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Reproduction of the Azooxanthellate Coral Caryophyllia inornata Is Not Affected by Temperature Along an 850 km Gradient on the Western Italian Coast
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The Intergovernmental Panel on Climate Change (IPCC) predicted that ocean surface temperature will rise of 0.6–2.0°C by 2100. Ocean warming is expected to produce strong impacts on marine ecosystems such as coral reefs, affecting their physiological events including reproductive processes. To date, relatively few studies have examined the effects of climate change on the reproductive success of temperate corals and even less in the azooxanthellate ones. This study examined the reproductive output of the azooxanthellate Mediterranean coral Caryophyllia inornata along a wide latitudinal gradient of seawater temperature and solar radiation. A total of 260 samples, collected from five populations along the Western Italian coast, have been analyzed through histological techniques. The intriguing aspects characterizing all populations of C. inornata along the latitudinal gradient are a strong male-biased sex ratio and the presence of embryos in all stages of development throughout the year in females, males, and sexually inactive individuals. This peculiarity could suggest a mixed strategy of sexual and asexual reproduction in this species as has been observed for some anemones of the genus Actinia. Fecundity and spermary abundance (i.e., the number of reproductive elements per body volume unit), gonadal index (i.e., the percentage of body volume occupied by the germ cells) and fertility (i.e., the number of embryos per body volume unit) in females, males and sexually inactive individuals were unrelated to solar radiation and temperature along the latitudinal gradient. These results suggest that the reproduction in C. inornata is not affected by increasing solar radiation and temperature. The lack of zooxanthellae could make this species less dependent on these environmental parameters, as previously hypothesized for another azooxanthellate species, Leptopsammia pruvoti, investigated along the same gradient.
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INTRODUCTION

Climate change is today one of the most serious threats to the biodiversity of our planet. Since the Industrial revolution, the human use of fossil fuels, deforestation and the massive advent of the intensive agriculture have dramatically increased the concentration of greenhouse gases in the atmosphere (Sabine et al., 2004) that cause an increase in global mean temperature and, consequently, in ocean surface temperature (Harley et al., 2006). If the anthropogenic emissions keep growing, a further increase of 0.6–2.0°C is expected by 2100 (IPCC, 2014). According to the Intergovernmental Panel on Climate Change (IPCC), ocean warming is severely impacting marine ecosystems, which are among the most ecologically and socio-economically vital on the planet (Harley et al., 2006).

Climatic models predict a greater influence of the global warming in the temperate areas than tropical ones (IPCC, 2014). In particular, the small enclosed Mediterranean Sea that is considered a “biodiversity hotspot,” is one of the most strongly affected regions by increasing temperature (Field et al., 2012). Indeed, the warming rates of the Mediterranean Sea are three times higher than those of the oceans (IPCC, 2014). These traits make the Mediterranean Sea one of the most emblematic natural model for studying the interactions between marine life and environmental changes (Feely et al., 2004; Lejeusne et al., 2010).

Reproduction, which is affected by environmental fluctuations, is considered the most sensitive stage of the life cycle and can provide information on how organisms react to stress (Harrison and Wallace, 1990; Ward, 1995; Van Woesik, 2010). The reproductive cycle of corals can be affected by ocean warming through reduction of fertility, eggs quality, fertilization and recruitment success, threatening the ability of corals to recover after disturbances (Linares et al., 2008; Albright and Mason, 2013). For example, the tropical coral Acropora digitifera exposed to higher temperatures shows a decrease in egg volume and sperm number (Paxton et al., 2016). An increase in temperature has been demonstrated to increase the development of abnormal embryos in the coral Platygyra acuta (Chui and Ang, 2015). Larval development, survival and settlement of A. palmata are negatively affected by temperature increase in laboratory experiments (Randall and Szmant, 2009). Sexual reproduction and recruitment are the most critical processes driving population change (Doherty and Fowler, 1994), thus, it is crucial to gain a better understanding if this vulnerable stage of corals will be impacted by ocean warming.

While several studies show the effects of ocean warming on sexual reproduction of tropical scleractinians (Bassim et al., 2002; Krupp et al., 2006; Negri et al., 2007; Nozawa and Harrison, 2007; Albright and Mason, 2013), only a few examined the response to elevated temperatures in temperate corals who will like be the most impacted by ongoing climate changes. To date, the only studies performed on the effect of increasing seawater temperature on the reproductive output of temperate corals have been performed on the zooxanthellate Balanophyllia europaea and on the azooxanthellate Leptopsammia pruvoti investigated along the same latitudinal gradient considered here. These studies showed that the gametogenesis of the former is negatively affected by increased seawater temperature, while the same parameter investigated in the latter species is unaffected (Airi et al., 2014, 2017).

The present study examined the azooxanthellate solitary coral Caryophyllia inornata, which is widely distributed in the eastern and western Mediterranean Sea (Zibrowius, 1980), extending to the northeast of the Atlantic coast (Cairns, 1999) and from the Canary Islands to the southern coasts of England (Zibrowius, 1980). It colonizes caves, walls, and wrecks, from the surface down to 100 m depth in dimly lit or dark environments, representing one of the main species that populate the walls and the vaults of caves and in some cases is the dominant species (Zibrowius, 1978). It is a slow growing coral with a population density that can reach thousands of individuals per m2 and its abundance along the Western Italian coasts varies from 100 to 1500 individuals per m2 (Caroselli et al., 2015). C. inornata is gonochoric and brooding (Goffredo et al., 2012; Marchini et al., 2015), showing peculiar traits such as a male biased sex ratio (1:3) (Goffredo et al., 2012) and the presence of embryos in coelenteric cavity and mesenteric septa of females, males, and sexually inactive individuals (without germ cells), throughout the year (Marchini et al., 2015). Previous studies reveal that increasing temperature and solar radiation do not affect population density, growth parameters, net calcification rate, bulk skeletal density, and linear extension rate of C. inornata (Caroselli et al., 2015, 2016a,b), while variations have been observed in its population dynamics (Caroselli et al., 2016b). Considering the results of these previous studies, we expect to find a similar response to the effects of temperature regarding gametogenesis. The specific aim of this study was to quantify the reproductive output of C. inornata along a latitudinal gradient of temperature and solar radiation.



MATERIALS AND METHODS


Sample Collection and Environmental Parameters

Solitary polyps of C. inornata with an average size of 7.0 ± 0.1 mm (mean ± SE) have been collected from five sites along a latitudinal gradient, from 44°20′N to 36°46′N (Figure 1). Coral collection occurs from June 2010 to November 2012. During this period, 18 monthly samplings were performed for four populations (Genova: April 2011–September 2012; Calafuria: February 2011–July 2012; Scilla: July 2010–November 2012; Pantelleria: September 2010–November 2012), with a minimum of 15 polyps collected during each excursion. Data from Elba Island population came from a previous study (Marchini et al., 2015) for which samples were collected between May 2009 and October 2010. Sampling was performed within a depth range (11–16 m) known to have high population density (Caroselli et al., 2015).
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FIGURE 1. Map of the Italian coastline indicating the sites of coral collection. Abbreviations and coordinates of the sites in decreasing order of latitude: GN Genova, 44°20′N, 9°08′E; CL Calafuria, 43°27′N, 10°21′E; LB Elba Island, 42°45′N, 10°24′E; SC Scilla, 38°01′N, 15°38′E; PN Pantelleria Island, 36°45′N, 11°57′E. Map was created by the authors using the software Adobe® Illustrator® CS3.


Depth Thermometer Temperature (DTT;°C) was measured by digital thermometers (I-Button DS1921H, Maxim Integrated Products), placed at the sampling location for each population. Sensors recorded seawater temperature during the entire experimental period. Sea Surface Temperature data (SST;°C) for each site were recorded hourly from the National Mareographic Network of the Institute for the Environmental Protection and Research (ISPRA)1. These data were measured by mareographic stations (SM3810 manufactured by the Society for the Environmental and Industrial monitoring; SIAP + MICROS), placed close to the sampling sites. For each location, a linear regression was obtained between DTT and SST data (Genova: [image: image]; Calafuria: [image: image]; Elba Island: DT = 0.8071∗SST + 2.6234; Scilla: DT = 0.988∗SST−0.3225; Pantelleria: DT = 0.7635∗SST + 3.3132) to estimate historical at-depth temperatures (DT;°C) of the 3 years preceding the sampling (Supplementary Table S1).

Solar radiation (W/m2) was recorded from the archives of the Satellite Application Facility on Climate Monitoring (CM-SAF/EUMETSAT)2, using real time data sets based on intersensor calibrated radiances from MFG satellites. Mean annual solar radiation of each site was obtained for the 15 km square associated with each of the five sites. As for temperature, also for solar radiation we considered the average of the 3 years preceding the sampling.

Monthly average values of chlorophyll-a and organic matter were retrieved through the GIOVANNI data system (MODIS-Aqua MODISA_L3m_CHL 4 km; MODIS-Aqua MODISA_L3m_FLH v2014 http://giovanni.gsfc.nasa.gov/giovanni/). Monthly average values of nutrients concentration (nitrate and phosphate) were retrieved using the Copernicus Marine Service Product GLOBAL_ANALYSIS_FORECAST_PHYS_001_002 (http:// marine.copernicus.eu/), and visualized through the Panoply software v. 4.5 (http://www.giss.nasa.gov/tools/panoply/).



Biometric and Histological Analysis

Biometric analyses were performed by measuring length (L, maximum axis of the oral disk), width (W, minimum axis of the oral disk) and height (h, oral–aboral axis) of each sampled polyp. The volume (V) of the individual polyp was calculated using the formula V = h*(L/2)*(W/2)*π (Goffredo et al., 2002).

Polyps were post-fixed in Bouin solution to ensure a better fixation and staining of the tissues. After 4 h decalcification in EDTA and dehydration steps that took place every 2 h in a graded alcohol series from 80 to 100%, polyps were clarified in histolemon and embedded in paraffin. Serial transverse sections were cut at 7 μm intervals along the oral-aboral axis, from the oral to the aboral pole of the entire polyp. Tissues were then stained with Mayer’s hematoxylin and eosin (Goffredo et al., 2002; Marchini et al., 2015).



Cytohistometric Analysis

Cytometric analyses were made with an optical microscope using the image analyzer NIKON NIS-Elements D 3.2. The maximum and minimum diameters of the oocytes in nucleated sections and spermaries were measured and the presence of embryos was recorded. Spermaries were classified into five developmental stages according to earlier studies on gametogenesis in scleractinians (Goffredo et al., 2005, 2012).



Definitions

Reproductive output was defined through four reproductive parameters: (a) fecundity rate and spermary abundance, both defined as the number of reproductive elements per body volume unit (100 mm3); (b) “gonadal” index, defined as the percentage of body volume occupied by the germ cells; (c) reproductive element size, defined as the average of the maximum and minimum diameter of spermaries and oocytes in nucleated section; (d) fertility, defined as the number of embryos per body volume unit (100 mm3) (Marchini et al., 2015).

In accordance with the annual reproductive cycle previously described for C. inornata (Marchini et al., 2015), gametal development was characterized by two gamete activity periods. The gamete recruitment period (Korta et al., 2010; Lowerre-Barbieri et al., 2011; Airi et al., 2017), occurring between February and April, was characterized by the development of early stages of oocytes (<100 μm) and spermaries (I, II, and III maturation stage; Supplementary Figure S1). The gamete maturity period (Korta et al., 2010; Lowerre-Barbieri et al., 2011; Airi et al., 2017), between May and July, was characterized by the presence of larger oocytes (>100 μm) and advanced stage of maturation of spermaries (IV and V maturation stage; Supplementary Figure S1) that reached maturity for fertilization.



Statistical Analysis

A 2-sample Kolmogorov–Smirnov test was used to compare the stage/size-frequency distribution of reproductive elements between gamete recruitment and gamete maturity periods for all populations (Olea and Pawlowsky-Glahn, 2009). Data were tested for normality using a single Kolmogorov–Smirnov test and for homogeneity of variance or homoscedasticity using a Levene’s test. When assumptions for parametric statistics were not fulfilled, a non-parametric test was used. The non-parametric Kruskal–Wallis test was used to compare reproductive parameters among study sites. The Mann–Whitney U test was used as a non-parametric alternative to the Student’s t test to compare the mean oocyte and spermary size of populations between reproductive periods. Spearman’s rank correlation coefficient (ρ) was used to calculate the significance of the correlations between reproductive and environmental parameters. Spearman’s rank correlation coefficient is an alternative used for data that do not meet the assumptions of Pearson’s correlation coefficient (Ludbrook, 1991; Potvin and Roff, 1993). All analyses were computed using SPSS 22.0 (Apache Computer Software Foundation). A one-way permutation multivariate analysis of variance (PERMANOVA) based on Euclidean distances was performed with 999 permutation, to test differences in oocyte size distribution and spermary maturation stage distribution among populations. BEST BIO-ENV routine was carried out using a Spearman rank correlation to identify the best environmental variables (i.e., temperature, solar radiation, chlorophyll a, organic matter, and nutrients) that explained the observed reproductive patterns on 999 permutations. All analyses were computed using the software Primer v6 – Quest Research Limited (Anderson et al., 2008).



RESULTS

Mean annual depth temperature (DT;°C), ranging from 16.6 to19.0°C, and mean annual solar radiation (W/m2), ranging from 156.9 to 218.2 W/m2, were significantly different among sites (DT, Kruskal–Wallis, p < 0.05; solar radiation, ANOVA, p < 0.001; Table 1).


TABLE 1. Mean annual depth temperature (DT;°C) and solar radiation (W/m2) from the sampled populations.

[image: Table 1]All populations showed gonochoric and sexually inactive polyps in both reproductive periods (Table 2). All populations along the latitudinal gradient were characterized by a strong male-biased sex ratio (1:6 for Genova, chi-square test: χ2 = 9.80, p < 0.01; 1:6 for Calafuria, chi-square test: χ2 = 7.14, p < 0.01; 1:3 for Elba Island, chi-square test: χ2 = 9.00, p < 0.01; 1:5 for Scilla, chi-square test: χ2 = 9.78, p < 0.01; 1:7 for Pantelleria, chi-square test: χ2 = 12.57, p < 0.001; Table 2).


TABLE 2. Number of females, males, inactive individuals and fraction of fertile polyps in each population for gamete recruitment and gamete maturity periods.

[image: Table 2]Oocyte size/frequency distribution during February–April (gamete recruitment period) was significantly different from that of May–July (gamete maturity period), in all populations (Kolmogorov–Smirnov, p < 0.001; Figure 2A). The mean oocyte size during the gamete recruitment period was significantly lower than that of gamete maturity period in all populations (Mann–Whitney U test, p < 0.001; Table 3 and Figure 2A), and there were no significant differences in size/frequency distribution among populations (PERMANOVA, p = 0.916 for gamete recruitment period; p = 0.154 for gamete maturity period; Figure 2A).
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FIGURE 2. Oocyte size and spermary maturation stage distributions for the two reproductive periods. (A) Distribution of oocyte size during gamete recruitment (gray line) and gamete maturity (black line) periods. N = number of polyps/oocytes. (B) Distribution of the five maturation stages of spermaries during gamete recruitment (gray histogram bars) and gamete maturity (black histogram bars) periods. N = number of polyps/spermaries.



TABLE 3. Mean fecundity, gonadal index and diameter of oocytes in each population for gamete recruitment and gamete maturity periods.

[image: Table 3]The distribution of spermary maturation stages was significantly different between gamete recruitment and maturity periods in all populations (Kolmogorov–Smirnov, p < 0.001; Figure 2B). From February to April (gamete recruitment period), each population was characterized by small spermaries belonging to the earliest maturation stages (stages I, II, and III; Figure 2B). During May–July (gamete maturity period) all populations were characterized by more advanced maturation stages (stage III, IV, and V; Figure 2B). The mean spermary size during the gamete recruitment period was significantly lower than that of gamete maturity period in all populations (Mann–Whitney U test, p < 0.05; Table 4 and Figure 2B). Spermary maturation stage distributions were homogeneous among populations for both reproductive periods (PERMANOVA, p = 0.144 for gamete recruitment period; PERMANOVA, p = 0.334 for gamete maturity period; Figure 2B).


TABLE 4. Mean abundance, gonadal index and diameter of spermaries in each population for gamete recruitment and gamete maturity periods.

[image: Table 4]The presence of embryos in the gastrovascular cavity and mesenterial septa (Supplementary Figure S1) were recorded throughout the year without significant differences between reproductive periods, in females, males, and sexually inactive individuals of almost all populations, except for sexually inactive individuals of Scilla that showed more embryos in gamete recruitment period (Mann–Whitney U test, p < 0.05; Table 5 and Figure 3) and for males of Pantelleria Island that showed more embryos in gamete maturity period (Mann–Whitney U test, p < 0.05; Table 5 and Figure 3).


TABLE 5. Mean fertility of females (F), males (M) and inactive individuals (I) in each population for gamete recruitment and gamete maturity periods.

[image: Table 5]
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FIGURE 3. Mean fertility in females (F), males (M), and sexually inactive individuals (I) ± standard error (SE) for the two reproductive periods. Mean fertility during gamete recruitment period (gray histogram bars) and gamete maturity period (black histogram bars). N = number of polyps.


Female fecundity and gonadal index were the same during both gamete recruitment and gamete maturity periods, in all populations along the latitudinal gradient (Supplementary Table S2 and Figure 4). The BEST BIO/ENV analysis confirmed this pattern (p > 0.05; Supplementary Table S5). The mean oocyte diameter was significantly different during both reproductive periods among populations (Kruskal–Wallis test, p < 0.001; Supplementary Table S2 and Figure 4). While in the gamete recruitment period the mean oocyte diameter was negatively correlated with the DT and the solar radiation, during gamete maturity period, it was positively correlated with the same environmental parameters (Spearman correlation test, p < 0.01; Supplementary Table S2 and Figure 5). However, diameters did not correlate with any environmental variables using the BEST BIO/ENV analysis (p > 0.05; Supplementary Table S5).


[image: image]

FIGURE 4. Oocytes. Boxplots of reproductive parameters per study site (GN Genova; CL Calafuria; LB Elba Island; SC Scilla; PN Pantelleria Island) during the gamete recruitment and gamete maturity periods. Each boxplot diagram shows the median (solid horizontal line), the first and third quartiles (box outline), the minimum and maximum values (whiskers) and the outliers (stars and circles). N, polyp number for fecundity and gonadal index, oocyte number for diameter; p, significance of the ANOVA/Kruskal–Wallis test.
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FIGURE 5. Oocytes. Correlation analysis between oocyte diameter and environmental parameters for gamete recruitment and maturity periods. N, oocyte number; R2, coefficient of determination; p, significance of p-value.


Spermary abundance during gamete recruitment period was significantly different among populations (Kruskal–Wallis test, p < 0.05; Supplementary Table S3 and Figure 6), showing a positive correlation with solar radiation (Spearman correlation test, p < 0.05; Supplementary Table S3 and Figure 7). The BEST BIO/ENV analysis showed no significant relation with environmental parameters (p > 0.05; Supplementary Table S5). Differently, spermary abundance of gamete maturity period and gonadal index of both reproductive periods did not vary among populations (Supplementary Table S3 and Figure 6) and these results were confirmed by the BEST BIO/ENV analysis (p > 0.05; Supplementary Table S5). The mean spermary diameter was significantly different during gamete recruitment and gamete maturity periods among populations (Kruskal–Wallis test, p < 0.001; Supplementary Table S3 and Figure 6). In southern populations, males showed smaller spermaries during February–April (Spearman correlation test, p < 0.01; Supplementary Table S3 and Figure 8) that became larger during May–July (Spearman correlation test, p < 0.01; Supplementary Table S3 and Figure 8). However, diameters did not correlate with any environmental variables using the BEST BIO/ENV analysis (p > 0.05; Supplementary Table S5).
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FIGURE 6. Spermaries. Boxplots of reproductive parameters per study site (GN Genova; CL Calafuria; LB Elba Island; SC Scilla; PN Pantelleria Island) during the gamete recruitment and gamete maturity periods. Each boxplot diagram shows the median (solid horizontal line), the first and third quartiles (box outline), the minimum and maximum values (whiskers) and the outliers (stars and circles). N, polyp number for abundance and gonadal index, spermary number for diameter; p, significance of the ANOVA/Kruskal–Wallis test.
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FIGURE 7. Spermaries. Correlation analysis between spermary abundance and solar radiation (W/m2) for gamete recruitment period. N, polyp number; R2, coefficient of determination; p, significance of p-value.
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FIGURE 8. Spermaries. Correlation analysis between spermary diameter and environmental parameters for gamete recruitment and maturity period. N, spermary number; R2, coefficient of determination; p, significance of p-value.


Fertility of females and inactive individuals during both reproductive periods and fertility of males in gamete recruitment period, did not differ among all populations along the gradient (Supplementary Table S4 and Figure 9). Only male fertility during gamete maturity period was significantly different among populations, without any correlation with solar radiation and DT variations (Kruskal–Wallis test, p < 0.001; Supplementary Table S4 and Figure 9). These results were confirmed by the BEST BIO/ENV analysis (p > 0.05; Supplementary Table S5).
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FIGURE 9. Embryos. Boxplots of reproductive parameters per study site (GN Genova; CL Calafuria; LB Elba Island; SC Scilla; PN Pantelleria Island) during the gamete recruitment and gamete maturity periods. Each boxplot diagram shows the median (solid horizontal line), the first and third quartiles (box outline), the minimum and maximum values (whiskers) and the outliers (stars and circles). N, number of polyps; p, significance of the ANOVA/Kruskal–Wallis test.




DISCUSSION

All the analyzed populations of C. inornata along the latitudinal gradient displayed a strong male-biased sex ratio, the presence of sexually inactive individuals throughout the year, and a rapid oogenesis (mainly represented by oocytes smaller than 100 μm). The strong male-biased sex ratio and apparent lack of females could suggest that sexual reproduction, and hence larval recruitment, must be rare in these populations, highlighting the need to study the population genetics of C. inornata along this latitudinal gradient using microsatellite markers. All the populations of C. inornata analyzed for this study showed a spermatogenesis distinct in two reproductive periods (gamete recruitment and gamete maturity periods), and a reproductive cycle influenced by annual variation of seawater temperature and photoperiod, as previously reported for the population of Elba Island (Marchini et al., 2015). Relations between reproductive cycle and environmental conditions have been observed also for the temperate scleractinians B. europaea (Goffredo et al., 2002), L. pruvoti (Goffredo et al., 2006), Astroides calycularis (Caroselli et al., 2011), Cladocora caespitosa (Kružić et al., 2008; Kersting et al., 2013), and Balanophyllia elegans in the temperate waters of California (Fadlallah and Pearse, 1982; Beauchamp, 1993). At present, several studies assert that sexual reproduction of corals, including gametogenesis, gamete release, fertilization, and planulation, depends on seasonal environmental cues (Babcock et al., 1986; Harrison and Wallace, 1990; Penland et al., 2004; Van Woesik et al., 2006). The main environmental factors involved in the control of reproductive processes are seawater temperature and solar radiation, as they may exert a significant influence on physiological processes (Harrison and Wallace, 1990; Brown, 1997). Despite mean solar radiation and annual depth temperature were significantly different among sites, the seasonal trend of these parameters seems to not produce temporal shifts of the reproductive cycle of C. inornata. Indeed, all populations showed a similar periodicity for gamete development during both gamete recruitment and maturity periods, suggesting an overlap in reproductive seasonality of C. inornata along the latitudinal gradient. Similarly, B. europaea and L. pruvoti exhibited an overlap in gonadal development stages among the same populations analyzed for this study (Airi et al., 2014, 2017).

Since C. inornata is characterized by a strong male-biased sex ratio, the analysis of the oocytes was challenging and was performed on a small number of females. Polyps of C. inornata showed the same reproductive output in all the populations analyzed, since oocyte fecundity, spermary abundance (in the gamete maturity period), female, and male gonadal index were not affected by increasing temperature and solar radiation (Supplementary Tables S2, S3, and Figures 4, 6). However, for oocyte fecundity and gonadal index we cannot draw conclusions since in some populations (Genova, Calafuria, and Pantelleria in the gamete recruitment period and Calafuria in the gamete maturity period) we found only one female. The only parameter that varied in oogenesis was oocyte diameter in both reproductive periods, displaying a relation with both DT and solar radiation (Supplementary Table S2 and Figures 4, 5): southern populations showed smaller oocytes in the gamete recruitment period and larger ones in the gamete maturity period. This apparently contrasting result may suggest that temperature and solar radiation could even have a positive effect on oogenesis, since the oocyte size (in the period close to fertilization) seems greater in populations exposed to higher temperatures. Nevertheless, the percentage of the polyp body volume occupied by the “gonads” was homogeneous among populations along the gradient (Supplementary Table S2 and Figure 4). Furthermore, the correlation between size and the environmental parameters should be considered with caution since it could depend on the high amount of data analyzed, and the slope of the regression line is almost horizontal (Figure 5) without providing any ecological interpretation. In spermatogenesis, as for the oogenesis, spermary diameters displayed the same trend with environmental parameters (southern populations with smaller spermaries in the gamete recruitment period and larger ones in the gamete maturity period; Supplementary Table S3 and Figure 8) but also spermary abundance varied during the gamete recruitment period, increasing in the most irradiated populations (Supplementary Table S3 and Figure 7). This suggests that, during the initial stage of gametogenesis, when southern populations showed more but smaller spermaries than northern populations, C. inornata likely invested the same amount of energy along the gradient, since the percentage of body volume occupied by the “gonads” was the same (Supplementary Table S3 and Figure 6). Then, during the final stage of gametogenesis, spermaries of warmer populations become larger than coldest ones but again, the gonadal index was homogeneous along the latitudinal gradient (Supplementary Table S3 and Figures 6, 8), suggesting that increasing temperature and solar radiation did not affect reproductive energy investment. Moreover, to better understand possible relations between all the reproductive and the environmental parameters we did a BEST BIO/ENV with further variables (chlorophyll a, organic matter, and nutrients) which, however, has not confirmed any significant correlation. The absence of an evident relation with environmental parameters displayed by C. inornata confirms previous findings on population density, net calcification rate (that is linear extension rate × skeletal bulk density) and growth parameters of this species, which are not influenced by increasing solar radiation and temperature (Caroselli et al., 2015, 2016a,b). In fact, the reproductive capacity of a species is strongly influenced by the growth rate and the ecological dynamics of populations (Madin et al., 2012). Thus, C. inornata seems quite tolerant to environmental variations, as observed for L. pruvoti, studied along the same latitudinal gradient (Airi et al., 2017). On the contrary, the zooxanthellate coral B. europaea studied along the same gradient was less abundant and its populations less stable (with loss of young individuals) (Goffredo et al., 2007, 2008, 2009; Caroselli et al., 2011) and less efficient in using the energy invested for gonadal development with increasing temperature (Airi et al., 2014). Indeed, during the gamete recruitment period, the warmest populations showed more and larger oocytes, while at the end of the maturation process of the germ cells, these populations were characterized by the same number of oocytes compared to the populations with lower solar radiation and temperature. This reduced efficiency in energy allocation toward reproduction, highlighted in the warmer populations, could be due to an inhibition of the photosynthetic activity of the zooxanthellae that when exposed to extreme temperatures, reduces the available energy (Goffredo et al., 2007, 2008; Airi et al., 2014). However, C. inornata and L. pruvoti are both azooxanthellate corals and the absence of symbiosis with the dinoflagellates unicellular algae would make them less dependent to solar radiation and temperature variations.

The intriguing aspect that was found in the population of Elba Island of C. inornata is the presence of embryos in all stages of development throughout the year in females, males, and sexually inactive individuals. The same pattern was found in all populations studied along the latitudinal gradient. The absence of seasonality in embryo development and the presence of embryos before the fertilization period (gamete recruitment period) suggests the possibility of an agamic production of embryos in this species (Goffredo et al., 2012; Marchini et al., 2015). Agamic brooded embryos simultaneously with sexual reproduction is a peculiar trait of the genus Actinia (see A. equina: Orr et al., 2007; A. tenebrosa: Black and Johnson, 1979; Sherman et al., 2007; Sherman and Ayre, 2008; A. bermudensis: Monteiro et al., 1998) that, in some case, can display different levels of clonality in response to the habitat heterogeneity (based on a different number of microhabitats or different levels of disturbances) (Sherman et al., 2007; Sherman and Ayre, 2008). Fertility (number of embryos per body volume unit) of C. inornata was not related to the environmental parameters considered for this study (Supplementary Table S4 and Figure 9), confirming that reproduction of this temperate coral is unaffected by increasing temperature and solar radiation. A species with a mixed strategy of sexual and asexual reproduction, seems to merge the evolutionary advantages of both propagation modes into a single organism. Asexual reproduction allows the rapid propagation of many individuals well adapted to local conditions (Smith, 1978) and allow the species to reproduce in absence of both sexes (Francis, 1979). In contrast, sexual reproduction contributes to the formation of new genotypes (Williams, 1975), allowing organisms to adapt to the surrounding environment variations (Van Woesik, 2010). This could be a reproductive assurance for C. inornata, which may favor one or another reproductive tactic based on the different surrounding habitats. Moreover, the absence of symbiosis with zooxanthellae that are sensitive to increasing temperature, may allow C. inornata to cope more successfully than zooxanthellate corals with global environmental changes.
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