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Abstract 17 

Local thermal environment has a strong influence on the physiology of marine ectotherms. This is 18 

particularly relevant for tropical organisms living close to their thermal optimum, well exemplified by 19 

the increasing frequency of bleaching occurrence in shallow-water corals. Mesophotic Coral 20 

Ecosystems (MCEs) were suggested as potential oases, especially when they are submitted to internal 21 

waves inducing short-term cooling events. Indeed, probability of bleaching occurrence in scleractinians 22 

was reported to decrease with depth in Mo'orea as temperature variability increases. However, 23 

ecophysiological data are currently lacking to understand the cause of lower susceptibility/increased 24 

plasticity of deeper corals. A growing interest has been devoted the last decade to MCEs, but our 25 

understanding of the physiological performance of benthic organisms living in this environment 26 

remains relatively unexplored. To tackle that question, we first compared the metabolic responses 27 

(dark respiration, net photosynthesis and photosynthetic efficiency) of the depth-generalist 28 

scleractinian Pachyseris speciosa from two heterogeneous thermal environment (25 and 85m depths) 29 

to acute heat stress to determine if the local thermal environment could predict coral response to 30 

warming. Then, we tested the thermal performance of two sympatric species (the scleractinian P. 31 

speciosa and the antipatharian Stichopathes sp.) to determine if there are inter-species differences in 32 

performances in species experiencing identical levels of temperature variability, at mesophotic depths 33 

(85m). Results revealed broader thermal performances in the mesophotic P. speciosa compared to 34 

mid-depth ones, and constrained performances in the mesophotic antipatharian compared to the 35 

scleractinian species. We hypothesize that the high fluctuations in temperature due to internal waves 36 

in deeper areas contribute to the broader thermal performances of mesophotic P. speciosa. However, 37 

the constrained performances of the mesophotic antipatharian compared to P. speciosa suggests that 38 

other processes than the symbiosis with zooxanthellae also influence thermal performances of these 39 

mesophotic organisms. Our results supported that Stichopathes sp. lives close to its thermal optimum, 40 

suggesting a (relatively) cold thermal specialist strategy. In this context, composition of MCEs in the 41 
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future is unlikely to shift to antipatharian-dominated landscape and will remain coral-dominated 42 

landscape.  43 

 44 
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 48 

Introduction 49 

Janzen (1967) hypothesized that the physiological tolerance of each organism should be large enough 50 

to encompass the entire gradient of conditions experienced throughout its life. This hypothesis 51 

influenced theoretical models in suggesting that organisms from more variable climate should be 52 

under selection for greater thermal acclimation ability than those from more stable climate (“The 53 

climate variability hypothesis”; Angilletta, 2009; Ghalambor, 2006; Gunderson & Stillman, 2015; 54 

Tewksbury et al., 2008). Evidence in favour with this hypothesis has been accumulating, with studies 55 

indicating that tropical organisms have narrower thermal window of performance (Thermal breadth, 56 

Tbr) than temperate species, because their seasonal thermal range is smaller (Deutsch et al., 2008; 57 

Gaston et al., 2009; Ghalambor, 2006; Huey et al., 2009; Sunday et al., 2012; Tewksbury et al., 2008). 58 

However, contrasting evidence were also obtained and suggested to reflect the influence of 59 

local/regional thermal variation in shaping thermal acclimation (Angilletta, 2009; Seebacher et al., 60 

2015; Shah et al., 2017a, 2017b). For example, experimental studies in the marine environment 61 

showed differences in heat stress tolerance across reef sites characterized by contrasting levels of 62 

thermal variability (i.e. fore-reef vs back-reef, inshore vs offshore reef ; Barshis et al., 2018; Kenkel et 63 

al., 2013, 2015; Oliver & Palumbi, 2011).  64 
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Depth may also influence thermal variability, with shallow depths experiencing larger variations than 65 

subjacent mesophotic depths, which have long been considered as cooler and more stable thermally 66 

(Bongaerts et al., 2010; Glynn, 1996; Turner et al., 2019). Therefore, organisms from mesophotic 67 

depths were hypothesized to have higher thermal sensitivities than shallow water ones (Smith et al., 68 

2016). This has been supported by some studies (Frates et al., 2021; Smith et al., 2016) but contrasting 69 

evidence arose from physiological measurements and bleaching events (Frade et al., 2018; Gould et 70 

al., 2021; Rocha et al., 2018). Now, thermal stability of mesophotic environments may be compromised 71 

by cold water intrusions due to oscillations of water column isotherms, mixing, internal waves and 72 

tides (Leichter et al., 2006, 2012, 2014; Sheppard, 2009; Wall et al., 2015; Wolanski et al., 2004; Wyatt 73 

et al., 2020). Internal waves are created by the rise of cold and nutrient-rich waters being uplifted up 74 

the reef slope, inducing thermal fluctuations at the time scale of hours to days which often exceed the 75 

magnitude of temperature fluctuations in shallow waters (Godefroid et al., 2022; Leichter et al., 2012). 76 

This cold water flushes to mesophotic depths may alleviate cumulated thermal stress during heat 77 

waves, resulting, for instance, in reduced scleractinian bleaching (Pérez-Rosalez et al., 2021; Storlazzy 78 

et al., 2020; Wall et al., 2015; Wyatt et al., 2020) but, to our knowledge, it has never been addressed 79 

if such transient cold thermal variability resulted in increased thermal tolerance (wider Tbr) of 80 

mesophotic organisms.  81 

Mesophotic Coral Ecosystems (MCEs) are characterized by the presence of light-dependent corals and 82 

associated communities, typically from around 30m depth and extending up to 150m in certain regions 83 

(Hinderstein et al., 2010; Lesser et al., 2009). In tropical zones, scleractinian corals usually dominate in 84 

shallow waters (when conditions are appropriate), with some species extending their range to 85 

mesophotic depths. Reef community composition progressively shifts with depth and non-86 

photosynthetic organisms become dominant when light conditions do not meet the requirements for 87 

scleractinian photosynthesis (Pyle et al., 2019).  88 

Among these, antipatharians are particularly abundant at mesophotic depths, sometimes forming 89 

dense aggregations called Marine Animal Forests (MAFs, sensu Rossi et al., 2017), and even becoming 90 
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dominant at depth in several regions. Their role as habitat providers and nursery areas then become 91 

fundamental to the maintenance of ecosystem functions (Bo et al., 2014, 2019; De Clippele et al., 2019; 92 

Terrana et al., 2019). They differ from scleractinians because they are commonly referred to as 93 

azooxanthellate, with only a few specimens showing the presence of 94 

Symbiodiniaceae/Symbiodiniaceae-like cells (Bo et al., 2011; Gress et al., 2021; Wagner et al., 2011). 95 

They also differ from scleractinians by their proteinaceous (and not calcareous) skeleton (Opresko et 96 

al., 2014; Wagner et al., 2012).  97 

To date, one study only has addressed the thermal sensitivity of a single antipatharian species and 98 

revealed that it lives close to its Topt (at least during the coldest months of the year) and has a rather 99 

narrow Tbr (tropical mesophotic Stichopathes sp., 15 days of exposure; Godefroid et al., 2022). This 100 

experiment was conducted in the island of Mo’orea in French Polynesia, which is known to be 101 

characterized by strong internal wave activity that impacts reef slopes at depths ≥30m around 102 

the entire island (Leichter et al., 2012). Superimposed on seasonal temperature changes of 103 

approximately 3°C, internal waves create a pattern of high frequency temperature variation 104 

that is created by the arrival of cold and nutrient rich waters (Leichter et al., 2012). The 105 

amplitude of these fluctuations increases with depth and are modulated across seasons, with 106 

markedly higher internal waves activity from Oct-May than from Jun-Sep (Godefroid et al. 107 

2022, Leichter et al. 2012, Pichon, 2019, Wyatt et al. 2020). Over a 40-days period during the 108 

cold season (Oct-Nov 2019), which coincides with the period of high internal wave activity, 109 

mean daily temperature fluctuations were twice as large at 90m than at 20m and the total 110 

temperature range over this period was 4.6°C at 90m vs 2.9°C at 20m (Godefroid et al. 2022). 111 

This indicates that mesophotic depths in Mo’orea are more variable than shallow-water ones, 112 

at least during the cold season (Godefroid et al., 2022). 113 
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The aim of the present study was first to assess how the thermal physiology of a generalist coral living 114 

from mid-depth (25m) to mesophotic (85m) environment, characterised by distinct temperature 115 

regimes (warmer and less variable in shallower part of the reefs), varies along the depth gradient in 116 

Mo’orea. We established TPCs for respiration, photosynthetic efficiency (Fv/Fm) and net photosynthesis 117 

(Pnet) of these two populations of Pachyseris speciosa living in different environments, using a short-118 

term ramping method. We hypothesized that TPCs should differ across the depth gradient, with lower 119 

Topt and wider Tbr for mesophotic P. speciosa than for mid-depth ones. Secondly, we investigated the 120 

thermal performance of two sympatric species (the scleractinian Pachyseris speciosa and the 121 

antipatharian Stichopathes sp.) exposed to identical thermal regime (mesophotic zone, 85m).  We 122 

established TPCs for respiration (both species), photosynthetic efficiency (Fv/Fm) and net 123 

photosynthesis (P. speciosa), their shapes and positions, to investigate the inter-specific variation of 124 

thermal strategy in mesophotic environment. Understanding thermal performance strategy and 125 

plasticity of key benthic organisms living in mesophotic areas will be an asset to better predict how 126 

climate change will shape the future of the reefs from shallow to mesophotic areas. 127 

 128 

Materials and Methods 129 

Coral collection and acclimation 130 

Coral colonies were collected on the outer reef slope on the North shore of the island of Mo’orea 131 

(17°28’41.7’’S, 149°51’09.9’’W). The fore reefs on the North coast of Mo’orea are characterized by a 132 

gentle slope (40-60°) from the surface down to 70-80m depth, where it drops almost vertically 133 

(inclination of 60% or more) (Pérez-Rosales et al., 2021). Between 30 and 70m depth, the substrate is 134 

mainly covered by sedimentary deposits, known as the “sandy plain”, which is virtually devoid of sessile 135 

benthos, except in some parts where there is an almost continuous monospecific cover of the 136 

substratum (up to 70-80%) by Pachyseris speciosa, over large areas (Pichon, 2019). P. speciosa is a 137 
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keystone mesophotic species that is very common and widespread in the Society and Tuamotu 138 

Archipelagos (Pichon, 2019).  139 

On February 11th, 2021, the team of technical divers from Under The Pole expeditions 140 

(https://www.underthepole.com/) collected eight colonies of the antipatharian Stichopathes sp. and 141 

eight colonies of the scleractinian P. speciosa on a vertical slope at 85m depth. For the taxonomic 142 

determination of Stichopathes sp., preliminary analyses targeted the nuclear Internal Transcribed 143 

Spacers of the ribosomal DNA (ITS1) and suggested this Stichopathes sp. to be part of clade C as 144 

described in Bo et al. (2012). All colonies were immediately transported to the “Centre de Recherches 145 

Insulaires et Observatoire de l’Environnement” (CRIOBE), fragmented on the same day (two fragments 146 

per colony for Stichopathes sp. and four fragments per colony for P. speciosa) and placed in an open-147 

circuit and sand-filtered aquarium with parameters of the collection site (Volume: 200L, Temperature: 148 

26°C, salinity: 35.5). Light was controlled using AquaIllumination Hydra lamps (USA) in the blue 149 

spectrum (4-15 µmol photons m-2 s-1). The same day, eight colonies of P. speciosa were also collected 150 

at 25m depth (gentle slope inclination), on the same site than the mesophotic colonies (17°28’41.7’’S, 151 

149°51’09.9’’W). They were transported to the CRIOBE and immediately fragmented (four fragments 152 

per colony) and placed in another sand-filtered aquarium with parameters of the corresponding site 153 

(Volume: 200L, Temperature: 28°C, salinity: 35.5, light: 200-250 µmol photons m-2 s-1 in the baseline 154 

spectrum). These depths (25 and 85m) were selected as 25m corresponds to the upper bathymetric 155 

range of P. speciosa in Mo’orea, extending at least up to 85m, corresponding to the upper bathymetric 156 

range of Stichopathes sp., while remaining accessible to technical divers. A complete characterization 157 

of the thermal environment of this site at different depths was reported in Godefroid et al. (2022) The 158 

surface area of the P. speciosa fragments was measured using a high-quality 3D scanner (EinScan-SP 159 

Scanner, Shining 3D, China). The black and reflective properties of the skeleton prevented the use of 160 

the scanner for Stichopathes sp., so its surface area was calculated based on the surface formula of a 161 

cylinder. Surface areas of the fragments were 5.1 ± 0.3 cm2 (n=21) for Stichopathes sp., 79.9 ± 3.9 cm2 162 

(n=24) and 71.2 ± 2.3 cm2 (n=26; mean ± se) for Pachyseris speciosa 25 and 85m, respectively. 163 
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The fragments were left five days to recover and then temperature in both aquaria was gradually 164 

decreased/increased by 0.5°C/day to reach a final common temperature at 27°C (i.e. the acclimation 165 

temperature). 27°C was selected as it is the average temperature between both depths at the time of 166 

collection and it is within the annual range of temperature for both depths. When the target 167 

temperature of 27°C was reached, the fragments were left to acclimate to these new conditions for at 168 

least ten days before starting the ramp experiments. The experiment time schedule is depicted in 169 

Figure 1a. 170 

 171 

Aquarium conditions 172 

Once at the target acclimation temperature (27°C), the only parameter that differed between the 173 

aquaria was light, and all other parameters were manipulated identically. Both aquaria were open-174 

circuit, with seawater pumped at 25m depth in the Bay in front of the facilities and sand and UV 175 

filtered. Temperature was manipulated using water chillers (one per aquarium, TECO TK1000, Italy) 176 

and light was provided using AquaIllumination Hydra (one per aquaria, USA) following the natural diel 177 

cycle. From 05:30 to 10:00 am, light was ramped up to a maximum (around 200-250 µmol photons m-178 

2 s-1, using the baseline spectrum provided by the AquaIllumination Hydra lamps, for 25m and 4-15 179 

µmol photons m-2 s-1, in the blue spectrum, for 85m), which was maintained until 2 pm, before ramping 180 

down to total darkness at 6 pm. Light intensity was selected based on in situ data from 20 and 90m 181 

collected using light loggers (DEFI2-L, JFE Advantech Co., Japan). As Stichopathes sp. depends on 182 

heterotrophic feeding, both aquaria were fed daily with a mix composed of live Artemia salina, 183 

copepods and phytoplankton.  184 

The respirometry experiments were run in a separate system composed of an open-circuit buffer tank 185 

(150 L) where the temperature was manipulated, connected with a pump system to an experimental 186 

tank (55 L) where the respirometry chambers were installed for the respirometry analyses. The 187 

experimental tank was overflowing into the buffer tank and excess seawater in the buffer tank was 188 
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removed from the system by overflow. The buffer tank and the experimental tank were equipped with 189 

circulation pumps to ensure a complete homogenisation of the temperature in both tanks. The high 190 

volume of seawater (200 L) in the system and the fact that temperature was only manipulated in the 191 

buffer tank allowed maintaining a very stable temperature in the experimental tank at all stages of the 192 

experiments. Moreover, the open-circuit system ensured that the accumulation of catabolism and 193 

stress molecules or mucus produced by the fragments during respirometry measurements would be 194 

eliminated between each measurement period, thus allowing good water quality throughout the 195 

experiments. Temperature in the buffer tank was controlled using one chiller (TECO TK2000, Italy) and 196 

three titanium heaters (Schego, Germany), each connected to a temperature controller (ITC-308, 197 

Inkbird, China). This allowed increasing water temperature quickly between the experimental stages. 198 

A bubbling system was installed in the experimental tank to increase seawater aeration. 199 

 200 

Thermal ramping assays 201 

Ramp experiments were performed to determine the TPCs of respiration (Rdark; Stichopathes sp. and 202 

P. speciosa), photosynthesis (Pnet) and photochemical efficiency (Fv/Fm) (P. speciosa only as 203 

Stichopathes sp. does not host zooxanthellae). Each ramp experiment was divided in two legs, both 204 

starting at the acclimation temperature: a hot ramp (27, 28, 29, 30, 31, 32°C) and a cold ramp (27, 26, 205 

25, 24, 23°C). Four experiments were performed in the dark to assess the TPCs for Rdark and Fv/Fm. One 206 

fragment from eight Pachyseris speciosa 25m colonies, eight Pachyseris speciosa 85m colonies and 207 

eight Stichopathes sp. colonies was used for the hot ramp and another (from the same colony) for the 208 

cold ramp. This way, a fragment was only used in a single hot ramp experiment (and was not reused) 209 

and another fragment from the same colony for the cold ramp. In total, eight independent replicates 210 

(colonies) per species/population were tested for each leg of the ramp experiment, with paired (from 211 

the same colony) replicates between cold and hot ramps. 212 
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Ramp experiments were performed similarly under light to assess the TPCs for Pnet. As light intensity 213 

decreases with depth, distinct ramps were performed for P. speciosa 25m and 85m, at the respective 214 

light intensities used for the acclimation period. One hot and one cold ramp were performed on 215 

fragments from 5 colonies for P. speciosa 25m and the same on fragments from 5 colonies for P. 216 

speciosa 85m. So, a total of 5 independent replicates (colonies) per population were tested for each 217 

leg of the ramp experiment, with paired (from the same colony) replicates between cold and hot 218 

ramps.  219 

Each ramp experiment proceeded similarly, with six cycles of a hot ramp (on day 1), followed by a cold 220 

ramp (on day 2) performed on another fragment from the same colonies. For example, in the case of 221 

the hot ramp experiments in the dark, six coral fragments were moved from their aquarium at about 222 

6 am to one of the eight respirometry chambers that were held in the experimental tank at 27°C (Fig. 223 

1b). After 1 hour of acclimation in either dark or light conditions (i.e. light intensity corresponded to 224 

the maximum light intensity used in the acclimation tank), the chambers were closed and oxygen 225 

consumption was measured for 40 min to estimate Rdark or Pnet. Then, the chambers were opened in 226 

the experimental tank (allowing water exchange between the water in the chambers and from the 227 

experimental tank) and Fv/Fm was measured in triplicate for each fragment (only in the dark 228 

incubations) before increasing the temperature to the next target temperature (+1°C), for one hour 229 

(i.e. 30-min temperature increase and 30-min of acclimation to the new temperature). Then, the 230 

chambers were sealed again to start a new 40-min measurement period to estimate Rdark or Pnet. The 231 

same procedure was repeated until the full range of experimental temperatures had been tested (up 232 

to 32°C), after which temperature was decreased back to 27°C in one step (i.e. the acclimation 233 

temperature) and new measurements of oxygen consumption were taken after 2.5 (around 7 pm) and 234 

12 hours (the next morning) to evaluate the recovery capacity of the fragments (Fig. 1b). Between the 235 

end of the ramp experiment and the 2.5 and 12h "recovery" measurements, chambers were opened 236 

and water exchanged with the water of the experimental tank. For the cold ramp experiments, the 237 
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same procedure (acclimation, measurement of Rdark or Pnet, then Fv/Fm) was followed at 27, 26, 25, 24 238 

and 23°C but the recovery capacity was not assessed at the end.   239 

 240 

 241 

Figure 1. (a) Time schedule of the experiments with coral collection and fragmentation, post-242 

fragmentation recovery (5 days), temperature increase/decrease to reach the common temperature 243 

at 27°C (2 days), acclimation at 27°C (10 days) and experimentation (hot and cold ramps, 13 days). (b) 244 

Schematic representation of a hot ramp with (1) 1 hour dark acclimation, (2) 9 hours of hot ramping 245 

assays (respirometry and photosynthetic efficiency (Fv/Fm) measurements, at 27, 28, 29, 30, 31 and 246 

32°C) and (3) 15.8 hours of recovery assay (the water temperature is brought back to 27°C and 247 

measurements of oxygen consumption rates are taken 2.5 and 12 hours after the last test at 32°C). 248 

 249 
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Metabolic responses 250 

Metabolic rates (Rdark and Pnet) were determined by measuring changes in dissolved oxygen 251 

concentration in eight respirometry chambers simultaneously. Measurements were taken every 5 s 252 

using fiber-optic oxygen sensors connected to two 4-channel Fiber Optic Oxygen Transmitter (OXY-4 253 

SMA G2 and OXY-4 SMA G3, Pre-Sens Precision Sensing GmbH, Germany), and were measured as 254 

saturation level (%) using the software PreSens Measurement Studio. The eight respirometry chambers 255 

varied in volume according to the species: fragments of Stichopathes sp. (unbranched, long and thin 256 

corallum) were placed in Falcon tube of ∼50 mL and fragments of P. speciosa (flat and thin) were 257 

placed in plastic chambers of ∼200 mL. In each chamber, an oxygen sensor spot (PreSens SP-PSt3-258 

NAU-D5-YOP-SA) was glued and calibrated according to the supplier’s manual and a magnetic stir bar 259 

was used (and separated from the fragment by a mesh) to maintain constant homogenization of the 260 

water in the chamber. The chambers were submerged in a recirculating water bath (as previously 261 

mentioned) which was placed on top of eight individual magnetic stirring plates allowing the constant 262 

functioning of the magnetic stir bars in the chambers. Oxygen saturation was recorded in a blank 263 

chamber (free of coral fragment) during each measurement and two blank chambers were used when 264 

the two types of chambers (50 mL and 200 mL) were used during the same experiment (dark ramps). 265 

These blanks allowed measuring the background respiration (i.e. the part of the respiration attributed 266 

to the seawater microbes). At the end of the measurements, the surface area of the fragments was 267 

measured as previously described. Oxygen saturation measurements were normalized based on the 268 

volume of seawater in the experimental chambers (𝑉), calculated from the density of seawater (Millero 269 

& Huang, 2009; Millero & Poisson, 1981). Oxygen saturation was then converted to oxygen 270 

concentration and the rate of oxygen consumption (𝑉𝑂$) was calculated from the slope of its linear 271 

regression %[𝑂$]() − [𝑂$](+, with time (𝑡): 272 

𝑉𝑂$ = /0%[𝑂$]() − [𝑂$](+, ∗
𝑉
𝑡
2 − 034𝑂$,6789:;() − 4𝑂$,6789:;(+< ∗

𝑉6789:
𝑡

2= ∗
1
𝑆𝐴

 273 
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Oxygen consumption rate of the fragments was corrected according to the consumption rate of the 274 

seawater-only chamber and normalized using the surface area (𝑆𝐴) of the fragments, and was 275 

expressed in micromole of oxygen per square centimetre per hour. 276 

At the end of each metabolic rate measurements, all respirometry chambers were opened in the 277 

experimental tank and the performance of the Symbiodiniacea hosted by fragments of P. speciosa was 278 

quantified by measuring their photochemical efficiency (Fv/Fm), in triplicate per fragment. These 279 

measurements were repeated at each temperature of all ramp experiments performed in the dark 280 

using a pulse-amplitude modulation fluorimeter (Diving-PAM, Walz, Germany). Dark-acclimated Fv/Fm 281 

should decrease if the symbionts become thermally stressed (Aichelman et al., 2019; Fitt et al., 2001; 282 

Thornhill et al., 2008; Warner et al., 1996). Pgross, the total amount of oxygen produced by the 283 

fragments, was calculated by adding Rdark to Pnet. 284 

 285 

Statistical analyses 286 

All data were analysed using the statistical software R version 1.3.959 (R Core Team, 2020). 287 

Non-linear least-square regression models were fitted to the variables Rdark for Stichopathes sp. and 288 

Fv/Fm for P.speciosa, using a symmetrical Gaussian function (as recommended by Angilletta, 2006, and 289 

widely used since, see e.g. Rodolfo-Metalpa et al., 2014, Jurriaans et al., 2019, 2020) with the R package 290 

nlstools (Baty et al., 2015):  291 

𝑃 = 𝑃𝑓C8D ∗ exp H−0.5 3
LMLNOP
LQR

<
$
S          (1) 292 

where P is the physiological response, Pfmax is the maximum value of that response, Topt is the 293 

temperature at which the response value is maximal (i.e. the mean of the Gaussian function) and Tbr is 294 

the breadth of the response curve (i.e. the standard deviation of the Gaussian function). Significant 295 

differences between the parameters Pfmax, Topt and Tbr were defined as non-overlapping 95% 296 

confidence intervals. 297 
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Simple linear regression models (𝑦 = 𝑎𝑥 + 𝑏) were fitted to the variables Rdark, Pnet and Pgross for P. 298 

speciosa, with temperature as independent variable (n=10). Comparison of slopes were performed 299 

using the R package lsmeans (Russel, 2016). 300 

As Rdark data were not modelled identically for Stichopathes sp. (Gaussian curve) and P. speciosa (Linear 301 

regression), thermal sensitivity was compared by calculating the temperature coefficient Q10 (i.e. the 302 

proportional change of respiration in response to a temperature increase of 10°C) using the van’t Hoff 303 

equation: 304 

𝑄Z[ = 	H
𝑅$
𝑅Z
S
^ Z[
L_ML+

`
 305 

where R1 and R2 are the rates of oxygen consumption corresponding to low temperature (T1) and high 306 

temperature (T2), respectively. Q10 was calculated in the range 23-32°C for P. speciosa and 23-28°C for 307 

Stichopathes sp. (in the range of linear increase with temperature). Q10 values were first calculated for 308 

each individual colony between consecutive temperatures and these were then averaged per 309 

population. Q10 is typically around 2-3 for physiological processes; a lower Q10 indicates that respiration 310 

rates were less sensitive to increasing temperatures, whereas a higher Q10 indicates higher thermal 311 

sensitivity. 312 

Analysis of residuals was carried out for all regression analysis. No trend in residuals was evidenced. 313 

Recovery capacity for each variable and P. speciosa population was evaluated using two-factor mixed 314 

model ANOVA, with population and time as fixed cross factors and fragment as a random repeated 315 

subject (Doncaster & Davey, 2007). When the interaction was significant, a post-hoc Tukey’s test was 316 

performed using the appropriate mean square error. Rdark for Stichopathes sp. was analysed separately 317 

using one-factor ANOVA with Time as fixed factor, as the surface values of the two studied species 318 

were highly different due to their distinct morphologies (voluminous and flat vs. thin and filiform), 319 

which strongly influenced the Rdark value after normalisation. 320 

 321 
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Results 322 

Metabolic responses with temperature 323 

Dark respiration (Rdark) increased linearly with temperature for P. speciosa living at 25m (mid-depth 324 

colonies) and 85m (mesophotic colonies) (Figure 2a, b; Linear regression, p<0.001 for both species, 325 

Table S1). However, the rate of increase (i.e. the slope of the regression) is significantly higher for the 326 

mid-depth than for the mesophotic colonies (Comparison of slopes, p<0.05, Table S2). For Stichopathes 327 

sp., Rdark data can be fitted by a nonlinear Gaussian relationship with temperature (Figure 2c). Topt was 328 

calculated at 29.6°C, corresponding to a maximum Rdark of 0.2 µmol O2 cm-2 h-1 (Table S3). Q10 was 329 

calculated in the linear part of the regression (before Topt for Stichopathes sp.) to allow comparing the 330 

three groups (P. speciosa 25m, 85m and Stichopathes sp.). Q10 did not differ between depths and 331 

stayed around 2-3 for P. speciosa , but was much higher and variable for Stichopathes sp. (45.68 ± 332 

61.96, mean ± sd n=6) (Table 1). 333 

Absolute values of Net Photosynthesis (Pnet) were positive at all temperatures for P. speciosa 25m but 334 

were negative for the mesophotic fragments of P. speciosa (Figure 2d, e). At both depth, Pnet decreased 335 

linearly with temperature (Linear regression, p<0.001 for P. speciosa 25m and p<0.005 for P. speciosa 336 

85m; Table S1) but the decrease was significantly more important for the mid-depth fragments 337 

(Comparison of slopes, p<0.05; Table S2).  338 

The compensatory effect of Pnet on Rdark was assessed by calculating gross photosynthesis. Pgross tended 339 

to decrease linearly with temperature for mid-depth fragments and increased significantly for 340 

mesophotic ones (Linear regression, p>0.05 for P. speciosa 25m and p<0.001 for P. speciosa 85m; Table 341 

S1). Comparison of slopes revealed that depth had significant influence on Pgross (p<0.001), but 342 

temperature did not (p>0.05; Table S2). 343 

Photosynthetic efficiency (Fv/Fm) can be fitted by a nonlinear Gaussian relationship with temperature, 344 

for fragments of P. speciosa from both depths (Figure 2f, g). The Topt was 26.2°C for the mid-depth 345 

fragments and 27.8°C for the mesophotic ones (corresponding to maximum yields of 0.68 for both 346 
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depths). However, confidence intervals overlapped for all the estimated parameters (Topt, Tbr, Fv/Fm max) 347 

for P. speciosa 25 and 85m, indicating no significant differences between the two populations for these 348 

parameters (Table S3). 349 

 350 

 351 

Figure 2. Thermal performance curves for (a-c) Dark Respiration (Rdark); (d, e) Net Photosynthesis (Pnet); 352 

(f, g) Photosynthetic efficiency (Fv/Fm) for (a, d, f) P. speciosa 25m, (b, e, g) P. speciosa 85m and (c) 353 

Stichopathes sp. Datapoints are the mean values ± se (n=5-8). Data were modelled using simple linear 354 
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regression (y = ax + b) or nonlinear regression, Gaussian curve, using equation (1). p-values of each of 355 

the 3 parameters of the Gaussian regressions (c, f, g) are shown in Table S3. 356 

 357 

Table 1. Q10 (mean ± sd) value for oxygen consumption rate with temperature, calculated for P. 358 

speciosa 25m, 85m and for Stichopathes sp. (n=6-8) 359 

 
P. speciosa 25m P. speciosa 85m Stichopathes sp. 

Q10 2.26 ± 0.42 3.29 ± 1.36 45.68 ± 61.96 

    
 360 

Recovery capacity after the ramping  361 

Recovery capacity was assessed by comparing measures at acclimation temperature before ramping 362 

and 2.5 and 12h after ramping and getting back to the acclimation temperature. Rdark of P.speciosa 363 

significantly differed according to depth (Mixed model ANOVA, pdepth<0.001), time (ptime<0.001) and 364 

the interaction of these factors (pdepth * time=0.015) Values of Rdark were significantly higher for the mid-365 

depth fragments of P. speciosa than for the mesophotic ones, at acclimation temperature (27°C) and 366 

all recovery stages  (pTukey<0.001; Figure 3a, b; Table S5). In addition, 2.5 hours after being brought back 367 

to acclimation temperature, fragments of P. speciosa from all depths had a significantly higher 368 

respiration rate than before the ramping (pTukey=0.048 for P. speciosa 25m and pTukey=0.028 for P. 369 

speciosa 85m), but a respiration rate not significantly different from that before the ramping  was 370 

reached after 12 hours for both populations (pTukey ≥0.112). For Stichopathes sp., there were no 371 

significant differences between Rdark pre-ramping and post-ramping recovery measurements 372 

(ptime=0.075) (Figure 3c, Table S4). 373 

Absolute values of Pnet were significantly higher for the mid-depth colonies of P. speciosa than for the 374 

mesophotic ones (Mixed model ANOVA, pdepth<0.001; Table S5). The Pnet of mesophotic P. speciosa is 375 

so low (around zero) than no effect can be observed. No significant differences were highlighted 376 
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between Pnet values pre-ramping and post-ramping recovery nor the interaction between time and 377 

depth (pTime=0.144, pTime*depth=0.462) (Figure 3d, e, Table S5). 378 

Photosynthetic efficiencies (Fv/Fm) of fragments of P. speciosa did not differ according to depth (Mixed 379 

model ANOVA, pdepth= 0.370) but were significantly reduced after 2.5 and 12 hours of recovery post-380 

ramping (pTime<0.001; pTukey ≤0.013); the two latter did not differ (pTukey >0.083; Figure 3f, g; Table S5). 381 

 382 
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 383 

Figure 3. Recovery capacity of (a,d,f) P. speciosa 25m, (b,e,g) 85 m and (c) Stichopathes sp. Metabolic 384 

performances of the coral fragments (n=5-13) before the ramp experiment (27°C, pre-ramp) and after 385 

the ramp experiment, when brought back to 27°C for 2.5 and 12 hours (post-ramp). Uppercase letters 386 

indicate significant differences between P. speciosa 25 and 85m. Greek characters indicates significant 387 

differences within a population according to time (Mixed model ANOVA with repeated measures on 388 

one cross factor). One-factor ANOVA did not reveal any statistical difference for Stichopathes sp. 389 

(Tables S4, S5). 390 
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 391 

Discussion 392 

Ongoing ocean warming is increasingly damaging coral reefs and evidence of mass mortality events 393 

are multiplying. Researchers have suggested that depth may provide refuge from events occurring at 394 

shallower depth, as heat accumulation decreases with increasing depth (Turner et al., 2019). Yet, 395 

evidence from experimental studies, oceanographic thermal models and bleaching events are mixed 396 

(Frade et al., 2018; Frates et al., 2021; Gould et al., 2021; Pérez-Rosales et al., 2021; Rocha et al., 2018; 397 

Smith et al., 2016; Venegas et al., 2019; Wall et al., 2015). Differences in sensitivity across depths can 398 

be attributed to differing environmental conditions and/or species physiological capacities (Page et al., 399 

2019). While abiotic differences across depths have been addressed multiple times, intrinsic metabolic 400 

differences have not yet received much attention (Ferrier-Pagès et al., 2022). 401 

 402 

Pachyseris speciosa 25m vs. 85m 403 

In this study, we assessed the thermal performance of the photosynthetic scleractinian Pachyseris 404 

speciosa from distinct depths (25 and 85m). Given the cooler mean temperatures and highly 405 

fluctuating thermal conditions (owing to internal waves) at mesophotic depths in Mo’orea (Leichter et 406 

al., 2012; Godefroid et al., 2022), we expected that mesophotic colonies of P. speciosa would have 407 

lower Topt and wider Tbr compared to mid-depth colonies. Topt was not reached by specimens from both 408 

depths for respiration and photosynthesis: performances increased linearly with temperature, so we 409 

could not determine Topt nor Tbr for P. speciosa. This is likely related to the experimental protocol used: 410 

longer exposure time or further temperature increase (above 32°C) could allow achieving Topt. Despite 411 

this, the effect on performances (i.e. the slope or the rate of activation, Ea) was higher on mid-depth 412 

than on mesophotic colonies, suggesting that mesophotic colonies have a higher capacity to 413 

encompass large range of temperatures and will be less affected by temperature regimes higher than 414 

Topt, compared to their mid-depth congeners.  415 
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Symbiont density, that was not assessed in the present study, might be one of the factors influencing 416 

depth-specific thermal performance in terms of respiration. Photoacclimatation is a well-known 417 

process in corals, allowing to maintain efficient performance in distinct light intensity regimes. In low 418 

light environment as in mesophotic depths, contrasting results were reported, showing in some cases 419 

an increase, decrease or stable symbiont density (Fitt et al., 2000; Leletkin et al., 1996; Mass et al., 420 

2010; Padilla-Gamino et al., 2019; Smith et al., 2017). Our data revealed a higher photosynthetic rates 421 

(Pnet) in mid-depth than in mesophotic fragments, which may be due to higher symbiont density and/or 422 

chlorophyll pigments. Differences in thermal performance across depths could also be related to the 423 

composition in Symbiodiniaceae, but previous research in Mo’orea showed that Symbiodiniaceae and 424 

bacterial communities did not differ across depths (6-120m) for P. speciosa (Rouzé H., unpublished 425 

results). 426 

Photoacclimatation is not the main or single driver modulating the capacity of corals to thrive under 427 

fluctuating environmental conditions. Other parameters, such as changes in colony morphology or in 428 

the contribution of heterotrophy, through feeding, are also known to differ across depths (Kahng et 429 

al., 2019). In the present study, we did not characterize the heterotrophic contribution of corals along 430 

the depth gradient. So, we cannot exclude that the heterotrophic energy input through feeding, that 431 

is known in some cases to represent an important contribution in the mesophotic corals (Kahng et al., 432 

2019), will affect thermal performance. Further research will be required to determine the role of 433 

photo-physiological capacities and heterotrophy into the performance of corals from distinct depths. 434 

Another factor that is likely to influence the thermotolerance of P. speciosa from different depths is 435 

the adaptation and/or acclimatization of the corals to the local temperature regime. A large body of 436 

research on scleractinian corals showed that thermal history, in particular temperature variability, 437 

affects coral physiological tolerance under heat stress (Barshis et al., 2018; Castillo & Helmuth, 2005; 438 

Guest et al., 2012; Kenkel et al., 2013, 2015; Oliver & Palumbi, 2011; Safaie et al., 2018). However, 439 

research that have experimentally compared thermal sensitivity of coral conspecifics from distinct 440 



22 
 

depths are relatively scarce. These studies either found no differences in thermal sensitivity across 441 

depth (instantaneous acute heat stress, 5-10m vs 30-35m; Gould et al., 2021) or lower tolerance to 442 

acute heat stress in mesophotic colonies (ramping of 1°C/day; Frates et al., 2021). Our study is the first 443 

to present thermal performance of corals from lower mesophotic zone (45m at the deepest in previous 444 

studies). We unravelled distinct thermal performance of mesophotic colonies compared to mid-depth 445 

ones, with a broader thermal performance of mesophotic corals exposed to heat stress. Our results 446 

therefore suggest that high temperature variability (owing to internal waves activity) at mesophotic 447 

depths in French Polynesia likely contributes to the observed broader thermal performance of colonies 448 

from those depths. 449 

Q10 results did not differ between depths, which does not support the higher thermotolerance of 450 

mesophotic colonies previously discussed based on the comparison of slopes between depths. This is 451 

counterintuitive as Q10 derives from the slope, but this is due to the different methods of calculation. 452 

Indeed, Q10 was first calculated on each individual subjected to the different temperatures and all Q10 453 

were then averaged (mean ± sd), while slopes of the linear regressions were calculated based on all 454 

data together (and not individual colonies first). Q10 value therefore provides an indication of the 455 

variability of responses between depths, which was higher in mesophotic than in mid-depth colonies 456 

(Table 1). This higher variability in mesophotic colonies could be explained by the more fluctuating 457 

environmental conditions at these depths, and thus potentially a greater diversity in response 458 

strategies to these fluctuating conditions, compared to the mid-depth colonies that are exposed and 459 

have acclimated/adapted to more stable environmental conditions. 460 

 461 

Comparing thermal performance of corals living at distinct depths has a real ecological interest if both 462 

shallow and deep zones are impacted by heat stress (e.g. marine heatwaves). MCEs are often viewed 463 

as areas of environmental stability, being spared by heat stress, which creates good conditions for the 464 

development and survival of corals compared to their shallow-water counterparts. However, MCEs 465 

may also be affected by heat stress and depending on the thermotolerance of corals living in these 466 
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areas, the consequences of heat stress affecting mesophotic reefs may be totally different. Although 467 

long-term temperature data at 85m were not available in French Polynesia, data were available from 468 

3 to 50m and included the 2019 mass bleaching event around Mo’orea. These data confirmed ours in 469 

that temperature is colder and more variable in deeper areas of the reefs and they also revealed that 470 

the 2019 marine heatwave did not spare mesophotic depth, with a clear rise in temperature in both 471 

shallow and mesophotic areas (at least up to 50m; Fig. S1). This confirmed that mesophotic corals (at 472 

50m) are impacted by heat stress and we could hypothesize that such heat stress was also present up 473 

to 85m. The suspected presence of heat stress at 85m, combined with the broader thermal 474 

performance of corals at 85m, support that mesophotic zone may serve as resistant oases (Guest et 475 

al., 2018) that are able to tolerate thermal anomaly without losing coral cover due to specific traits of 476 

the corals living there, as P. speciosa. We suggest that this is likely because mesophotic colonies, 477 

exposed to more variable seawater temperatures, developed broader thermal performance to 478 

withstand warming than their mid-depth congeners. This supports the assumption that mesophotic 479 

environments exposed to large thermal fluctuations, such as caused by internal waves, will be an 480 

important asset in the future from a management perspective, as they are most likely to be less 481 

susceptible to global warming than their shallower counterparts. We acknowledge that this 482 

observation of broader thermal performance of mesophotic corals was performed on a single species 483 

using acute heat stress. More endpoints at longer time scale and other depth-generalist species should 484 

be tested to confirm that pattern at a larger scale. In addition, even if bleaching was not observed per 485 

se, the increase in metabolic activity can be interpreted as an increase in sensitivity of the process 486 

(Silbiger et al., 2019), that could potentially lead to bleaching if exposure was extended over a longer 487 

period. 488 

 489 

In contrast with previous parameters, the effect of temperature on photochemical efficiency (dark 490 

acclimated Fv/Fm) did not differ significantly between mid-depth and mesophotic colonies of P. 491 

speciosa. The relationship Fv/Fm according to temperature was described by a Gaussian function, with 492 
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a maximum (Topt) at 26.2 and 27.8°C (at 25 and 85m, respectively) beyond which it started decreasing. 493 

Moreover, 12 hours post-recovery, photochemical efficiency of the Symbiodiniaceae was not fully 494 

recovered, at any depths. It is well known that, in darkness, oxygen concentration declines significantly 495 

in coral tissues due to chlororespiration, leading to hypoxic conditions that results in a decline in Fv/Fm 496 

of the symbionts during the night (Shashar et al., 1993; Jones et al., 2001). However, the addition of 497 

exogenous oxygen to hypoxic coral tissues (held in darkness for several hours), as was continuously 498 

provided during the ramping, was showed to be sufficient to increase Fv/Fm back to normal values 499 

(Jones et al., 2001). So, we suggest that this decline in Fv/Fm around Topt is unlikely to be an 500 

experimental artefact. Rather, we suggest that it shows the rapid thermal acclimation capacity of the 501 

symbionts. Indeed, Topt (maximum Fv/Fm) was measured around 27°C at both depth, which corresponds 502 

to the acclimation temperature. This suggests that an acclimation of 10 days at the common 503 

temperature of 27°C was sufficient for the Symbiodiniaceae to optimize their photochemical efficiency.  504 

 505 

Pachyseris speciosa vs. Stichopathes sp. from the same depth (85m) 506 

At mesophotic depths, scleractinian corals co-exist with other cnidarians, including antipatharians. The 507 

present study revealed distinct metabolic performances under thermal stress between P. speciosa and 508 

Stichopathes sp. collected from the same site at 85m depth. Indeed, Topt for dark respiration was 509 

reached for Stichopathes sp. but not for P. speciosa and the higher sensitivity of Stichopathes sp. was 510 

also supported by its high Q10 value, much out of the typical range of 2-3 for thermochemical enzymatic 511 

reactions. Does that mean that Stichopathes sp. from Mo’orea is a (relatively) cold thermal specialist 512 

and that its bathymetric range (from 60m and deeper) is constrained by temperature? Indeed, a 513 

previous study of the same species showed that a 15d thermal exposure to 1°C above Topt induced 514 

deleterious effects (Godefroid et al., 2022). Reanalysing the data of Godefroid et al., (2022), using the 515 

same Gaussian regression as in the present study, yielded a Topt of 28.3°C and a Tbr of 2.15°C. In the 516 

present ramping experiment, Topt was higher (29.6°C) and Tbr was wider (4.26°C) than in Godefroid et 517 

al. (2022), which is likely a consequence of seasonal acclimation, as the sampling was performed during 518 
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different sampling periods (February 2021 vs. October 2019 in Godefroid et al., 2022), which differed 519 

in temperature (Figure S1). This mismatch could also be partly explained by the acute nature of the 520 

stress performed, preventing acclimation to occur. Indeed, studies have previously showed that acute 521 

ramping methodologies tend to overestimate Topt in comparison with medium/long-term methods 522 

(Schulte et al., 2011; Sinclair et al., 2016). Yet, differences in TPC metrics between the two 523 

experimental approaches used (medium-term exposure in Godefroid et al., 2022 vs acute ramping in 524 

the present study) were not significant (overlapping confidence intervals for each parameters, Tbr, Topt 525 

and Pfmax). This indicates that the method used has limited influence on the results, supporting the use 526 

of acute ramping methodologies for antipatharians (especially in a comparative approach). 527 

 528 

Conclusion 529 

No consensus currently exists as if Mesophotic Coral Ecosystems may or not provide resistant and/or 530 

resilient coral oases to the increasing frequency of heat stress events. MCEs in Mo’orea were suggested 531 

to play a role as short-term resistant oases from bleaching (Pérez-Rosales et al., 2021). Our study 532 

contributed to this statement by providing the first metabolic evidence of a broader thermal 533 

performance of the depth-generalist scleractinian P. speciosa at mesophotic depths compared to mid-534 

depth, which suggests the capacity of that species to adopt a thermal strategy depending on local 535 

temperature regime. This supports that mesophotic environments exposed to large thermal 536 

fluctuations are most likely to be more tolerant under global warming. Surprisingly, our work also shed 537 

light on the constrained thermal performance of antipatharian compared to scleractinian, living in a 538 

similar site at mesophotic depth (85m). This has important implication for predicting the future of 539 

mesophotic reefs, as it unravelled that other biological processes than the Symbiodiniaceae symbiosis 540 

may modulate the thermal performance of benthic organisms in that particular zone of the reefs. 541 

Regarding the lack of plasticity of antipatharian compared to scleractinian in response to heat stress, 542 
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it is unlikely to observe a shift of dominance from scleractinian to antipatharian in future mesophotic 543 

reefs.  544 
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