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Abstract 20 

Antipatharians, also called black corals, are present in almost all oceans of the world, until extreme 21 

depths. In several regions, they aggregate in higher densities to form black coral beds that support 22 

diverse animal communities and create biodiversity hotspots. These recently discovered ecosystems 23 

are currently threatened by fishing activities and illegal harvesting for commercial purposes. Despite 24 
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this, studies dedicated to the physiology of antipatharians are scarce and their responses to global 25 

change stressors have remained hardly explored since recently. Here, we present the first study on the 26 

physiological responses of a mesophotic antipatharian Stichopathes sp. (70-90 m) to thermal stress 27 

through a 16-d laboratory exposure (from 26 to 30.5°C). Oxygen consumption measurements allowed 28 

identifying the physiological tipping point of Stichopathes sp. (Topt = 28.3°C; 2.7°C above mean ambient 29 

condition). Our results follow theoretical predictions as performances start to decrease beyond Topt, 30 

with lowered oxygen consumption rates, impairment of the healing capacities, increased probability 31 

of tissue necrosis and stress responses activated as a function of temperature (i.e. increase in mucocyte 32 

density and total antioxidant capacity). Altogether, our work indicates that Stichopathes sp. lives at 33 

suboptimal performances during the coldest months of the year, but also that it is likely to have low 34 

acclimatization capacity and a narrow thermal breadth.  35 

 36 
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1. Introduction 40 

Tropical coral reefs are at a critical tipping point. Oceans have warmed from the surface to the deep 41 

sea (Hughes & Narayanaswamy, 2013; Levin & Le Bris, 2015; Sweetman et al., 2017; Yasuhara & 42 

Danovaro, 2016; IPCC, 2018), due to increasing anthropogenic greenhouse gases emissions in the 43 

atmosphere. Based on the most pessimistic emission scenario (RCP 8.5), climate model projections 44 

forecast an increase in sea surface temperature relative to 1850-1900 up to 4.3°C (3.2-5.4) for the end 45 

of the century (IPCC, 2019). In particular, coral reefs have received much attention this last decade due 46 

to the increasing intensity and frequency of bleaching events, and the subsequent unprecedented 47 

mortality. As a consequence, shift in coral reef composition may occur, with reef landscapes being 48 
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dominated by algae (as exemplified by the Caribbean area; Antonius & Ballesteros, 1998) instead of 49 

corals, which seriously questions the future of coral reefs and their associated socio-ecological 50 

services. Depth can attenuate the physical magnitude of some stressors (such as temperature 51 

anomalies and storm events, reviewed by Smith et al., 2019), that are increasingly affecting shallow-52 

water ecosystems (Bongaerts et al., 2010). Therefore, it was suggested that ecosystems located at 53 

mesophotic depths (30-150 m; Mesophotic coral ecosystems, MCEs) may act as refugia from many 54 

local and global anthropogenic impacts (Bongaerts et al., 2010, 2017 ; Glynn, 1996; Thomas et al., 2015; 55 

Lindfield et al. 2016). However, the impacts of disturbances over depth are often not straightforward 56 

and can vary spatially and temporally (Smith et al., 2016). In particular, heat stress exposure does not 57 

decline reliably with depth (as modelled by Schramek et al., 2018; Venegas et al., 2019) and does not 58 

necessarily decrease with depth, due to physical forcing (Bridge et al., 2013; Frade et al., 2018; Leichter 59 

et al., 2006; Neal et al., 2014; Rocha et al., 2018; Smith et al., 2019). 60 

Nonetheless, our understanding of coral reef ecosystems is biased by the preponderance of data from 61 

depths above 30 m, which represents less than one-fifth of the total depth range of the tropical coral 62 

reef environment (Pyle et al., 2016). How coral reef ecosystems are able to deal with climate change 63 

in deeper areas remains relatively unexplored. Mesophotic reefs also harbour unique landscapes, with 64 

scleractinian corals but also non-scleractinian anthozoa such as gorgonians, antipatharians and 65 

alcyonacea that play key roles in this zone, and sometimes even dominate over scleractinian corals (Bo 66 

et al., 2014). It is only recently that studies have started to focus on how non-scleractinian and 67 

scleractinian corals of the mesophotic zone cope with climate changes and their role in the coral reef 68 

functioning. It is clear that based on the available data from mesophotic reefs, an understanding of all 69 

components of MCEs is essential to successfully characterize the health of coral reefs in general (Pyle 70 

et al., 2016). Despite our knowledge about the great potential of hidden biodiversity and the important 71 

ecological role of non-scleractinian corals of the mesophotic zone for the broader marine ecosystems, 72 

our understanding of how non-scleractinian corals of the mesophotic zone respond to climate change 73 

remains relatively unexplored. This is particularly true for antipatharians, the so-called black corals.  74 
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Antipatharians is one of the taxa for which the effects of heat stress remain uninvestigated, despite 75 

studies showing the importance of temperature in their bathymetric and geographic distribution (Bo 76 

et al., 2008; Wagner, 2015; Yesson et al., 2017). Antipatharians are present in almost all oceans of the 77 

world (up to 8600 m depth; Molodtsova, 2008; Wagner et al., 2012), with abundance increasing with 78 

depth (75% of described species below 50 m, Wagner et al., 2012) and reaching a peak at mesophotic 79 

depths. There, they often live as isolated colonies but they can also form dense assemblage under the 80 

right conditions (Bo et al., 2019; Cairns, 2007), and form the so-called “black coral forests” (Orejas & 81 

Jiménez, 2017; Rossi et al., 2017). These forests provide major three-dimensional habitats associated 82 

with highly diverse fauna and acting as spawning, nursery and feeding areas for many species (Bo et 83 

al., 2019; De Assis et al., 2019; De Clippele et al., 2019; Suarez et al., 2015; Tazioli et al., 2007; Wagner 84 

et al., 2012). The skeleton of antipatharians is made of chitin and proteins (Goldberg, 1978; Goldberg, 85 

1994; Juárez-de la Rosa et al., 2012; Kim et al., 1992) and is sought to be used for medical, religious or 86 

decorative purposes, or sold as precious corals in the jewellery trade in several regions across the globe 87 

(Bruckner et al., 2008; Bruckner, 2016; Grigg, 2001; Tsounis et al., 2010; Todinanahary et al., 2016). 88 

Diverse microbial communities were described within and around antipatharian tissues (Dannenberg 89 

et al., 2015; Liu et al., 2018; Penn et al., 2006; Santiago-Vázquez et al., 2007; van de Water et al., 2020; 90 

Zhang et al., 2012). They are known to play significant roles in antipatharian health, and may be a key 91 

player for acclimatization and/or adaptation to future environmental changes (Bosch & McFall-Ngai, 92 

2011; McFall-Ngai et al., 2013; van de Water et al., 2020). While antipatharians have long been referred 93 

to as azooxanthellate species, recent studies have shown the presence of Symbiodiniaceae within the 94 

tissues of various families of antipatharians (Antipathidae, Aphanipathidae, Myriopathidae and 95 

Schizopathidae; Bo et al., 2011; Wagner et al., 2011). Although the role of symbiosis in the physiology 96 

and energetics of antipatharians remains hardly explored, it is suggested to be limited or absent (Gress 97 

et al., 2021; Wagner et al., 2011). In the present work, the term “antipatharian” will always implicitly 98 

refers to the black coral holobiont, which include the host antipatharian and all microorganisms living 99 

within and around the host.  100 
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The ultimate impacts of heat stress on organisms and ecosystems will depend both on the magnitude 101 

of the stress (and its possible variations) and on the susceptibility of the impacted organism/ecosystem 102 

(its resistance to the stress and potential for recovery following the stress; Battisti et al., 2016; 103 

Bongaerts & Smith, 2019; Holling, 1973; Smith et al., 2019). At mesophotic depths, the magnitude of 104 

the stress may be dampened as compared to shallow waters but adaptation or long-term 105 

acclimatization to local conditions may result in increased susceptibility (Smith et al., 2016). In 106 

particular, benthic organisms such as corals are expected to be particularly sensitive to heat stress 107 

(Hughes et al., 2017; Spalding & Brown, 2015). Unable to move into cooler waters, they will depend in 108 

the first instance on physiological adjustments followed in the longer term by adaptive changes (Solan 109 

& Whiteley, 2016). The measurement of physiological rates enables the quantification of energy 110 

expenditure in biological systems and provide insight to organism health. It relies on the idea that most 111 

physiological functions, such as metabolism, locomotion and growth, perform optimally at a specific 112 

temperature (Topt, the optimal temperature, when performances are maximal; Payne et al., 2016; 113 

Angiletta et al., 2009), around which their performances start to decrease due to the progressive loss 114 

of oxygen supply to tissues (Dell et al., 2013; Portner, 2010; Schulte, 2015). This concept defines a 115 

thermal window of performance that matches the window of aerobic scope in water breathers 116 

(Pörtner, 2010). Thermal sensitivity can be understood by measuring the rates of various physiological 117 

functions over a temperature gradient, usually in the form of a thermal performance curve (TPC; Huey 118 

& Stevenson, 1979; Jurriaans & Hoogenboom, 2020). The typical shape of a TPC describes the increase 119 

of performance with temperature up to a maximum (Pfmax) occurring at a specific temperature (Topt) 120 

followed by the decline in performance around Topt. The thermal breadth of the curve (Tbr) corresponds 121 

to the thermal window of performance of the organism. The capacity of an organism/taxa to change 122 

the shape (Topt and Tbr) of the TPC (i.e. its plasticity of thermal performances), through physiological 123 

acclimatization, provides insight into its capacity to adapt and acclimatize to ocean warming (Logan et 124 

al., 2014).  125 
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It is usually expected that the shape of TPC in ectotherms will reflect the range of temperatures that 126 

they experience in the environment (as in Deutsch et al., 2008; Frazier et al., 2006; Huey & Stevenson, 127 

1979), as ectotherms acclimatize (phenotypically) and adapt (genetically) to different temperatures 128 

(Angilletta, 2009). Despite this, temperatures that maximize the physiological performances of 129 

ectotherms in the lab are often different from the temperature at which they prefer to operate in the 130 

environment (Martin & Huey, 2008), which complicates the understanding of the impact of warming 131 

on ectotherms (Payne et al., 2016). So, due to adaptive differences among taxa and various types of 132 

plasticity such as epigenetic effects, developmental plasticity and acclimatization, there is an 133 

enormous amount of variation in TPC among taxa (Dell et al., 2011; Schulte, 2015; Schulte et al., 2011). 134 

If we are willing to predict ecosystem-level effects of global change, it is first required to understand 135 

the resilience of each taxa independently. 136 

To fill the gap of knowledge on antipatharian sensibility to climate change, we provided here the first 137 

assessment on the susceptibility of an antipatharian to heat stress, by working on the mesophotic (90 138 

m) whip antipatharian Stichopathes sp. from Mo’orea (French Polynesia). This work aimed at assessing 139 

the thermal performances of Stichopathes sp. and understanding its physiological capability to cope 140 

with environmental change. For this purpose, we selected a set of endpoints that are relevant to 141 

understand the metabolic state and stress-level of the organism. In particular, we looked at the rates 142 

of oxygen consumption and nitrogen excretion, as well as the capacity of Stichopathes sp. to heal under 143 

distinct treatments (+1.5, +3 and +4.5°C). We hypothesized that this range of temperatures will allow 144 

us to identify the physiological “tipping point” (Topt) of Stichopathes sp., and that other measured 145 

endpoints will also follow a bell-shaped performance curve. We also looked at O:N ratios to detect a 146 

potential change in the metabolic substrate used (protein/amino acids vs lipids/carbohydrates; 147 

Mayzaud & Conover, 1988), expecting to witness a metabolic shift to deal with challenging 148 

environmental conditions. Finally, we measured mucocyte density and tissue necrosis as stress 149 

indicators, and quantified the total antioxidant capacity (TAC) of Stichopathes sp. as a measure of 150 
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cellular stress level. Here, we hypothesized that stress will increase linearly with temperature, as 151 

commonly observed in stress responses.  152 

 153 

2. Material and methods 154 

2.1 Sampling site and antipatharian collection  155 

While the presence of antipatharians around the island of Mo’orea is known by recreational divers, no 156 

scientific census has been carried out so far. Therefore, we focused on a specific site in the outer reef 157 

of North of Mo’orea (French Polynesia, 17° 28’ 41.7’’ S, 149° 51’ 09.9’’ W). Sampling was carried out 158 

by technical divers from “Under the Pole” expeditions (https://www.underthepole.com/). 159 

Temperature sensors (HOBO Water Temperature Pro V2 Data logger, Onset Computer Corporation, 160 

MA, USA) were installed at 6, 20, 40, 60 and 90 m on October 9th 2019, and recovered on November 161 

17th 2019.  162 

All the colonies of Stichopathes sp. used in the experiment (N=38) were collected between 70 and 90 163 

m depth in a single dive on October 18th 2019, following the local legislation for antipatharian 164 

collection. Due to the difficulty to discriminate Stichopathes species based solely on macro-165 

morphological features in situ, associated with the lack of knowledge on Stichopathes species in French 166 

Polynesia, the most abundant morphotype of Stichopathes sp. was sampled. The morphotype is 167 

characterized by an orange-brown corallum, straight to sinuous, which can make few irregular coils 168 

(Figure 1a). Polyps form one row along the stem, with some turning around certain portions of the 169 

stem, in an irregular manner. The polyps are paler than the rest of the coenenchyma (Figure 1b). Their 170 

transverse diameter is around 1-1.5 mm and interpolypar space is null. Colonies ranged in length from 171 

20 to 40 cm. Preliminary analyses carried out on NAD2 mitochondrial gene showed that all specimens 172 

belonged to a single species and suggested the closest species to be Stichopathes cf. occidentalis (Gray, 173 

1860), based on currently available data.  174 
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Just after collection by the deep rebreather divers, colonies were brought to the surface with a surface 175 

marker buoy to be recovered by a boat and directly installed in aquaria maintained at the temperature 176 

of the collection site (~26°C). They were then left to recover from the sampling stress for three days 177 

prior to fragmentation, in the aquarium facilities of the CRIOBE (Centre de Recherches Insulaires et 178 

Observatoire de l’Environnement). This duration was considered sufficient based on morphological 179 

and behavioural observations of the colonies (polyp extension and feeding at night, absence of mucus 180 

production).  181 

2.2 Experimental design 182 

 The experiment was carried out in five 200L-aquaria with flow-through seawater (seawater 183 

parameters, Table 1), under in situ light conditions at 90 m (4-15 µmol m-2 s-1). Four temperature 184 

treatments (26°C, control temperature, two tanks; 27.5°C; 29°C and 30.5°C) were maintained for 16 185 

days. The seawater was sand and UV filtered before entering each aquarium and temperature was 186 

controlled using chillers (TECO TK500, Italy).  187 

Due to the difficulty of collecting mesophotic Stichopathes sp. from 70 to 90 m, the design of the 188 

experiment was adapted to the availability of the colonies. In total, 38 colonies were used in the 189 

experiment. Eight colonies were used to assess the healing capacity on a daily basis and to collect 190 

samples for histological analyses at day 16. Among those, 6 colonies were cut into 5 nubbins (1 per 191 

aquarium) and 2 colonies into 4 nubbins (1 per aquarium, but one), with a total of 7-8 nubbins of 6.91 192 

± 0.19 cm (mean ± se, n=38) per aquarium. The 30 remaining colonies were used for the respiration 193 

rate and ammonium excretion rate measurements (6 different colonies per aquarium). The irregularly 194 

sinuous corallum of Stichopathes sp. made it impossible to fit the whole colony in the respirometry 195 

chamber without touching its walls and creating stress. Therefore, each colony was cut in three 196 

nubbins of similar size (5.32 ± 0.08 cm, mean ± se, n=90). In total, 25-26 nubbins were held per 197 

aquarium (7-8 for healing capacity observations and 18 for respirometry measurements). They were 198 

fixed to vertical plastic holders by plastic cable ties. 199 
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Nubbins were maintained for two weeks after fragmentation at collection site temperature (26°C). 200 

Then, temperature was gradually increased in the aquaria by 0.5°C per day until reaching their 201 

respective target temperatures. At every stage since collection, corals were fed with a mix composed 202 

of freshly hatched Artemia salina, thawed copepods and plankton at around 7 PM every night.  203 

2.3 Seawater parameters control and measurements 204 

Temperature in each aquarium was controlled independently using TK500 chillers (Teco, Italy). 205 

Temperature and salinity were measured daily using a certified thermometer (VWR traceable digital 206 

thermometer with probe, VWR International, LLC) and a conductivity meter equipped with a 207 

conductivity electrode (Mettler-Toledo, Switzerland), respectively. One temperature recorder was 208 

installed per aquarium (HOBO Pendant Temperature/Light Data Logger, Onset Computer Corporation, 209 

USA) for the duration of the experiment. pH was measured daily on the total scale (pHT) in the aquaria 210 

using a portable pH meter (Metrohm, Switzerland) mounted with a standard pH probe that was 211 

calibrated every few days with Tris/AMP buffer (after Dickson et al., 2007). Measurements of total 212 

alkalinity (AT) in seawater were made the same day of seawater collection in triplicate (50 mL each) 213 

every 2-3 days using open-cell potentiometric titration with an automated titrator (T50, Mettler-214 

Toledo, Switzerland). Titrations of certified reference material (CRM) provided by A. G. Dickson (batch 215 

171) were performed before each set of titration and the deviation from the nominal value (2217.40 216 

± 0.63 µmol kg-1) was always below 5%. Mean seawater parameters are summarized in Table 1. 217 

2.4 Response variables 218 

2.4.1 Oxygen consumption rate 219 

 Standard metabolic rate (SMR) was estimated from rates of oxygen uptake using intermittent-flow 220 

respirometry (Clark et al., 2013) at the start of the experiment (day 0), 8 and 16 days after exposure to 221 

the heat treatments. The respirometry setup consisted of four cylindrical glass respirometry chambers 222 

(0.033-0.0035 L, including tubes and pumps), connected to a peristaltic pump system that circulated 223 

water in a closed circuit and a pump system that flushed the chambers at regular intervals (open 224 
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circuit). Oxygen Flow-Through Cell with an integrated oxygen sensor (OXFTC; Pyro Science GmbH, 225 

Aachen, Germany) were connected with tubes to each chamber (n=4) and to optic fibers to an optical 226 

oxygen meter (FireSting O2 (FSO2-C4); Pyro Science GmbH, Aachen, Germany). Respiration rate was 227 

measured on the three nubbins from the same colony simultaneously, placed in the same respirometry 228 

chamber, and results obtained per chamber were considered as single measurement. Oxygen 229 

concentration was recorded every 5 s using the software Pyro Oxygen Logger. The chambers were 230 

submersed in a temperature-controlled water bath (Tetra HT submersible heater) filled with filtered 231 

seawater (0.2 µm) with a recirculating pump that ensured the homogenisation of the temperature. A 232 

timer was used (NI-9481; National Instruments, Austin, TX, USA) to control the pump system. It 233 

combines (1) measurement periods (30 min) in a recirculating, but closed, respirometer, punctuated 234 

by (2) clean and fully-aerated water flush periods (3 min) which are long enough to ensure that the 235 

water is thoroughly exchanged to eliminate potential nitrogenous waste buildup in the chambers 236 

(Forstner, 1983; Steffensen, 1989; Svendsen et al., 2016).  237 

Respirometry trials generally started around 7 AM, allowing a minimum of 12hrs of digestion after the 238 

last feeding. For each respiration trial, four chambers were used, three were filled up with three 239 

nubbins of the same colony and the last chamber was left empty with just seawater to serve as a 240 

control for background (microbial) respiration (Rodgers et al., 2016). The nubbins were left for one 241 

hour inside the chamber at the desired temperature before starting the measurements (3 cycles of 3 242 

min/30 min), to allow them to recover from the stress of handling and acclimate to their new 243 

environment. At the end of the measurements, the nubbins were removed from their chambers and 244 

the oxygen uptake with empty chambers was measured for three other cycles, to account for the 245 

increase of bacterial metabolism over the course of the experiment, in each chamber independently. 246 

All the equipment and circulation system was sterilized (bleached) and filled with new filtered 247 

seawater (0.2 µm) between consecutive trials to keep background respiration low. SMR was calculated 248 

from the slope of the regression line of the oxygen concentration against time and normalized using 249 

the coral surface area, considered as a cylinder.  250 
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2.4.2 Ammonium excretion rate and O:N ratios 251 

 At the end of each respirometry trials and just before the start of the last flush, the circulation system 252 

was paused and 10-12 mL of seawater were collected in the chambers, filtered (0.2 µm) and freezed (-253 

20°C). Ammonium concentration was determined using segmented flow nutrient analyser (QuAAtro, 254 

SEAL Analytical Inc., Germany) with minimum detectable value of 0.32 µM, using ammonium sulfate 255 

(NH4)2SO4 as standard (r2=0.99). The concentration in the chambers was corrected with the value 256 

measured in the control chamber and normalized using the coral surface area. All measured values of 257 

ammonium concentration were above the detection limit (>0.32 µM). However, changes in ammonium 258 

concentration from coral excretion in incubation chambers were not consistently higher than changes 259 

in control chambers from microbial activity, which led to calculations of negative values of ammonium 260 

concentration in multiple experimental chambers. When occurring, these concentrations were set to 261 

zero. 262 

The O:N ratio (ratio between the atoms of oxygen consumed per atom of nitrogen excreted) was 263 

calculated for each nubbin at each experimental temperature using the equation: 264 

𝑂: 𝑁 =
(2 𝑀𝑂2)
(𝑁𝐻4

+)
  265 

Where 𝑀𝑂2  is the oxygen consumption of the nubbin (in µmol h-1 cm-2) and 𝑁𝐻4
+ is the ammonium 266 

excretion of the nubbin (same unit). It indicates the proportion of protein/amino acids vs 267 

lipids/carbohydrates that are being catabolized for the energy requirements, allowing to detect 268 

potential changes in the metabolic substrates used (Mayzaud & Conover, 1988). 269 

2.4.3 Healing capacity 270 

 At day 0, the apical part of 7-8 nubbins per aquarium was cut to reveal their skeleton. Healing process 271 

of black coral tips was monitored by daily photographs of each nubbin under each treatment. A 272 

qualitative healing index (HI) was established to characterize the evolution of the healing process 273 

(Figure 1c). The HI goes from -1 (tissue necrosis, when more skeleton is visible than at day 1) to HI 5 274 
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(Complete healing and budding of a new apical polyp) and it encompasses HI 0 (State at day 1), HI 1 275 

(>10% of the skeleton is covered by new tissues), HI 2 (10-75%), HI 3 (>75%) and HI 4 (100%). 276 

2.4.4 Tissue necrosis 277 

 Tissue necrosis was assessed visually on all nubbins on a daily basis and reported as 0 (absence of 278 

necrosis) or 1 (presence of necrosis). Tissue necrosis was defined as the partial loss of living tissue on 279 

coral surface area, thus revealing the black skeleton beneath the tissues (HI -1, Figure 1c). Tissue 280 

necrosis is distinct from mortality as (1) it is a localized process, (2) nubbins were still able to feed 281 

(tentacles expansion at night) and (3) recovery is possible from partial loss (personal observation). 282 

Total mortality (tissue loss, absence of tentacles expansion at night, establishment of microalgae on 283 

the skeleton) was not observed in any treatment. 284 

2.4.5 Mucocyte density 285 

 Coral polyp tissues were collected with a scalpel on 7-8 nubbins per aquarium on day 16. They were 286 

first preserved in buffered formaldehyde 10% for 48 hours and then dehydrated following multiple 287 

ethanol baths. The polyp tissues were embedded in paraffin blocks and oriented so that the tentacles 288 

of the polyp were cut transversally. Eight µm thick sections were cut and stained using Masson’s 289 

trichrome. Photographs of the transversally cut tentacles were made (minimum of four tentacles per 290 

nubbin) using a microscope (ZEISS Axioscope A1, Germany) mounted with a camera (ZEISS Axiocam 291 

305 color, Germany). Following this, a minimum of two zones per section were selected to evaluate 292 

the proportion of mucocytes per surface, using the software ImageJ (Schneider et al., 2012).  293 

2.4.6 Biochemical biomarkers 294 

At the end of the experimental treatments, 8 to 9 coral fragments of about 1 cm in length were 295 

randomly selected in each treatment. The tissues were separated from the skeletal fraction using a 296 

scalpel, moved into a tube with 200 µL of phosphate buffer (50 mM) and immediately stored at -80°C. 297 

Homogenates were made on ice using a micro tube homogenizer system with disposable pestles and 298 



13 
 

centrifuged for 10 min at 4°C (10000 x g). The supernatant was transferred to a new tube and stored 299 

at -80°C until biomarkers analyses.  300 

Total protein content in the samples was determined using a commercial reagent kit based on the 301 

Bradford assay (PierceTM BCA Protein Assay Kit, ThermoFisher Scientific Inc., USA) with bovine serum 302 

albumin (BSA) as standard (2 mg/mL). Protein contents were used for biomarker normalization. 303 

Measurement of total antioxidant capacity (TAC) was performed using OxiSelectTM Total Antioxidant 304 

Capacity Assay Kit (Cell Biolabs Inc., USA). It is an electron-transfer based assay (Huang et al., 2005) 305 

that measures the capacity of an antioxidant (here, Uric Acid) in the reduction of an oxidant (here, 306 

Copper (II) is reduced into Copper (I)). The degree of colour change is correlated with the sample’s 307 

antioxidant concentrations. Absorbance was measured at 490 nm in a microplate reader (Epoch 2 308 

Microplate Spectrophotometer, BioTek Inc., USA) and compared to uric acid standard curves. Results 309 

were normalized to the protein content and expressed as “mM Copper Reducing Equivalents per g of 310 

protein”. 311 

2.5 Data analysis 312 

The respiration rates in each temperature treatment were analysed at day 8 and 16 using least square 313 

regression in the form of a second order polynomial: 𝑦 = 𝑎𝑥2 + 𝑏𝑥 + 𝑐. The respiration rate was used 314 

as the dependent variable (n=6 nubbins per aquarium, 12 nubbins in the control) and temperature as 315 

the independent variable (n=4). The tipping point temperature (maximum x-value) of the polynomial 316 

was calculated using the formula:  317 

𝑥 = −𝑏
2𝑎

 (first derivative = 0) 318 

To assess the effect of temperature on oxygen consumption, the temperature quotient Q10 (i.e. the 319 

proportional change of respiration in response to a temperature increase of 10°C) was calculated 320 

between consecutive temperatures, using the van’t Hoff equation: 321 
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𝑄10 =  (
𝑅2

𝑅1
)

[ 10
𝑇2−𝑇1

]
 322 

where R1 and R2 are the rates of oxygen consumption corresponding to low temperature (T1) and high 323 

temperature (T2), respectively. Q10 values could not be calculated for each individual colony between 324 

consecutive temperatures because different colonies were used at each temperature. Consequently, 325 

they were calculated for the population to determine whether the respiration rates exhibit typical 326 

thermochemical reaction effects or whether they were compensating for temperature.  327 

The effect of temperature on ammonium excretion rates, O:N ratio and biochemical biomarkers (at 328 

day 16) were analysed using simple linear regression (𝑦 = 𝑎𝑥 + 𝑏), with temperature as the 329 

independent variable (n=4). Results for mucocyte tissue density were analysed similarly (data averaged 330 

by nubbin). Polynomial regression was also performed for this parameter but the quadratic term (x2) 331 

was not significant.  332 

The healing capacity under each experimental treatment was assessed looking at the evolution of the 333 

healing index through time. Each day, the healing index of the eight nubbins at each temperature was 334 

averaged. Healing index equal -1 were not considered and the two control aquaria were pooled in the 335 

analyses. Data were analysed using nonlinear regressions (ordinal logistic regressions) following the 336 

equation:  337 

𝑦 =
𝛼

1 + 𝑒−𝛽(𝑥−𝛾) 338 

 339 

Significant differences between the parameters α, β and γ were defined as non-overlapping 95% 340 

confidence intervals. 341 

The effect of temperature on tissue necrosis was evaluated using Kaplan-Meier estimate of survival 342 

(survfit, survival, Therneau 2015a) and Cox-proportional hazard model (coxme, Therneau 2015b), due 343 

to the binary nature of these data. This statistic estimates the probability that a nubbin will not show 344 

loss of tissues past a particular day. 345 
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Analysis of residuals was carried out for all regression analysis. No trend in residuals was evidenced. 346 

All statistical analyses were performed using SYSTAT v13.2 (Systat Software, San Jose, CA), except for 347 

the analyses of oxygen consumption that were analysed using R (R Development Core Team 2017). 348 

Figures were made using both softwares. 349 

 350 

3. Results 351 

3.1 In situ thermal environment 352 

Based on data from 2015 to 2021 available from SNO CRIOBE, the mean difference between warm and 353 

cold season temperatures was 2.7°C in surface waters (3 m) and decreased with depth down to 1.9°C 354 

at 50 m. Annual lowest temperatures were recorded in September and warmest temperatures in April 355 

(Figure 2a). Over the 40 days (October-November 2019) of in situ data collection along the outer reef 356 

slope north of Mo'orea, the temperature decreased with depth (Figure 2b), with an average 357 

temperature of 27.4 ± 0.02°C (mean ± se, n=11520) at 6 m down to 25.6 ± 0.03 °C (mean ± se, n=11520) 358 

at 90 m (Figure 2e). Data collected at 5-min intervals revealed the occurrence of short-term and high-359 

amplitude temperature fluctuations (i.e. internal waves) from 60 m depth (Figure 2c). The intensity 360 

and frequency of internal waves increased with depth (Figure 2d) with mean daily temperature 361 

fluctuations of 0.2°C at 20 m vs 0.4°C at 90 m (Figure 2e). Accordingly, the full range of temperature 362 

observed over 40 days also increased with depth, with a temperature difference of 4.6°C measured at 363 

90 m between the highest and lowest values (separated by a time period of 24 days) vs 2.9°C at 20 m 364 

(Figure 2e).  365 

3.2 Metabolic and biochemical responses to heat stress 366 

The relationship between respiration rate and temperature was successfully described by a quadratic 367 

equation, both after 8 and 16 days of exposure (Figure 3a-b; Supplementary Table S1). The optimal 368 

temperature for aerobic scope was 28.7°C and 28.3°C after 8 and 16 days of heat stress, respectively. 369 

At Topt, respiration rates after 8 days (MO2opt= 0.096 µmol cm-2 h-1, 95% confidence intervals: 0.077-370 
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0.115) and 16 days (MO2opt= 0.102 µmol cm-2 h-1, 95% confidence intervals: 0.082-0.121) did not differ 371 

significantly. All Q10 values for respiration were outside the range of 2-3, typical for thermochemical 372 

enzymatic reactions (Table 2). Q10 values at day 8 and in the lower part of the temperature range at 373 

day 16 were under-compensated, while Q10 between 27.5 and 29°C at day 16 were reduced, indicating 374 

over-compensation. 375 

Coral ammonium excretion rates ranged from 0 to 0.44 µmol cm-2 d-1 and 0 to 0.86 µmol cm-2 d-1 after 376 

8 and 16 days, respectively (Figure 3c-d). Coral excretion rates did not significantly relate to 377 

temperature (Linear regression, p=0.48 and p=0.59, after, respectively, 8 and 16 days; Supplementary 378 

Table S2). 379 

No significant trend between O:N ratio and temperature was evidenced (linear regressions, p=0.66 and 380 

p=0.32, after 8 and 16 days, respectively; Supplementary Table S3; Figure 2e-f). The overall mean 381 

values were 55.03 ± 20.79 (mean ± se, n=22) and 77.76 ± 16.97 (mean ± se, n=21) after 8 and 16 days, 382 

respectively. 383 

Temperature affected the healing capacity of the nubbins depending on the exposure duration and 384 

the treatment intensity (Figure 4; Supplementary Table S4). From 26 to 29°C, the maximum healing 385 

index reached (α) did not differ significantly (based on the 95% CI of this parameter). At 30.5°C, this 386 

maximum was significantly lower than at 26 to 29°C. The time needed to reach the 50% healing index 387 

(γ) was significantly shorter at 27.5 than at 29°C (3.4 days vs 3.9 days, respectively) and both were 388 

significantly shorter than at 26°C (5.2 days). Finally, the healing rate (β) is significantly faster at 27.5°C 389 

than at 26°C but not at 29°C. The time to reach the 50% healing index and the healing rate at the three 390 

lower temperature treatments were not compared with the 30.5°C treatment as nubbins under the 391 

latter healed faster but never reached a thorough healing.  392 

Survival curves showing the appearance of tissue necrosis with time revealed an increased loss of 393 

tissue at 29 and 30.5°C related to control conditions (Cox Proportional Hazards Models, p=0.003 and 394 
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p<0.001, respectively; Figure 5; Supplementary Tables S5 and S6). No differences were highlighted at 395 

27.5°C compared to 26°C (p=0.41).  396 

After 16 days, the surface occupied by mucocytes on histological sections increased linearly with 397 

temperature and the cells appeared enlarged at higher temperatures (Linear regression, p<0.001; 398 

Figure 6a, see Figure 6b-c for illustration; Supplementary Table S7). Similarly, the total antioxidant 399 

capacity (TAC) increased linearly with temperature (Linear regression, p<0.05; Figure 7, Supplementary 400 

Table S8). However, the model explained only a weak part of the variation (R2=0.1). 401 

 402 

4. Discussion 403 

4.1 Effects of temperature on coral metabolism 404 

In the present study, the absolute value of oxygen consumption (most values between 0.05 and 0.1 405 

µmol O2 h-1 cm-2) is hardly comparable with other values obtained previously in the literature due to 406 

the paucity of research on antipatharian physiology and difference in the normalization method used 407 

(Rakka et al., 2020). Studies conducted on scleractinian corals from the euphotic zone generally 408 

reported much higher dark oxygen consumption rates (around 0.1-0.6 µmol h-1 cm-2 for tropical 409 

scleractinians, Jurriaans & Hoogenboom, 2020; and most values between 0.1 and 1 µmol h-1 cm-2 for 410 

temperate scleractinians, Aichelman et al., 2019). Such discrepancy may occur for several reasons. 411 

Lower oxygen consumption rates have previously been observed at mesophotic depths as compared 412 

to shallow waters, with e.g. 58 and 22% lower rates at 60 m compared to the surface in two species of 413 

scleractinian corals (Cooper et al., 2011). Other studies suggested that metabolic demand reduction 414 

through decreased respiration, growth or calcification rate may represent an adaptation to lowered 415 

light levels at depths (Anthony & Hoegh-Guldberg, 2003; Cooper et al., 2011; Grigg, 2006; Huston, 416 

1985, Eyal et al. 2019). In all cases, this was linked to the number, metabolism or clade of Symbiodinium 417 

associated with the scleractinian. In most antipatharians, Symbiodiniaceae symbionts occur at very low 418 

density and the lack or low density of Symbiodiniaceae in antipatharians might account, at least for a 419 
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part of their low respiration rate compared to euphotic scleractinians. This hypothesis is supported by 420 

respiration rates of ca. 0.08 and 0.2 µmoles O2 h-1 cm-2 measured in deep cold-water scleractinians 421 

(218-690 m) with no Symbiodiniaceae, albeit at a much lower temperature (Naumann et al 2014). The 422 

large size and low density of the polyps (6.3 ± 0.07 polyps cm-2, mean ± se, n=98) due to their 423 

localization on solely one row along the colony as compared to scleractinian corals (e.g. 112 polyps cm-424 

2 in Acropora hyacinthus; 33 polyps cm-2 in Pocillopora damicornis; Coral Trait Database, 2021) may also 425 

be responsible for the lower oxygen consumption rates. Indeed, scleractinians with large polyps respire 426 

less by unit surface area than corals with smaller polyps, as the surface area to volume ratio is smaller, 427 

which slows down metabolic exchange rates (Anthony & Hoegh-Guldberg, 2003; Falkowski et al., 1990; 428 

Kahng et al., 2010; Kahng et al., 2019; Rossi et al., 2018).  429 

The metabolic rates of Stichopathes sp. in our study were always outside the typical range of two to 430 

threefold linear increase for a 10°C increase (i.e. all Q10 values were outside 2-3), which suggests that 431 

the respiration rates did not follow the typical temperature-dependent reactions, and that additional 432 

processes requiring respiration were involved (Dodds et al., 2007). The wide range of Q10 values (from 433 

0.68 to 47.05) suggests that the species has distinct metabolic performances at different temperatures 434 

(Previati et al., 2010). These differences are likely related to the duration of exposure as Q10 values 435 

tended to increase (Q10 47.05 between 26-27.5°C) or decrease (Q10 0.68 between 27.5-29°C) after 16 436 

days. Previous studies showed that Q10 may tend to decrease with time of adjustment and tend to one 437 

when perfectly acclimatized (Barnes et al., 2001; Maier et al., 2013). We suggest that the sharp 438 

decrease in Q10 between 27.5 and 29°C resulted from the detrimental effects of temperature extremes 439 

on the condition of Stichopathes sp. (as in Dodds et al., 2007).  440 

This hypothesis is further supported by the results obtained for healing capacity and tissue necrosis, 441 

which are interrelated processes as the capacity to heal directly impacts the ability of the coral to 442 

counter tissue necrosis. Indeed, while the healing rate (β) was significantly faster at 27.5°C than in the 443 

control, it was not the case at 29°C, which is beyond Topt for respiration (28.3°C). In parallel, tissue 444 



19 
 

necrosis significantly increased at 29°C. The latter can be due to cell death and/or to the release of 445 

free-living and mobile propagules from the coral polyps. Such process of asexual reproduction, called 446 

polyp bail-out, was described recently on Antipathella subpinnata submitted to stressful conditions 447 

(Coppari et al., 2020) and we also witnessed this process in Stichopathes sp. during new heat-stress 448 

experiments (Godefroid, unpubl. obs.).  449 

In contrast with the aforementioned parameters, the density of mucocytes in the tentacle epidermis 450 

and TAC levels did not show any tipping point but increased linearly with temperature. Mucocyte 451 

density is not a direct measure of mucus production but is very probably related to the latter, which is 452 

further supported by the enlarged aspect of the cells, strongly suggesting an increased mucocyte 453 

activity. The absence of tipping point in both mucocyte activity and TAC levels, which are widely used 454 

as indicators of stress levels, likely reflects that both processes are still being used by the coral to 455 

counter the effects of increasing temperatures, even past Topt for respiration. Mucus production may 456 

be used as a defence against biofouling, pathogens, pollution, UV radiation, sedimentation or 457 

desiccation under stressful conditions (Brown & Bythell, 2005; Dellisanti et al., 2020; Ritchie, 2006; 458 

Wild et al., 2004). Moreover, its adhesive properties act as a particle trap, critical for coral feeding 459 

(Hadaidi et al., 2019), so the increase of food capture through the enhancement of mucus production 460 

may serve as a helpful strategy when Stichopathes sp. is energetically impaired (Fransolet et al., 2013). 461 

Finally, mucus may serve as a defence against pathogens when other immune defence mechanisms 462 

are altered by thermal stress (Palmer et al., 2010; Wright et al., 2019). Oxidative stress parameters, 463 

such as the endogenous levels of antioxidants, were suggested as effective biomarkers of stress for 464 

multiple marine organisms, including corals (De Freitas Prazeres et al., 2012; Downs et al., 2005; 2011; 465 

2012; Luz et al., 2018; Marangoni et al., 2017; Stuhr et al., 2017). Here, the increased TAC levels 466 

indicate that the corals are investing in antioxidant defences, a compensatory response to increasing 467 

thermal stress (Da Silva Fonseca et al., 2021; Marangoni et al., 2019; Marques et al., 2020). The steady 468 

increase likely reflects that the antioxidant capacity of the corals has not yet reached a tipping point, 469 

being overwhelmed by oxidative stress. Regardless of their functions, the increase of both parameters 470 
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with temperature concurs with the other endpoints in showing that Stichopathes sp. experienced 471 

temperature-related stress during the experiment.  472 

Finally, no trends were observed for ammonium excretion and O:N ratio according to temperature. 473 

Ammonium excretion rate is often measured in conjunction with oxygen consumption rate to 474 

comprehensively describe the energetics of an organism under stressful conditions. Ammonium 475 

excretion rates are rarely measured in scleractinian corals as they usually have zooxanthellae that 476 

recycle the ammonium as part of the holobiont machinery, preventing measurements as ammonium 477 

concentrations are too low (Szmant et al., 1990). However, ammonium excretion has been shown to 478 

increase with temperature in azooxanthellate corals such as the cold-water scleractinian Lophelia 479 

pertusa (Dorey et al., 2020). While we expected similar results, the high variability in the data 480 

prevented us from drawing any trend. Often, the ammonium concentration was higher in control 481 

chambers than in chambers with nubbins. We suggest that this may result from the activity of the 482 

antipatharian holobiont, with associated microorganisms recycling the nitrogen produced by the host 483 

and present in the filtered seawater. These recycling organisms are unlikely to be Symbiodiniaceae as 484 

our fragments seemed to be azooxanthellate (based on histological and metabarcoding analyses, data 485 

not shown). Several studies revealed the high diversity (Liu et al., 2018; Santiago-Vázquez et al., 2007) 486 

and plasticity (van de Water et al., 2020) in microbial communities associated with antipatharian 487 

corals, which role in nitrogen cycling within the holobiont has been demonstrated previously in 488 

scleractinians (Middelburg et al., 2016; Szmant et al., 1990; see Rädecker et al., 2015 for review). Here, 489 

microbial diversity was not investigated genetically, but histological analyses revealed the presence of 490 

cell-associated microbial aggregates (CAMAs) in the ectoderm of the tentacles (Figure 6b). CAMAs 491 

were previously found in tissues of healthy scleractinians (Wada et al., 2019; Work & Aeby, 2014) and 492 

sea anemones (Palincsar et al., 1989), but it is described for the first time in antipatharians. This 493 

deserves further studies as scleractinian holobiont community was shown to shift in response to 494 

environmental stressors (Glasl et al., 2016; Kelly et al., 2014), including increasing temperature (Bourne 495 
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et al., 2008; Littman et al., 2011; Shiu et al., 2017; Thurber et al., 2009) and is likely to play a role in the 496 

resilience of antipatharians to future oceanic changes. 497 

Similarly, no trend was observed in O:N ratio according to temperature. This ratio allows to detect a 498 

potential shift in the metabolic substrate used for catabolism (Mayzaud & Conover, 1988), indicating 499 

metabolic stress (Zhonge et al., 2013). This was observed with the gorgonian coral Primnora 500 

researeformis (Scanes et al., 2018) but other studies showed no effect of temperature on O:N ratio in 501 

cold-water corals (Desmophyllum dianthus, Gori et al., 2016). Here, we expected to see a shift as most 502 

parameters showed to be impacted by temperature, but results are difficult to interpret as the impact 503 

of nitrogen-cycling bacteria on these measured excretion rates is unknown, leading to high variability 504 

in the ammonium excretion rates measurements. 505 

 506 

4.2 Ecological implications 507 

Considering that a biological response to any environmental driver is curvilinear, any variation around 508 

a sub or supra optimal mean value should lower the performance of an organism (Ruel et al., 1999; 509 

Pansch & Hiebenthal, 2019). Part of our results are in line with this theoretical perspective, with the 510 

metabolic rate of Stichopathes sp. revealing a bell-shaped curve with an intermediate optimum around 511 

28.3°C. Apart from this tipping point, performances start to decrease through lower oxygen 512 

consumption rates. 513 

The present results revealed that there is an important mismatch between the thermal optimum (Topt) 514 

of Stichopathes sp. at the end of the coldest months of the year (October-November) and the mean 515 

environmental temperature at the same period. Indeed, Topt (28.3°C) was 2.7°C above the mean 516 

environmental temperature (25.6°C), suggesting that Stichopathes sp. functions at suboptimal 517 

performances during the coldest months of the year. Even when temperature fluctuations attributed 518 

to internal waves are considered, Topt remains 0.6°C above the maximum temperature of the 519 

environment (27.7°C, Figure 2e). Moreover, given that Topt did not align to the mean environmental 520 
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temperature, despite the fact that it is the end of the cold season and Stichopathes sp. had several 521 

months to acclimatize to these conditions, this suggests that Stichopathes sp. has poor thermal 522 

acclimatization capacity and/or that its rate of acclimatization is too low on the seasonal scale 523 

(Jurriaans & Hoogenboom, 2019). Stichopathes sp. might also live at temperatures lower than Topt 524 

because the thermal environmental fluctuations (i.e. the internal waves) are unpredictable, making 525 

acclimatization across seasons ineffective (Gabriel, 2005; Gilchrist, 1995; Jurriaans & Hoogenboom, 526 

2020). On the contrary, during the warm season, Topt will be very close to the mean environmental 527 

temperature (28.3°C at 50 m), resulting in better performance at that period. However, this also means 528 

that the risk of exceeding Topt during the warm season is high, except if Stichopathes sp. shows warm 529 

acclimatization abilities. This could be tested by running a similar experiment during the summer 530 

months (April). 531 

Increased temperatures elicited other stress responses: impairment of the healing capacity (from 532 

+4.5°C, 30.5°C) and increased tissue necrosis (from +3°C, 29°C). Mucocyte activity and antioxidants 533 

production showed a linear increase with temperature (see Figure 8 for a summary of the results). The 534 

difference in temperature between Topt (28.3°C) and these first signs of stress (around 29°C) is small, 535 

suggesting a narrow thermal window of performance (Tbr) for Stichopathes sp. A small thermal 536 

performance breadth reflects a sharp peaked thermal sensitivity, which translates into high 537 

susceptibility to increasing temperatures (as, for instance, in Acropora valenciennesi, Jurriaans & 538 

Hoogenboom, 2020).  539 

Altogether, the poor/slow acclimatization capacity and narrow thermal breadth of Stichopathes sp. 540 

suggest that it is likely to be affected by increasing temperatures, if the effects observed in aquarium 541 

also apply in the natural environment. This does not support the idea that temperature fluctuations 542 

associated with internal waves create thermal refugia in which heat stress may be buffered (Reardon 543 

et al., 2018; Wall et al., 2015; Wyatt et al., 2020). Similarly, a study in the Caribbean showed that 544 
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thermal internal waves did not allow mesophotic scleractinians to acclimatize to heat stress. Actually, 545 

the latter had lower bleaching thresholds than shallow water corals (Smith et al., 2016). 546 

While it is clear that mean maximum temperatures will increase at mesophotic depths based on 547 

emission scenarios, models forecasting changes in environmental variability are few (Bates et al., 548 

2018). Recent models, developed to predict thermal stress through the mesophotic zone, highlighted 549 

that heat stress exposure will not decrease with depth and that MCEs may not be refugia (Schramek 550 

et al., 2018; Venegas et al., 2019). Very roughly, we extrapolated our results by simulating an increase 551 

by 1°C from the temperatures measured in Oct-Nov (Figure 9). Even with this extra 1°C, the mean 552 

environmental temperature would remain 1.7°C below Topt. However, Topt could be exceeded if 553 

considering the internal waves, which may then impact the metabolism of Stichopathes sp. if it has not 554 

acclimatized to these new environmental conditions (i.e. if Topt remains constant). Acclimatization at 555 

longer term than the present experiment (16 days) cannot be ruled out. However, the present 556 

experiment has the same time scale than internal waves, meaning that acclimatization, if any, could 557 

already have occurred. Finally, considering the long life span of antipatharian colonies (varying among 558 

species on the order of decades to millennia; Wagner et al., 2012), adaptation is probably not to be 559 

expected at the time scale of ocean warming. As Stichopathes sp. does not rely on light, it could escape 560 

to deeper and colder waters providing these are rich enough in food. 561 

 562 

5. Conclusion 563 

The optimal temperature for respiration (around 28.3°C), calculated during the coldest months of the 564 

year for the mesophotic antipatharian Stichopathes sp., was well above the mean local environmental 565 

temperature, suggesting that Stichopathes sp. has poor acclimatization capacity and/or that its 566 

acclimatization rate is too low for the seasonal scale. However, its performances started to decrease 567 

beyond Topt, with reduced oxygen consumption rate, impairment of the healing capacities and higher 568 

tissue necrosis. Furthermore, mucocyte density and TAC production increased linearly with 569 
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temperature, as often observed for typical stress responses, inducing further energetic costs. Based 570 

on these additive and complementary observations, we suggest that Stichopathes sp. has a narrow 571 

thermal breadth and that the exceedance of Topt would have significant consequences for this species. 572 

This could occur during the warm season when the mean environmental temperature is very close to 573 

Topt but also during the cold season with only 1°C increase. 574 
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Figure legends 984 

 985 

Figure 1. a Photograph of a colony used in the experiment (Scale bar: 3 cm). b Close-up photograph of 986 

the polypar side of the corallum (Scale bar: 1.5 mm). c The healing index (HI), with index from -1 to 5 987 

describing the healing stage of the apical tip of the coral nubbin. Scale bars: HI -1 (10 mm); HI 0 (2 mm); 988 

HI 1 (2 mm); HI 2 (1 mm); HI 3 (1 mm) ; HI 4 (1 mm) ; HI 5 (1 mm). 989 

 990 

Figure 2. a Annual temperature variability on the North shore of Mo’orea at 3, 25, 35 and 50 m depth 991 

(mean ± se, n=1488-4647, by month, data from 2015 to 2021). Figure made from data by SNO Corail 992 

from CRIOBE (Tiahura reef site, 17°28.940’S 149° 53.985’W, SBE56 temperature sensors). b Variability 993 

of temperature (mean temperature per day) over 40 days (9th of October-17th of November 2019) at 994 

6, 20, 40, 60, and 90 m along the outer reef slope studied. Data collected with HOBO Temp V2 data 995 

loggers. c Temperature variability (5-min interval) at 6, 20, 40, 60, and 90 m showing the activity of 996 

internal waves on the 13th of November. Data collected with HOBO Temp V2 data loggers. d Radar plot 997 

comparing the temperature metrics (described in e) at 20, 60 and 90 m during the 40 days of 998 

measurements at the study site. The darkness of the blue increases with depth. e Quantitative metrics 999 

of temperature between depths, between the 9th of October and the 17th of November 2019. 1000 

Temperature measurements were collected with HOBO Temp V2 data loggers (5-min interval). 1001 

 1002 

Figure 3. Effects of temperature on Stichopathes sp. oxygen consumption rate (a-b), ammonium 1003 

excretion rate (c-d) and O:N ratio (e-f) after 8 (a, c, e) and 16 days (b, d, f) of exposure. Points represent 1004 

the individual nubbins. Curves of a and b fitted using Two-stage least square regression in the form of 1005 

a second order polynomial (y=ax2+bx+c) showing 95% confidence intervals. Linear regressions were 1006 

not significant for c, d, e and f.  1007 

 1008 
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Figure 4. Evolution of the mean healing index (HI) with time, per temperature treatment. Crosses 1009 

represent the mean healing index of nubbins at each time and temperature treatment (n=8). Lines 1010 

fitted using ordinal logistic regressions (nonlinear regressions). Greek letters indicate the parameters 1011 

α, β, and γ of the regression: the mean maximum value of healing index, α; the slope (the speed at 1012 

which α is reached), β; and the time at the middle point of the sigmoid, γ. Uppercase letters distinguish 1013 

statistically different groups for each parameter. 1014 

 1015 

Figure 5. Survival plot showing the probability of absence of tissue necrosis with time, per temperature 1016 

treatment. Uppercase letters indicate statistical differences with the reference group (control 1017 

treatment, 26°C), using Cox proportional-Hazards Model.  1018 

 1019 

Figure 6. a Linear least-squares regression showing relative surface (%) occupied by mucocytes in 1020 

tentacles cross-section according to temperature, after 16 days. Data was averaged by nubbins (grey 1021 

dots). b-c Histological cross-section through the tentacle of a polyp, showing the mucocyte cells 1022 

(arrows) inside the ectoderm, in a polyp at control temperature (b) and after 16 days under 30.5°C (c). 1023 

E, ectoderm; M, mesoglea; G, gastroderm; C, CAMAs (Cell-Associated Microbial Aggregates).  1024 

 1025 

Figure 7. Total antioxidant capacity (TAC, expressed in mM Copper Reducing Equivalents per g of 1026 

protein) according to temperature, after 16 days. 1027 

 1028 

Figure 8. Present (black curve) and extrapolated (+1°C, grey curve) environmental temperatures 1029 

variations at 90 m (HOBO, 5-min intervals) compared to the thermal optimum for respiration (Topt). 1030 

Black dotted line indicates the present mean environmental temperature measured over the 40-days 1031 

period. Grey dotted line indicates the extrapolated mean environmental temperature expected if it 1032 

increases by one degree.  1033 



Table 1. Physico-chemical parameters in the five experimental treatments and on the site of collection. 

Treatment  

(°C) 
Salinity 

Temperature  

(°C) 

Total alkalinity  

(µmol kg-1) 
pHT 

30.5 34.55 ± 0.50 30.10 ± 0.55 2390 ± 6 7.99 ± 0.01 

29 34.86 ± 0.15 28.68 ± 0.34 2389 ± 7 8.00 ± 0.01 

27.5 33.87 ± 0.39 27.35 ± 0.33 2403 ± 10 8.00 ± 0.01 

26 34.56 ± 0.40 26.18 ± 0.20 2391 ± 7 8.02 ± 0.01 

26 34.74 ± 0.44 26.22 ± 0.23 2392 ± 7 8.02 ± 0.01 

in situ (80m) 34.6 26.74 2354 8.04 

Data are means ± standard error. n=16 for salinity and pHT, n=36-48 for alkalinity, n=3744 for 
temperature. For in situ data (Niskins bottles): n=2 and only means are therefore reported. 
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Table 1. Q10 values at day 8 and 16 showing the changes in oxygen 

consumption rates between consecutive temperature treatments. 

Temperature change (°C) Q10 day 8 Q10 day 16 

26 - 27.5 4.78 47.05 

27.5 - 29 18.54 0.68 
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