariums by 0.5 °C per day, until reach-
ing their respective target temperature, at which they were 
maintained for 15 days. Six temperature treatments were 
established: two aquariums were maintained at control tem-
perature (19 °C) and five aquariums with increased tempera-
tures (20.5, 22, 23.5, 25 and 26.5 °C). The maximum tem-
perature used during the experiments did not exceed 26.5° 
because for other congeneric species, higher temperatures 
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lead to the death of the colonies (Godefroid et al. 2022b). 
Each aquarium contained seven fragments from different 
colonies. Temperature treatments were selected based on the 
maximum seasonal temperature experienced by the coral in 
the environment, + 3 °C. Seawater delivered to all aquariums 
was cooled at 19 °C using a chiller (Johnson control A350; 
± 0.5°C) and was heated in individual aquariums using one 
or two 100 W heating resistances connected to a temperature 
controller (Inkbird ITC-308; ± 0.3 °C).

Response variables

Standard metabolic rate (SMR) was estimated from rates 
of oxygen uptake using closed respirometry, at day 15. An 
80-L tank equipped with a circulation pump and a bubbling 
system to ensure complete temperature homogenisation was 
used as a temperature-controlled water bath. Seawater tem-
perature in the tank was controlled using two 100 W heating 
resistances connected to a temperature controller (Inkbird 
ITC-308; ± 0.3°C). The respirometry trials generally started 
around 8 AM, allowing a minimum of 12 h of digestion after 
the last feeding. In total, nine cylindrical respirometry cham-
bers (400 mL) were used during each trial and positioned 
inside the tank. Seven were used to measure the respiration 
rate of the fragments (one per chamber), and two were filled 
with seawater only (controls). Each respirometry chamber 
contained a magnetic stir bar which maintained constant 
homogenization of the dissolved gas, a magnetic stir plate 
placed below the tank, and an oxygen sensor spot (PreSens, 
SP-PSt3-NAU-D5-YOP-SA, Germany) that allowed the con-
nection with a mono-canal oxygen meter (Stand-alone Fibre 
Optic Oxygen Meter, Fibox 4, PreSens Precision Sensing 
GmbH, Regensburg, Germany), via an optic fibre. Oxygen 
saturation was measured every 10 minutes in each cham-
ber, for a total duration of 2 h. At the end of measurements, 
the total chambers (fragment + chamber + seawater) and the 
fragments were weighed (wet weight). A photograph of all 
cut branches laid in two dimensions (with a scale; resolu-
tion 1 mm) was taken and then analysed to measure the total 
length of all ramifications, using the software ImageJ (Sch-
neider et al., 2012). A difference was made between live and 
dead (only skeleton) portions of the ramifications, and only 
the total length of live ramifications (the portion of breath-
ing tissue) was used for normalizing respiration rates. These 
normalization methods allowed comparison with previous 
results (Godefroid et al. 2022a, b).

Oxygen saturation measurements were converted to 
oxygen concentration (in µmol  L-1) based on the volume 
of seawater in the experimental chambers, calculated from 
the density of seawater and the weight of seawater (Millero 
and Huang 2009; Millero and Poisson 1981). The rate of 
oxygen consumption was calculated from the slope of the 
linear regression of oxygen concentration with time. Oxygen 

consumption rate of the fragments was corrected using the 
average consumption rate of the two seawater-only chambers 
and normalized by the wet weight and total length of the live 
ramifications of the fragment. Oxygen consumption rates 
were expressed in µmol  O2  hr-1  g-1 and in µmol  O2  h-1  cm-1.

At the end of the respirometry assay, a 2–3-cm piece 
was cut from each coral fragment and placed in a tube with 
phosphate buffer (50 mM), for biomarker analysis. Tissues 
were separated from the skeleton and homogenized using 
a micro pestle. Homogenates were centrifuged for 10 min 
at 4 °C (10000 g, Eppendorf Centrifuge 5430R), and the 
supernatant was transferred into a new tube and stored at 
− 80 c°C until analysis. Total protein content and antioxi-
dant capacity in the supernatant were measured as reported 
in Godefroid et al. (2022a, b). Briefly, total protein content 
was determined using a commercial reagent kit based on 
the Bradford assay (Pierce BCA Protein Assay Kit, Ther-
moFisher Scientific Inc., USA) with bovine serum albumin 
(BSA) as standard (2 mg/mL). Protein contents were used 
for biomarker normalization. Measurement of total antioxi-
dant capacity (TAC) was carried out using OxiSelect Total 
Antioxidant Capacity Assay Kit (Cell Biolabs Inc., USA), 
an electron-transfer-based assay (Huang et al. 2005) that 
measures the capacity of an antioxidant solution to reduce 
an oxidant (copper (II) reduced into copper (I)). The chro-
matic change is proportional with the sample antioxidant 
concentration. Absorbance was measured at 490 nm in a 
microplate reader (Beckman Coulter paradigm), and values 
were compared to uric acid standard curves. Results were 
normalized to the protein content and expressed as “mM 
Copper Reducing Equivalents per g of protein”.

Tissue necrosis (i.e. the partial loss of live tissues around 
the skeleton) was quantified at the end of the experiment 
(day 15), by using the same photographs taken at the end of 
the respirometry test, and reported as a proportion: tissue 
necrosis (%) = (length of necrosed ramifications/total length 
of all ramifications)*100.

Mortality (i.e. 100% tissue loss) was also checked daily 
for all fragments and reported on a binary scale (dead/alive).

Fragments produced bailout propagules that either sank 
at the bottom of the aquaria or floated and were caught in a 
square-shaped trap connected to the aquarium water outflow. 
The trap was covered with a microplankton net (0.2 µm) in 
order to retain the produced propagules within the trap (Cop-
pari et al. 2020). Retrieving of the propagules at the bottom 
of the aquaria could not be done in a quantitative way, pre-
venting a quantitative analysis of the phenomenon. Prop-
agules were observed with a magnifying lens to study their 
morphology (Leica EZ4 W Stereo Microscope w/Integrated 
WiFi Camera, Microscope Central, Feasterville, Pennsylva-
nia). The shape of the propagules was categorized in four 
main classes, based on Coppari et al. (2020): circular shape 
(C), elongated shape (E), polypoid shape (P) and “other” 
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(O). Propagule size was measured from pictures using the 
Software ImageJ (Schneider et al., 2012).

Data analysis

The relationship between respiration rate and tempera-
ture was analysed using a symmetrical Gaussian function 
(Rodolfo-Metalpa et al. 2014), fitted by nonlinear regression 
with the R package nlstools (Baty et al. 2015):

where P is the temperature dependent physiological 
response, Topt is the optimal temperature at which this 
response is maximal (Pmax) and c indicates the standard 
deviation of the curve. Tbr was estimated from c, as the tem-
perature range in which the organism’ performance is ≥75% 
of Pmax. The standard errors of the parameters estimated 
were also obtained with the model.

Results for the effects of temperature on biochemical 
markers and tissue necrosis were analysed using linear least 

P = Pmaxe
0.5

(

T−Topt

c

)2

square regression model (y = ax + b), using the package 
lsmeans (Russel 2016), with temperature as the independent 
variable (n = 6) and the biomarker as the (y) dependent vari-
able. Symmetrical Gaussian (nonlinear regression) model 
was also tested on biochemical markers results but the model 
did not converge.

Analysis of residuals was carried out for all regression 
analyses, and no trends were evidenced. All analyses and 
figures were performed using the software R (R Develop-
ment Core Team 2017).

Results and discussion

The present study assessed the thermotolerance of a major 
engineer species at mesophotic depths in the Canary Islands 
archipelago, the branched antipatharian Antipathella wollas-
toni. The relationship between oxygen consumption rate and 
temperature was described by a symmetrical Gaussian curve 
(Fig. 1a), with its maximum (Pmax ; 0.02 ± 0.001 µmol  O2  h-1 
 cm-1; mean ± se; p < 0.001) at 25.9 ± 2.7 °C (Topt; p < 0.001). 

Fig. 1  Effects of temperature on Antipathella wollastoni fragments 
(total of seven fragments from different colonies on each aquarium) 
a Oxygen consumption rate (µmol  O2  h-1  cm-1). b Total antioxidant 
capacity (mmol copper reducing equivalents  g-1 protein). c Proportion 

of tissue necrosis (%). d The four categories of bailout propagules are 
elongated (E), circular (C), polypoid (P) and other (O), based on Cop-
pari et al. (2020) (Scale: 5mm).
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The standard deviation of the curve (c) was estimated at 
6.4 ± 2.7°C (p < 0.05; Table S2). So, Topt for respiration 
(25.9 °C) is 1.2 °C above maximum environmental tem-
perature (24.7 °C), suggesting low susceptibility to increas-
ing temperatures. In a similar experiment on the congeneric 
Antipathella subpinnata from the Mediterranean Sea, Topt 
(16.4 °C) was 0.4 °C above maximum environmental tem-
perature (16 °C; Soto-Navarro et al. 2020). So, A. wollastoni 
has larger thermal safety margin (1.2 °C; defined here as the 
difference between the maximum temperature in the envi-
ronment and Topt) and Tbr (9.7 °C) than A. subpinnata (0.4 
and 6.1 °C, respectively). This thermal strategy (large ther-
mal safety margin, wide thermal performance window) is 
often viewed as being favourable under ocean warming, sug-
gesting that A. wollastoni is likely to be more heat tolerant 
than A. subpinnata in future ocean conditions. However, in 
the latter species, when accounting for the other endpoints, 
no other signs of stress, such as bailout, necrosis, mortality 
and effects on antioxidant responses, were observed dur-
ing the heat stress experiment, even 4.5 °C above the mean 
annual temperature (Godefroid et al. 2022b), while effects 
were observed in the present experiment.

Because A. wollastoni can be found in the shallow 
subtidal from some Atlantic tropical islands, such as São 
Tomé and Principe and Cape Verde (Wirtz 2018; Brito and 
Ocaña, 2004), where they experience temperatures > 22 ºC 
all year round, the distribution range of this coral corrobo-
rates the large thermal tolerance we have here demonstrated.

Temperature had no effects on the total antioxidant capac-
ity of the fragments (linear regression, p = 0.17; Fig. 1b; 
Table S3), and mortality (in the sense of 100% tissue loss 
on fragments) was not observed in any treatment over the 
course of the experiment. However, temperature significantly 
increased the proportion of tissue necrosis (linear regression, 
p < 0.001; Fig. 1c; Table S4) and bailout propagules were 
observed in all treatments over the course of the experiment, 
except in the controls. In total, 148 brown-orange propagules 
were collected. All were actively moving and rotated on dif-
ferent axes. Four main morphologies were distinguished: 
circular (5%; n = 8); elongated (23%; n = 34); polypoid (28%; 
n = 41); and other (44%; n = 65) (Fig. 1d). All propagules 
were measured, according to their morphology, and their 
average size ranged between 0.4 and 1.09 mm (Table 1).

Polyp bailout, the active detachment from the mother 
colony (Sammarco 1982), is an extreme response used as 

a survival and escape strategy under stressful conditions 
(Fordyce et al. 2017; Perez et al. 2014). It is a well-known 
process in tropical and temperate scleractinian corals, as well 
as in octocorals (Capel et al. 2014; Fordyce et al. 2017; Kru-
zic 2007; Rakka et al. 2019; Sammarco 1982; Serrano et al. 
2018; Shapiro et al. 2016; Wells and Tonra 2020). It was 
previously observed in antipatharians under experimental 
conditions, either by mechanical induction in Antipathes sp. 
(Bo 2008), Antipathes caribbeana and Plumapathes pen-
nacea (Gonçalves 2016), or under stressful conditions in 
the laboratory in Antipathella fiordensis from New-Zealand 
(Miller and Grange 1997; Parker et al. 1997) and Anti-
pathella subpinnata from the Mediterranean Sea (Coppari 
et al. 2020). The formation of propagules (that either sank or 
floated) by the fragments of A. wollastoni was observed in 
all temperature treatments except the controls, so even under 
temperatures covered by the annual temperature range in the 
environment (18.4–24.7 °C). This suggests that tempera-
ture could trigger the formation of propagules but suggests 
that other factors linked to the experiment also contributed, 
explaining the formation of propagules at temperatures 
within the annual temperature range. One factor may be the 
rate of temperature increase (+ 0.5 °C  d−1) that may have 
been too fast for this species, suggesting low thermal accli-
mation capacity. Another factor may be a delayed effect 
of sampling and transport or rearing conditions per se, as 
observed in other species (Coppari et al. 2020; Serrano et al. 
2018). The difficulty in maintaining these species in aquaria 
may also explain tissue necrosis, although in small propor-
tion, observed at day 15 in the controls (19 °C; 8.1 ± 4.8%). 
It is worth noting that our experimental design was limited 
by the use of only one aquarium (with 8 replicated coral 
fragments) per thermal treatment. Future studies should 
circumvent this limitation, whether logistically feasible, by 
having more than one tank/aquarium per thermal treatment. 
Despite these limitations, the results obtained in this study 
are important and a good basis for improving research on the 
effects of temperature on antipatharians.
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