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TEMPORAL VARIABILITY IN THE RESPONSE TO THERMAL 
STRESS IN THE RED GORGONIAN, P. CLAVATA: INSIGHTS 

FROM COMMON GARDEN EXPERIMENTS 

Abstract 
Recurrent mass mortality events (MMEs) linked to marine heatwaves (MHWs) have been 
observed in the Mediterranean Sea affecting thousands of kilometers of coastline. 
Coralligenous habitats were among the most impacted during these events. Information on how 
the exposure to recurrent MHWs is affecting the coralligenous is critical to anticipate the 
consequences of climate change and implement actions to enhance their resilience. Combining 
field surveys with experiments in controlled conditions allowed to dilucidate the differential 
responses to thermal stress among species, populations and individuals and to explore the 
spatial and taxonomic variability response to thermal stress linked to MHWs. Yet, the temporal 
variability in the response to thermal stress remains to be characterized. Thus, we aim to fill 
this gap focusing on the temporal variability in the response to thermal stress of the 
coralligenous key habitat-forming species Paramuricea clavata (Plexauridae). We replicated 
thermal stress experiments during 3 consecutive years following a common garden setup 
(control vs. thermal stress) involving the same individuals from the same three populations. 
Considering different phenotypic responses including the level of tissue necrosis during the time 
of the experiment and the survival of the individuals, we found that the average percentage of 
tissue necrosis per population variated greatly across years while the probability of survival 
was considerably reduced in 2017. During the experiments, several individuals from the 3 
populations systematically showed reduced level of tissue necrosis suggesting resistance to 
thermal stress. Overall our data will contribute to help better inform further conservation 
strategies of habitat-forming coral species in the Mediterranean Sea. 
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Introduction 
The Mediterranean Sea, considered as a hotspot of marine biodiversity and climate 
change (Cramer et al., 2018), has been affected by recurrent mass mortality events 
(MMEs) linked to marine heat waves (MHWs) with differential impacts among species, 
populations and individuals (Garrabou et al., 2022). Habitat-forming octocorals such as 
Paramuricea clavata (Risso, 1827) were strongly impacted with up to 80% of 
individuals affected in some localities (Cerrano et al., 2000; Garrabou et al., 2009; 
2021; 2022). This Mediterranean octocoral is characterized by slow population 
dynamics and restricted dispersal abilities (Linares, et al., 2008; Arizmendi-Mejía et al., 
2015), thus, the high mortality rates induced by MMEs question its evolutionary 
trajectory. Moreover, P. clavata has a key ecological role increasing habitat complexity 
in biogenic coralligenous communities. Thus, its decline owing to MMEs may have 
cascading effects on associated communities and related ecosystem functioning 
(Gómez-Gras et al., 2021). 
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Differential responses to MMEs among individuals and populations have been reported 
from the field and from experimental approaches in this species (Garrabou & Harmelin, 
2002; Crisci et al., 2011; Linares et al., 2015), suggesting spatial variability in the 
response to thermal stress with some individuals/populations able to better resist to 
MMEs. Yet, these studies have not included observations across consecutive years. 
Accordingly, the level of temporal variability in the response to thermal stress is totally 
unknown. This study aims to analyze the differential response to thermal stress between 
individuals and populations of Paramuricea clavata across three consecutive years, to: 
i) characterize the yearly temporal response variability; ii) refine estimation regarding 
the response variability at local scale (1 km2) and iii) explore the potential underlying 
genetic and environmental factors.  

Materials and methods 
Samples of P. clavata were collected yearly from 2015 to 2017 in early September from 
three different localities at the Medes Island (Spain, 42°02'60.00" N 3°12'60.00" E). 
Thirty healthy adult colonies (>50 cm) were initially tagged in 2014 at each location 
within a depth range of 15-20 m. From each marked colony, apical fragments were 
collected every year and allocated in the Aquarium Experimental Zone (ZAE) of the 
Institut de Ciències del Mar (ICM-CSIC) in Barcelona. After one week of acclimation 
in an open aquarium system at 17-18 °C, each colony branch was divided into two and 
the common garden experiments were conducted with one control (18 °C) and one 
stress treatment (25 °C).  
For control treatment, seawater temperature was maintained between 16-18 °C during 
the whole experiment. For the stress treatment, the temperature was increased stepwise 
from 18 to 25 °C over a period of 3 days. Once the temperature reached 25 °C, thermal 
conditions were maintained for 25 days following Crisci et al., (2017). Feeding was 
carried out three times per week in each tank. 

Phenotypic response and Statistical analysis 
Firstly, the percentage of tissue necrosis (extent of injury) was used as a proxy of 
colony response to thermal stress. Each individual was monitored visually every day 
until the end of the experiment. Then, we estimated the mean (and SD) extent of injury 
for each population and each year by using the average of injured tissue across all 
individuals. Secondly, the survival probabilities for each colony and population during 
the time of the experiment (i.e. having less than 100% of injured surface) was evaluated 
using a series of COX models under the survival R-package (Therneau et al., 2022). 
Finally, since we sampled the same individuals every year, we also reported the daily 
trajectory of tissue necrosis for each colony each year separately in order to look for 
temporal variability at the population and individual levels. Following Garrabou et al., 
2022, we identified individuals as potentially “resistant” if the levels of tissue necrosis 
were between 0 and 30% at the end of the experiment of any of the tested years. 
Remaining individuals were considered as “sensitive”. 

Results 
Tissue necrosis was observed for all populations in the three experiments. In 2015 and 
2016, the extent of injury was below 40% at the end of the experiment (day 25th). In 
contrast for 2017, colonies were totally affected (100% of tissue necrosis) by the 18th

day, except for Pota del Llop where a 100% of tissue necrosis was reached at day 24th. 
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(Fig. 1a). In addition, there were no significant differences in the survival probability 
comparing between localities for any given year. Significant differences in the survival 
probability of colonies from the three localities were found across years (p<0.001). In 
2015 and 2016, the probability of surviving slightly decreased only after day 15. In 
contrast, in 2017, the probability of survival sharply decreased after day 10. The 
probability of surviving in 2015 and 2016 was higher in comparison with 2017 (Fig. 1b). 

Fig. 1:. a) Average tissue necrosis in common garden experiments in La Vaca, Pota del 
Llop and Tascons from 2015 to 2017. b) Differences in survival probability (i.e. mortality) 
across years in P. clavata when exposed to thermal stress Kaplan-Meier survival curve 
(p<0,0001). 

Figure 2 shows the temporal variability of individual tissue necrosis among the three 
years. In each population, the level of tissue necrosis varied greatly among individuals. 
Considering the three years, around 40% of the total individuals (black arrows) in each 
population show between 0-30% of tissue necrosis in at least one of the tested years at 
the beginning of the second week of the experiment (~13 day). Thus, they were 
considered as potentially more resistant.  

Fig. 2: Trajectory of tissue necrosis in every experimental year for individual colonies of P. 
clavata at each locality. Each column represents the tissue necrosis in one individual 
during the 25 days of the experiment for each year. Black arrows indicate potential 
“resistant” individuals.
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Discussion 
In this study we conducted the characterization of the spatial and temporal variability in 
the responses to thermal stress between individuals and populations of the red 
gorgonian P. clavata. We considered a local scale within 1 km2 with three populations, 
while the temporal scale accounts for three consecutive years. We found no significant 
response to thermal stress when comparing the survival probability among populations 
for any given year. These results are in line with previous thermal stress experiments 
with the same species. In fact, as in our study, the response of populations from the 
same geographic area were not significantly different (Crisci et al., 2017). The factors 
and processes underlying this level of spatial variability remain poorly understood in P. 
clavata. Nevertheless, the influences of local thermal environment and recent thermal 
history on the spatial variability to thermal stress seem to be low (Gomez-Gras et al., 
2022). This result contrasts with different studies conducted in tropical corals species 
and point towards the implication of other processes, in particular genetic drift, driving 
the differential response among populations (Crisci et al., 2011; Linares et al., 
2013;Howells et al., 2012; Palumbi et al., 2014).  
We demonstrate a high variability in the percentage of tissue necrosis among 
individuals from the same population for a given year. This result is also in line with 
previous studies with P. clavata (Crisci et al., 2017). For instance, physiological 
aspects, including reproductive status (male vs. female) of the colonies were also 
suggested as important drivers controlling the differential response among individuals 
(Coma et al., 2009; Arizmendi-Mejía et al., 2015). In the present case, all the sampled 
colonies were adults (> 50cm), and they were feed during all the experiments, most 
likely buffering the impact of physiological and reproductive status. Therefore, on-
going population genetics and transcriptomics studies should provide further insights 
into this level of variability. Noteworthy, this individual sensitivity has been proposed 
as a fuel for adaptation and directional selection of resistant individuals to new thermal 
regimes in other coral populations over time (Morikawa & Palumbi, 2019). 
Finally, we demonstrate a strong temporal variability in the response to thermal stress 
for all three populations. We found that the survival probability of colonies was strongly 
reduced in 2017 experiment. Even though, we found several potentially resistant 
individuals of P. clavata at every locality, we observed that mortality is reached faster at 
year 2017 in at least two of the three populations (100% tissue necrosis by day 18th). 
Two non-exclusive hypotheses may potentially explain this result: i) impact of past 
thermal conditions (i.e. years before the experiment); ii) impact of recent thermal 
conditions (i.e. summer before the experiment). In 2017, the study area suffered a 
severe marine heatwave in the sea surface (Bensoussan et al., 2019). Besides 
preliminary results comparing 2017 with 2015 and 2016 thermal conditions at the depth 
where the populations dwell (15-20m) point toward a stronger and longer thermal 
disturbance (>23°C) observed during June to September of 2017 in comparison with 
2015 and 2016. In any case, the populations in the field were slightly affected by 
mortality (Hereu et al., 2020). This study indicates that determining the thermal 
response of populations and individuals may not be straightforward, as we showed that 
it may depend on the yearly environmental conditions. Despite of this, we also found 
some potential sensitivity/resistance patterns that may support climate adaptation 
conservation measures.  
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