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Understanding how coralline algae may acclimatize to ocean warming is important to understand their survival over the coming century. Taking advantage of natural differences in temperature conditions between coastal areas in Sardinia (Italy) and between depths, the responses in terms of biological traits to warming of the crustose coralline alga Lithophyllum stictiforme, a key bioconstructor of coralligenous reefs in the Mediterranean, were evaluated in the field by two innovative transplant experiments where translocated specimens were used as controls. Results of the first experiment (algae cross transplanted between a cold and a warm site at two depths, 23 and 34 m) showed that the marginal growth of the alga and production of conceptacles were higher in the cold site, regardless of the treatment (transplant and translocation) and depth. However, growth in thickness in algae transferred from the cold to the warm site was higher at 34 m of depth, where they had a better performance than the local (translocated) algae. Results of the second experiment (algae transplanted from 34 m to 15 m of depth under different light irradiance manipulations) evidenced that the increase in temperature of +4°C was tolerated by thalli transplanted at 15 m, but that thallus growth and conceptacles production was negatively affected by the higher light irradiance. These results suggest an overall good adaptability of L. stictiforme under warmer conditions, even those due to thermocline deepening. Overall, these results encourage consideration of the use of transplants of this bioconstructor in future restoration actions of coralligenous habitats.
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Introduction

Climate variability is expected to increase as anthropogenic global warming continues, and climate models predict that temperature peaks such as marine heat waves (MHWs) will become more extreme, more frequent and more prolonged in time in many regions (Oliver et al., 2018; Smale et al., 2019; IPCC, 2021). Temperature affects organisms in several ways from the individual level (ecophysiology) to the population and species levels (changes in geographic distribution) (Poloczanska et al., 2013; Bruno et al., 2015; Scheffers et al., 2016; Gauzens et al., 2020). Ocean warming (OW) is altering important physical and structural features of many ecosystems (Hoegh-Guldberg and Poloczanska, 2017; Bruno et al., 2018; Smale et al., 2019) and is perceived as a major threat to key foundation species such as corals (Carpenter et al., 2008; Hughes et al., 2018; Kubicek et al., 2019), kelps (Assis et al., 2016; Wernberg et al., 2016), seagrasses (Marbà and Duarte, 2010; Thomson et al., 2015), and coralline algae (Ragazzola et al., 2012; Ordoñez et al., 2014; McCoy and Kamenos, 2015; Kim et al., 2020). The climate impacts are expressed at various levels of biological organization and often are due to changes in local or regional environmental conditions affecting biological processes such as reproduction and survival (Ådal et al., 2006). Species may respond differently to climate change because of a variety of factors, such as evolutionary history, species interactions, physiology, genetic structure, behavior, and habitat-mediated environmental effects on individuals (Etterson and Shaw, 2001; McCoy and Ragazzola, 2014; Hurd, 2015; Louthan and Morris, 2021). Local habitat conditions can mediate the effects of climate, so populations living in different habitats may exhibit different responses to global changes (Crozier et al., 2008).

Coralline algae (CA) are calcareous red algae, belonging to the orders Corallinales, Corallinapetrales, Hapalidiales and Sporolithales, widespread in the photic zone of rocky shores in both hemispheres (Steneck, 1986; Rindi et al., 2019; Schubert et al., 2020). Their morphological habits include encrusting forms (crustose coralline algae, CCA), free-living thalli (rhodolith-maerl) and geniculate articulated thalli; species with these morphologies occur both in intertidal and subtidal habitats and some act as important ecosystem engineers (Steneck, 1986; Nelson, 2009; Fragkopoulou et al., 2021). Some CCA, in particular, are important habitat builders, as their calcified thalli create and stabilize reefs and greatly increase benthic diversity by providing hard substrate for other organisms to settle on (Foster, 2001; Teichert, 2014). Bioconstructor CA are slow-growing and long-lived organisms and occur from the intertidal zone down to 270 m in the tropics, occurring commonly at all latitudes on modern carbonate shelves worldwide (Bosence, 1983; Littler and Littler, 1984; Nelson, 2009; Teichert et al., 2012; Foster et al., 2013). Many CA species are experiencing a loss of vitality (Blanfuné et al., 2016) and are considered highly vulnerable to long-term climate change (Cornwall et al., 2019; Rindi et al., 2019; Peña et al., 2021). Mineralogical changes have also been evidenced, as the Mg content in CA varies as a function of the sea water temperature (Halfar et al., 2008; Kamenos et al., 2008; Hetzinger et al., 2009; Ragazzola et al., 2020) which is believed to exert primary control by determining incorporation of Mg into the CA cell walls (Kamenos et al., 2008; Caragnano et al., 2014; Diaz-Pulido et al., 2014; Ragazzola et al., 2020).

CCA have occurred in the Mediterranean Sea for ∼140 My and are well-represented in the subsequent fossil record (Chatalov et al., 2015). Among the living taxa, species of the genus Lithophyllum (Corallinales) are key bioconstructors, greatly contributing to the formation of coralligenous concretions (Garrabou and Ballesteros, 2000; Ballesteros, 2006). Coralligenous reefs are the most important deep subtidal habitat in the Mediterranean and provide important ecosystem services, acting as hot spots of marine biodiversity (Ådal et al., 2006; Ballesteros, 2006; Piazzi and Ceccherelli, 2020), carbon sinks (Martin et al., 2014), and providing habitat for economically valuable species (Canals and Ballesteros, 1997; Ballesteros, 2006; Rindi et al., 2019). In coralligenous reefs, CCA constitute a secondary substrate which hosts highly diverse assemblages (Ballesteros, 2006). Spatial analyses of assemblages associated to CCA have evidenced biogeographical patterns (Piazzi et al., 2021), supporting the hypothesis that temperature is a key driver affecting the horizontal and vertical distribution of these communities (Ceccherelli et al., 2020; Pinna et al., 2021). On the contrary, little is known about the influence of temperature on CCA presence and distribution in the Mediterranean Sea, although several diseases referable to thermal effects have been reported (Hereu and Kersting, 2016) and a time-integrated thermogeographic model has been proposed by Adey and Steneck (2001) to demonstrate conditions under which CCA assemblages evolve biogeographic patterns in their distribution and abundance.

At present, only laboratory studies about vulnerability of CCA at increased greenhouse gas conditions have been conducted (Anthony et al., 2008; Martin and Gattuso, 2009; Rodríguez-Prieto, 2016; Vásquez-Elizondo and Enríquez, 2016; Martin and Hall-Spencer, 2017; Kim et al., 2020). Experiments performed on Lithophyllum species have investigated how warming affects growth, respiration, photosynthesis, calcification, and mineralogical responses (Martin and Gattuso, 2009; Martin et al., 2013a; Martin et al., 2013b; Nash et al., 2016; Rodríguez-Prieto, 2016). Thus, despite some knowledge on survival, growth rates and geochemistry of Lithophyllum, it is not yet clear how environmental changes translate into the distribution of Mediterranean populations. The need for further insights is also driven by the results of recent molecular studies (De Jode et al., 2019; Pezzolesi et al., 2019). Lithophyllum stictiforme (Areschoug) Hauck and Lithophyllum cabiochiae (Boudouresque & Verlaque) Athanasiadis, the two main species of the genus in coralligenous concretions, were recently shown to represent a striking case of cryptic diversity: although in the past most authors separated these species, recent treatments (Cormaci et al., 2017; Pezzolesi et al., 2019; Guiry and Guiry, 2022) consider L. cabiochiae and L. stictiforme conspecific. Both Pezzolesi et al. (2019) and De Jode et al. (2019) concluded that these entities belong to a complex of cryptic species, several of which have a geographic distribution seemingly restricted to a particular area or site (Rindi et al., 2019). Therefore, the need of a better knowledge of the biology of the L. stictiforme complex in relation to future scenarios is therefore more important and urgent than ever. Indeed, a better understanding of CCA responses to warming is critical to predict how CCA-based communities may change in response to global environmental changes.

Nowadays, there is a growing need of field experiments which may serve as a useful bridge between laboratory results and natural environmental processes (Chave, 2013). Taking advantage of natural differences in temperature conditions between coastal areas in Sardinia (Italy, Western Mediterranean, Pansini et al., 2021) and along depth gradients (Ceccherelli et al., 2020), we performed crossed transplants of L. stictiforme to examine the temperature effects in terms of mortality, growth, and reproductive structures for the first time in the field. Two experiments were conducted: in the first (between sites experiment), to evaluate the adaptability of the alga to a different thermal regime, we transplanted algae from a cold to a warmer site at two depths; in the second (between depths experiment), transplants were done within the same site from a deeper to a shallower depth under different light irradiance manipulations to evaluate the influence of the thermocline, which could be increasingly deeper and persistent due to global climate change effects (Cerrano et al., 2000; Collins et al., 2010). The main goal was to understand if L. stictiforme is adaptable to changes in thermal conditions and to distinguish the effects of light irradiance from temperature conditions on the algal performance. This species was chosen because it is the most common CCA in the coralligenous concretions considered and occurs throughout the Mediterranean region. The results provide pivotal information collected in the field on the biology of the alga, allowing us to forecast whether future changes in temperature will affect its performance and to propose hypotheses about performances at the population level for the future. Finally, these data may also contribute to draw up future guidelines for a restoration of coralligenous habitats by transplantation of this foundation species.



Materials and methods

The two manipulative experiments, between site experiment (BSE) and between depth experiment (BDE), were both conducted in Sardinia. The BSE was carried out from November 2020 to October 2021 on coralligenous reefs of two sites, Costa Paradiso (CP, 41°04’N, 08°57’E) and Capo Carbonara Marine Protected Area (CC, 39°05’N, 09°31’E, Figure 1), belonging to two different biogeographic regions (Coll et al., 2010; Piazzi et al., 2021). The BDE was done from June to November 2021 on the coralligenous reefs at the CP site.




Figure 1 | Map of the study sites: Costa Paradiso (CP) in blue = cold site and Capo Carbonara (CC) in red = warm site. Arrows indicate the translocated and transplanted treatments in the BSE.



Both sites are far from any anthropogenic sources of disturbance and are characterized by a high oligotrophy (Barisiello et al., 2002; Regione Autonoma della Sardegna, 2016). However, large differences in sea water temperature were evidenced between sites in the Sea Surface Temperature (SST) climatology, water stratification during the hot season in terms of duration, temperature intensity and variability, and MHWs occurrence (Ceccherelli et al., 2020). Probably due also to such differences, the coralligenous assemblages of the two sites have different geomorphological structures (Piazzi et al., 2021): in particular, CP, which is on average colder than CC, is characterized by massive bioconstructions from 15 m of depth, while in CC the same type of constructions is found only deeper than 30 m (Pinna et al., 2021).


Morphology and identification of the material used for the experiments

Due to the complex taxonomic nature of the L. stictiforme complex (De Jode et al., 2019; Pezzolesi et al., 2019), all possible care was taken to ensure that all specimens used in the experiments belonged to the same species. The specimens used in this study were identified as L. stictiforme based on the circumscription of this species provided by Pezzolesi et al. (2019). They consisted of lobed lamellae, often superimposed, up to 1.5 mm thick, with a smooth to undulate surface, violet to dark pink in colour (Figure S1). Using DNA sequence data, Pezzolesi et al. (2019) showed that specimens exhibiting this habit represent the genuine L. stictiforme and demonstrated that this species is widespread in the central Mediterranean. For this study it was not possible to sequence all specimens used in the experiments; however, DNA sequence data (partial psbA sequences) were obtained for a few representative specimens from CP, confirming the assignment to L. stictiforme (Caragnano and Rindi, unpublished data, Figure S2). These specimens have been kept and will be deposited in the phycological section of the Herbarium Anconitanum, Polytechninc University of Marche (ANC).



Sampling designs and experiment set up

In the BSE a cross-transplant experiment of L. stictiforme was performed between CP and CC maintaining the origin depth (i.e. 23 and 34 m). Based on temperature variations measured by Ceccherelli et al. (2020), CC has considerably warmer water than CP, and the rationale of the BSE relies on the fact that, at the same depth, the algae of the two sites can experience different temperatures for several months, at least from May to November (Ceccherelli et al., 2020). At each combination of site and depth, eight L. stictiforme thalli were fixed on an exposed horizontal substratum next to the coralligenous cliff: four transplanted from the other site (same depth) and four translocated (same site and same depth, sensu Chapman, 1986). The experimental design consisted of three factors (Figure 2): 1) Site, with two levels (cold=CP and warm=CC); 2) Depth, with two levels (23 and 34 m); 3) Treatment, with two levels (transplanted and translocated).




Figure 2 | Sampling design of the BSE. Site: CP, cold site; CC, warm site; Depth, 23 and 34 m; Treatment, TRP=transplant; TRL, translocation.



In the BDE, to evaluate the influence of warm water on 34 m depth algae simulating the effects of the near future deeper thermocline, and to disentangle the effects of irradiance from those of the temperature, four treatments were used by transplanting or translocating L. stictiforme thalli (4 replicated treatments) between two depths at CP site: 1) L. stictiforme was transplanted from 34 m to 15 m depth and placed in a natural cavity within the bioconstruction (L TRP=transplanted at low irradiance), so that the algae could experience the 34 m light irradiance but water temperature above the thermocline; 2) L. stictiforme was translocated at the same depth of origin (34 m, L TRL=translocated at low irradiance); 3) L. stictiforme was transplanted from 34 m to 15 m on a exposed substratum (H TRP=transplanted at high irradiance); 4) L. stictiforme was translocated at the same depth of origin (15 m, H TRL=translocated at high irradiance). The L TRP and L TRL treatments simulate the temperature and irradiance conditions that occur at 34 m of depth in the future and current scenario, respectively; the comparison between L TRP and H TRP algae allows disentangling the effect of temperature from light irradiance, while the comparison between the H TRL and H TRP treatments allows to assess the adaptability of algae from different depths to high temperature and high irradiance conditions.

For the setup of both experiments, healthy L. stictiforme (about 8 cm in diameter) with no signs of damage or bleaching were carefully collected (detaching their basal parts using hammer and chisel) by SCUBA diving (Figure 3A) and transported in insulated aquaria to the laboratory within one hour, where they were cleaned from epiphytes and rinsed with new seawater. Afterwards, they were placed in aquaria with oxygenators, kept at the temperature of their origin environment and stained using Alizarine-Red stain (Sigma-Aldrich, Steinheim, Germany) 0.25 g·l-1 for 24 h (Blake and Maggs, 2003; Rivera et al., 2004). The stained L. stictiforme thalli were transported to the receiving sites and glued with a two-component epoxy underwater filler (Sub Coat Veneziani) on granite tiles which were attached on horizontal substrates in the field (Figure 3A). Both CP and CC host extensive populations of healthy L. stictiforme occupying a relatively wide bathymetric range and the collection of the specimens used for the experiments did not compromise the vitality of the populations.




Figure 3 | Lithophyllum stictiforme: (A) thallus on tile; (B) embedded into epoxy resin mold; (C) thallus slice under the binocular (in green the marginal growth, in blue the growth in thickness and red a new conceptacle).



For both experiments, two data loggers (HOBO Pendant Temp/Light MX2202, Onset Computer Corporation, USA) per treatment were fixed to record water temperature and light irradiance (only for the BDE) during the whole experimental time. The loggers were checked and cleaned from epiphytes every two months.

At the end of the experimental period (12 months for BSE and 6 months for BDE), each thallus was recollected from the field and transported to the laboratory, where mortality was evaluated by visually inspecting the colour of the thallus surface. Thalli were considered dead when a total bleaching of the surface occurred, since the colour change does not indicate thallus deterioration, as the concentration of phycobilin can vary in relation to the light exposure. Then algae were rinsed with fresh water, air dried and individually embedded into epoxy resin mold (Kit EpoFix Struers; Figure 3B).



Data collection

From each thallus five slices (about 1 cm wide) were obtained using a circular rock saw, and each slice was polished using a machine with abrasive papers of different grain size (i.e. from 30 to 15 μm) on the longitudinal axes and photographed under the binocular. Then thallus marginal growth and growth in thickness were estimated on the images through ImageJ software (https://imageJ.nih.gov, Figure 3C) by measuring the thallus new portions from the Alizarine stain. A total of five measurements at equal distances (approximately 3 mm) were taken along the cross-section of each slice and averaged to obtain the growth in thickness measurements in each slice. Furthermore, in the portion of the alga grown during the experiment, the abundance of conceptacles was checked, and the number of conceptacles was calculated for each slice. Then, for both experiments, the marginal growth, growth in thickness and number of conceptacles of each slice were measured and averaged for each thallus. Each thallus was considered a replicate (Figure 3B).



Data analysis

In order to assess thermal differences between sites (CC and CP), two approaches were used: i) the daily temperature recorded by loggers was analyzed by a three-way permutational analysis of variance (PERMANOVA, Anderson, 2001) based on Euclidean distance using an orthogonal design where site (two levels), depth (two levels) and season (four levels) were fixed factors (n = 28); ii) SST data were used to describe MHWs in both sites according with Hobday et al. (2018); Hobday et al. (2016), using heatwaveR packages in R (Schlegel and Smit, 2018). The levels of the season factor (Autumn, Winter, Spring and Summer) were considered as meteorological seasons.

L. stictiforme thallus marginal growth and growth in thickness in the BSE were analysed by three-way univariate PERMANOVAs (a semiparametric test Anderson, 2001) based on Euclidean distance where site (CC and CP), depth (23 and 34 m), and treatment (TRL and TRP) were fixed orthogonal factors. In the BDE, the effects of treatments on the marginal growth were assessed by one-way PERMANOVA based on Euclidean distance where treatment (L TRL, L TRP, H TRP, and H TRL) was a fixed factor. PERMDISP (Anderson, 2006) was used to test the robustness of PERMANOVA analysis with respect to sample dispersion (Anderson et al., 2008) and a posteriori comparisons of means were done using Pair-Wise comparisons after PERMANOVAs (Anderson, 2001). PERMANOVAs and Pair-Wise tests were performed with PRIMER v7 software, while MHWs detection was performed in R software.




Results


Between sites experiment

Temperature data collected from loggers estimated the temperature differences between CP and CC at the two depths during the study period (Figure 4). Differences between sites in terms of annual average temperature were overall larger at 23 m (1.30°C) than at 34 m (0.68°C) of depth (Table 1). Significant differences in temperature were found between sites, depths, and seasons highlighting that CC site was significantly warmer than CP for half of the study period, even if the dispersion was not homogeneous (Table 2 and Figure 4).




Figure 4 | BSE: Daily temperature from November 2020 to October 2021 at the two sites (CP and CC), each depth (23 and 34 m from loggers). In black and grey SST (for CP and CC, respectively) from satellites. Winter, Spring, Summer and Autumn are considered as meteorological Seasons.




Table 1 | BSE: season and year (1 November 2020 - 31 October 2021) average water temperature of sea surface temperature (SST from satellites) and in situ (23 and 34 m of depth from loggers) at Costa Paradiso=CP and Capo Carbonara=CC.




Table 2 | BSE - temperature: results of PERMANOVA testing the effect of Site (CP and CC); Depth (23 and 34 m) and Season (Winter, Spring, Summer, and Autumn) and Pair-Wise tests on the interaction Depth x Site and Site x Season.



In addition, during the study period eight MHWs occurred at each of the sites, but not simultaneously: in CP two MHWs during the cooler period (Nov 2020-Apr 2021) and six during the warmer (May-Oct 2021), while in CC four MHWs in each of the periods. Overall, the highest MHW intensity category was recorded at CC during October 2021 (Figure S3).

All algae were found healthy at the end of the study and no mortality was recorded. The marginal growth of L. stictiforme was significantly higher in CP than in CC site, independently on the depth and treatment (Table 3 and Figure 5A). Growth in thickness of L. stictiforme thalli was influenced by the interaction of all conditions (site, depth, and treatment, Table 4): in particular, in the warm site (CC) thalli transplanted from the cold site (CP) had a better performance than the local (translocated) algae and had higher growth in thickness at 34 m of depth than at 23 m (Figure 5B). Moreover, differences between translocated thalli were also found at 34 m of depth (CP>CC) and in CC between depths (23>34 m, Figure 5B). The number of conceptacles was significantly higher in CP than in CC site, independently on the combination of the other factors (depth and treatment, Table 5 and Figure 5C).


Table 3 | BSE - L. stictiforme thallus marginal growth: results of PERMANOVA testing the effect of Site (CP vs CC), Depth (23 vs 34 m) and Treatment (transplant=TRP vs translocated=TRL).






Figure 5 | BSE: Average (+SE) L. stictiforme (A) marginal growth, (B) growth in thickness and (C) number of new conceptacles at the two sites (CP and CC), two depths (23 and 34 m), and between treatments (TRL, translocated and TRP, transplanted).




Table 4 | BSE - L. stictiforme growth in thickness: results of PERMANOVA testing the effect of Site (CP vs CC), Depth (23 vs 34 m) and Treatment (transplant=TRP vs translocated=TRL) and Pair – Wise tests on the interaction Site x Depth x Treatment.




Table 5 | BSE - L. stictiforme number of conceptacles: results of PERMANOVA testing the effect of Site (CP vs CC), Depth (23 vs 33 m) and Treatment (transplant=TRP vs translocated=TRL).





Between depths experiment

The temperature experienced by L. stictiforme at 15 m (L TRP, H TRP and H TRL) was warmer than at 34 m (L TRL) in terms of both maximum and average temperature, the difference being 2.08°C and 4.23°C, respectively (Figure 6A). Light irradiance between the L TRL and L TRP was similar, indicating that the natural cavity used for the experiment was adequate to reproduce the 34 m irradiance (the highest intensities recorded were 36.67 and 36.36 μmol m−2 s−1, for the two treatments, respectively), while irradiance levels at the exposed 15 m treatments (H TRL and H TRP) were much higher (highest intensity 160.49 μmol m−2 s−1, Figure 6B).




Figure 6 | BDE: Daily (A) seawater temperature and (B) irradiance from June to November 2021: conditions at 34 m of depth L TRL in blue, at 15 m L TRP in solid yellow and H TRL and H TRP in dotted yellow.



All algae appeared healthy for the whole study period of the BDE. A higher marginal growth and growth in thickness in L. stictiforme thalli was found at low light conditions (L TRL and L TRP) compared to the high irradiance treatments (H TRL and H TRP, Table 6 and Figures 7A, B), regardless the thallus origin (H TRP = H TRL, Figure 7B). Algae produced conceptacles only where irradiance condition was low, although the higher production occurred in the transplanted algae rather than the translocated (L TRP >L TRL, one-way PERMANOVA, F3,12 = 2.04, P= 0.148).


Table 6 | BDE - L. stictiforme marginal growth and growth in thickness: results of PERMANOVA testing the effect of treatment (L TRL, L TRP, H TRP, and H TRL).






Figure 7 | BDE: Average (+SE) L. stictiforme (A) marginal growth, (B) growth in thickness, and (C) number of conceptacles at the four treatments (L TRL, translocated at low irradiance; L TRP, transplanted at low irradiance; H TRP, transplanted at high irradiance and H TRL, translocated at high irradiance). Blue refers to cold and yellow to warm conditions.






Discussion

This is the first study that provides in situ data on the performance of an important bioconstructor of Mediterranean coralligenous reefs by examining the responses of the red crustose alga L. stictiforme to different temperature and light conditions. First, it was shown that L. stictiforme mainly exhibits marginal growth rather than increase in thickness, confirming that this species invests in lateral expansion of thalli, although important differences both in growth and in conceptacles production between sites were evidenced in the BSE. Both thallus growth and number of conceptacles of L. stictiforme had a better performance at the cold site (CP). Differences between treatments were only found at CC 34 m of depth where thalli of CP origin had a higher growth in thickness than the local thalli. At the warmer CC site, a higher thickening was also recorded at 23 m in translocated thalli and at 34 m of depth in the transplanted thalli. Overall, the growth values found in the present study for L. stictiforme exceed those reported in the literature for specimens of CCA, probably referable to the same species, although direct comparison should not be done as the units of measurement and methods differ between the experiments. However, Garrabou and Ballesteros (2000) found a maximum growth of 1.96 mm2 and 0.87 mm2 month-1for Mesophyllum alternans and Lithophyllum frondosum, respectively, while concerning the growth in thickness for both species, a thickening in the order of μm was observed. Similarly, Basso and Rodondi (2007) also found growth values in the same order of measurement (i.e. μm).

The treatments provided several interesting insights. In BSE, the marginal growth and the production of new conceptacles of L. stictiforme were significantly higher in the colder site than in the warmer one, independently on the depth and treatment. The influence of the site factor showed that although there were no significant differences between treatments, the marginal growth and number of conceptacles of the transplanted thalli were consistent with the thalli of the transplant sites, suggesting that the performance of the transplanted thalli may be comparable to those of the controls in both directions. Conversely, a higher increase in thickness was observed in the deeper CP algae (34 m) compared to the controls. Therefore, the conditions experienced at the warm site were not only tolerated, but the performance indicates good adaptability of the CP specimens to the warmer environment. This is particularly relevant in the context of ocean warming and the sensitivity of L. stictiforme to this stressor. The fact that a higher thickness of CP algae seemed promoted by the warmer conditions only at the deeper CC areas opens several scenarios. First, at the CC site the high light irradiance at 23 m could disadvantage the growth promoted by the warm temperature and algae at 34 m of depth could benefit from a darker environment: in fact, evidence gained by a laboratory experiment on this species supported the interacting effect of temperature and irradiance, providing information about the importance of levels for each of the two factors to make accurate predictions on their effects (Rodríguez-Prieto, 2016). However, comparing the conditions that the algae experienced in the field during the BSE with those set in the laboratory experiments can be misleading because the real natural variability cannot be reproduced in aquaria and because the specimens used in Rodríguez-Prieto’s study were collected in Catalonia (eastern Spain). Although probably belonging to the same species, they may be adapted to different local conditions compared to the CP specimens. On the other hand, differences between TRP and TRL at the two depths in CC could be attributed to different adaptations of the CP algae (23 m vs 34 m) and therefore to different performance thresholds. In order to interpret whether the different performance (growth in thickness) of the CP algae in the BSE depended on temperature and irradiance conditions, the data collected should be integrated by testing the two factors on the algal performance across gradients likely using respiration chambers with different sensors such as dissolved oxygen and temperature, to measure metabolic rates (e.g. Anton et al., 2020): much of the experimental evidence gained in laboratory on L. stictiforme (or L. cabiochae) is not based on gradients, but only on increases of 3°C over the ambient temperature (Martin and Gattuso, 2009; Diaz-Pulido et al., 2012; Martin et al., 2013a; Martin et al., 2013b; Nash et al., 2016), because they tested hypotheses derived from modeling predictions for the end of the century (IPCC, 2019).

Results obtained from the BDE have provided solid evidence that the 15 m temperature during summer and autumn (warm) was tolerated by the 34 m algae at both irradiance conditions (L TRP compared to L TRL). The comparison between H TRP and L TRP allowed disentangling the temperature from the irradiance effect, as the 15 m irradiance had a negative effect on the L. stictiforme performance, regardless of the origin (H TRP = H TRL) of the algae. In particular, the most affected trait was the formation of reproductive structures since no new conceptacles were detected at the end of experiment in the light exposed thalli (H TRP and H TRL). Accordingly, Rodríguez-Prieto (2016) highlighted that irradiance was the most limiting factor when compared with temperature. Furthermore, it is noteworthy that no trade-off has been found on the growth and formation of conceptacles. In fact, no significant differences between L TRL and L TRP were found in all variables considered. A possible explanation is that all the considered response variables depend on the same calcification dynamics and L TRP conditions were too harsh for L. stictiforme tolerance thresholds. By fact, such insights suggest the hypothesis that future deepening of the thermocline (Hoegh-Guldberg and Bruno, 2010) can possibly have no effect on the marginal growth of the algae and the conceptacle formation, even though growth in thickness will not be affected. This fact would disagree with the theory that marginal growth and growth in thickness are the result of a trade-off in CCA (Dethier and Steneck, 2001), probably as a result of energetic constraints and biotic interactions effects that incur different maintenance costs (McCoy and Ragazzola, 2014; Legrand et al., 2019). Our results also provide evidence that L. stictiforme may be more resistant to the effects of OW than widely believed. Nevertheless, as thick CCA such as L. stictiforme are foundation species, their adaptability to warming could also favor the future establishment of other species of the coralligenous reefs due to an increase in substrate availability. In this context the fact that conceptacles of L. stictiforme were produced in the warmer conditions (L TRP) supports the expectation that even sexual reproduction will be valuable in the future warming, even if at the moment it is unknown whether abundance of conceptacles reflects both their reproductive strategy (spores or gametes) and their effectiveness.

Interestingly, comparing the performance of algae across the two experiments for the deepest bathymetry in the CP site (the marginal growth was 6.31 mm ± 0.8 in 12 months, i.e. 0.53 mm per month-1 in the BSE, and 3.42 ± 0.19 in 6 months, i.e. 0.57 mm month-1 in the BDE), no seasonal growth pattern is suggested. This result would not be in accordance with Martin et al. (2013a), who obtained a higher growth rate in the hot seasonal period (in L TRL in the BDE). Therefore, further information is needed to estimate the seasonal performance of this species, even because some contrasting evidence was provided by the BSE and BDE for the growth in thickness (0.42 mm and 0.31 mm on average in the 12 months and in the hot 6 months, respectively), supporting the theory that the performance of L. stictiforme depends on complex mechanisms.

The healthy status and survival of the manipulated specimens in the BSE and BDE are overall quite unexpected and encouraging in the warming scenario: studies focusing on temperate (Martin and Gattuso, 2009) and tropical CCA (Anthony et al., 2008; Diaz-Pulido et al., 2012) highlighted that 3°C over the ambient temperature have a negative effect, especially for the tropical ones, as they live close to their thermal limit (Pörtner, 2010), while in the present study all algae were found alive and healthy, including those that were exposed for 6 months to 4°C above the control condition (BDE). This wide tolerance of temperature variation, especially to the combination + 4°C plus MHWs is particularly noteworthy for a deep subtidal species, especially for specimens distributed under the thermocline depth (such as the 34 m L. stictiforme), as it would rather be expected for macroalgae living in much more variable conditions, such as in intertidal habitats (Pakker et al., 1995). Overall, although evidence will need to be corroborated with other field experiments, the adaptability of L. stictiforme here highlighted between sites and depths is encouraging even in relation to the possible use of transplants of this bioconstructor for future restoration actions.

Finally, as general point concerning all ecological and physiological studies on Mediterranean corallines, we stress the critical importance of a correct identification of the material used in the experiments. The identification should be confirmed using DNA sequence data, particularly when dealing with taxa for which the existence of cryptic species is known (Twist et al., 2020). The use of specimens belonging to different cryptic species might lead to ambiguous results that may potentially result into wrong conclusions and interpretations. In the case of this study, budget limitations allowed us to sequence only two specimens. However, their psbA sequences confirmed the morphology-based identification (Figure S2). Given the general morphological uniformity of the specimens used in our experiments, we believe that they all belong to Lithophyllum stictiforme and that the possibility of the occurrence of additional cryptic species is very remote. We acknowledge, however, that we cannot exclude this possibility with absolute certainty. In theory, one or more of the cryptic species discovered by De Jode et al. (2019) might have been present. In consideration of this, we recommend that all future studies on the physiology and responses to climate change of Mediterranean Lithophyllum should include DNA sequence data, at least for a part of the specimens used in the experiments.
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