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a b s t r a c t Multi-facet diversity indices have been increasingly widely used in conservation ecology but congruence analyses both on horizontal and vertical axes have not yet been explored. We investigated the vertical and horizontal distributions of ␣ and ␤ taxonomic (TD), functional (FD) and phylogenetic diversity (PD) in a three-dimensional structured ecosystem. We focused on the Mediterranean coralligenous assemblages which form complex structures both vertically and horizontally, and are considered as the most diverse and threatened communities of the Mediterranean Sea. Although comparable to tropical reef assemblages in terms of richness, biomass and production, coralligenous assemblages are less known and more rarely studied, in particular because of their location in deep waters. Our study covers the entire range of distribution of coralligenous habitats along the French Mediterranean coasts, representing the most complete database so far developed for this important ecosystem. To our knowledge, this is the ﬁrst analysis of spatial diversity patterns of marine biodiversity on both horizontal and vertical scales. Our study revealed that taxonomic diversity differed from functional and phylogenetic diversity patterns at the station level, the latter two being strongly structured by depth, with shallower stations generally richer than deeper ones. Considering all stations, phylogenetic diversity was less congruent to taxonomic diversity (Pearson’s correlation of r = 0.48) but more congruent to functional diversity (r = 0.69) than randomly expected. Similar congruence patterns were revealed for stations deeper than 50 m (r = 0.44 and r = 0.84, respectively) but no signiﬁcantly different congruence level than randomly expected was revealed among diversity facets for more shallow stations. Mean functional ␣- and ␤diversity were lower than phylogenetic diversity and even lower than taxonomic ␣- and ␤-diversity for both vertical and horizontal scales. Low FD and PD values at both ␣- and ␤-diversity indicated functional and phylogenetic clustering. Community dissimilarities (␤-diversity) increased over depth especially in central and eastern part of the French Mediterranean littoral and in northern Corsica, indicating coralligenous vertical structure within these regions. Overall horizontal ␤-diversity was higher within the 50–70 m depth belts. We conclude that taxonomic diversity alone is inadequate as a basis for setting conservation goals for this ecosystem and additional information, at least on phylogenetic diversity, is needed to preserve the ecosystem functioning and coralligenous evolutionary history. Our results highlight the necessity of considering different depth belts as a basis for regional scale conservation efforts. Current conservation approaches, such as the existing marine protected areas, are insufﬁcient in preserving coralligenous habitats. The use of multi-facet indices should be considered, focusing on preserving local diversity patterns and compositional dissimilarities, both vertically and horizontally. © 2015 Elsevier Ltd. All rights reserved.
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1. Introduction A wide range of animal and plant species exhibit a vertically stratiﬁed distribution pattern in terrestrial ecosystems, with most documented examples treating variations in species distributions along the vertical gradient from canopy to understory (ex. small mammals (Pardini et al., 2005), butterﬂies (Walla et al., 2004; Molleman et al., 2006) ants (Vasconcelos and Vilhena, 2006) and saproxylic species (Wermelinger et al., 2007)). Similar vertical stratiﬁcation has been documented along the water column in marine ecosystems, for ﬁsh larvae and zooplankton groups (Pilar Olivar et al., 2010), as well as in bacterial and archaeal communities (Ghiglione et al., 2008; Ye et al., 2009; Zinger et al., 2011). In marine ecosystems, most of the key abiotic factors (light, water movement, nutrient availability, sedimentation and temperature) vary strongly along bathymetric (vertical) as well as horizontal gradients, thus structuring species’ community composition (Bonecker et al., 2014). Whether vertical and/or horizontal gradients structure more species communities may signiﬁcantly inﬂuence conservation efﬁciency but such aspects still remain poorly documented. In addition to being a proxy of environmental gradients and structuring species’ ecological niche, depth is also related to human pressure. In the Mediterranean basin, most human activities that may have an impact on marine ecosystems are depthrelated; recreational ﬁshing, navigation and/or diving activities, for instance, take place in relatively shallow waters (less than 50 m), thus making some depth belts more exposed to disturbances than others (Meinesz and Blanfuné, 2015). However, other sources of disturbances, such as professional ﬁshing, mechanistic destruction (ex. installation of underwater cables) and pollution from terrestrial or marine sources can act as a disturbance in even deeper zones (especially in >50 m depth belts) (Grall and Hall-Spencer, 2003; Meinesz and Blanfuné, 2015). Finally, as recently reviewed in a 30-year survey, depth remains an important factor for marine conservation efforts in the Mediterranean basin, with more focus being recently given to ecosystems deeper than 50 m (Meinesz and Blanfuné, 2015). However, the network of marine protected areas (MPAs) lacks a sufﬁciently speciﬁc planning focus and speciﬁc ecological criteria for the selection of the target depth belts. Most Mediterranean MPAs were established on the basis of limited ecological, social, and economic data (Claudet and Pelletier, 2004; Claudet et al., 2006). While some taxonomic groups, such as ﬁsh and seagrass meadow communities, have been studied extensively within the Mediterranean basin (Ruíz et al., 2009; Mouillot et al., 2011) and used as indicators for European environmental policies (Devlin et al., 2007; Gobert et al., 2009; Personnic et al., 2014), deeper marine ecosystems remain poorly known (Cartes et al., 2004). Among the most vulnerable and diverse ecosystems within the Mediterranean basin, coralligenous outcrops are comparable in species richness and abundance to tropical reef assemblages (Bianchi and Morri, 2000; Ballesteros, 2006). Coralligenous reefs are found between 20 and 120 m depth and are composed of a hard substrate of concretions of biogenic origin, produced mainly by the accumulation of encrusting algae growing at low light levels (Garrabou and Ballesteros, 2000). Little was known about this highly diverse ecosystem until recently (Ballesteros, 2006), and it is only during the last few years that technical diving improvements have enabled their systematic surveying over extended spatial zones (Deter et al., 2012a,b). As they have little to no resilience against disturbances, due to their particularly low rate of development of only 0.006–0.83 mm/yr in the western Mediterranean Sea (Littler, 1991; Sartoretto et al., 1996), the risk of extinction may be high, given current and future global changes. However, no regional diversity analysis has been conducted to date on this important Mediterranean habitat.
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Although taxonomic indices have traditionally been, widely used in conservation, recent research shows that other biodiversity facets, such as species ecological traits (functional diversity) and species evolutionary history (phylogenetic diversity) are important to ecosystem functioning (Hooper et al., 2005; Mouquet et al., 2012; Srivastava et al., 2012). More importantly, the spatial patterns of these two biodiversity facets are often not congruent with taxonomic diversity patterns (Forest et al., 2007; Devictor et al., 2010a), since the three facets result from different processes in community assembly, and in turn provide relevant inputs for the identiﬁcation of conservation targets (Devictor et al., 2010b; Mouillot et al., 2011). It has thus been increasingly widely acknowledged that conservation planning should focus on preserving ecosystem processes and functions and more effort should be made to identify areas that preserve functional traits and evolutionary legacies at various spatial scales (Abdulla et al., 2009; Coll et al., 2012). However, the multidimensionality of diversity is not yet reﬂected in existing conservation planning. MPAs, for instance, used as one of the main conservation tools worldwide, are designated on the basis of a few charismatic taxa (e.g. ﬁsh, mammals), not via an integrated ecosystemic approach (Fraschetti et al., 2005). Exploring the vertical vs horizontal distribution patterns for all three diversity facets is a completely unexplored ﬁeld. We chose to address these questions with regard to the Mediterranean coralligenous assemblages because of their complex structure, both vertically and horizontally, and their high level of richness and vulnerability. In order to understand and preserve the three-dimensional nature of these high diversity assemblages, it is urgent to examine compositional dissimilarity levels along both vertical and horizontal gradients, especially since all previous and existing conservation efforts have focused on rather shallow coastal areas (50 m deep stations. The robustness of the observed congruence levels (indicated with the dotted lines) is tested using the distribution of the simulated data from the null models (shown as grey bars).



horizontal scales (Fig. 5(a)). Overall horizontal ␤-diversity ranged for TD from 2.31 to 2.53, for FD from 1.13 to 1.16 and for PD from 1.39 to 1.63, with higher overall ␤-diversity being observed in low depth belts (50–70 m) and lower overall ␤-diversity in more shallow depth belts (30–50 m), for all three facets of biodiversity (Fig. 5(b)). Pairwise horizontal taxonomic, functional and phylogenetic ␤-diversity increased with distance for all four depth belts (p < 0.001; Appendix S5). However, horizontal distance between stations explained a small part of the ␤-diversity of the three facets, i.e. ␤-TD, ␤-FD and ␤-PD, i.e. R2 of ␤-diversity over horizontal distances varied from 0.01 to 0.16, when considering the Euclidean distances between stations. Similar results were obtained, when considering sea distances between stations. All trends of ␤-TD, ␤-FD and ␤-PD over horizontal distances, using both approaches to estimate geographical distances, can be seen in Appendix S5. 3.2. Conservation efﬁcacy All three facets of diversity are globally under-represented within MPAs which include speciﬁc no take zones (Fig. 6). Stations



with the highest diversity levels were generally not in protected areas. Separating stations into two depth categories revealed that MPAs seem to be better at protecting stations down to 50 m depth, but do much worse in deeper stations (from 50 to 70 m) (Fig. 6(b) vs (c)). The overall proportion of protected diversity for all stations was around 13%, rising to 17% for stations down to 50 m depth. Conservation efﬁcacy was particularly low for depths below 50 m, as almost one third of the stations of this depth category – corresponding to the 15–17 richest stations according to the diversity facet considered – are not located inside MPAs, and only 8% of the stations of this depth category were located within protected areas (Fig. 6(c)). 4. Discussion 4.1. Multi-facet diversity of coralligenous assemblages We have revealed that functional diversity was generally lower than phylogenetic diversity and even lower than taxonomic diversity, indicating the presence of a few, abundant, functionally similar species within most stations. Moreover, TD was not signiﬁcantly congruent to FD but it was signiﬁcantly less congruent to PD
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Fig. 4. Vertical ␤ diversity structure per region. Plots show ␤ taxonomic (a) and phylogenetic diversities (b) over depth (vertical distances in meters). Note that actual distance between Corsica and Provence-Alpes-Côte d’Azur (PACA) regions is not represented for visibility reasons. Eastern (EP) and central-eastern parts of PACA region (CEP) are the most vertically structured regions for all three diversity facets. The lowest levels of ␤ over depth are observed in the western PACA region (WP). Non-signiﬁcant trends are indicated as n.s.



than expected at random. This indicates that TD and PD patterns provide complementary information about coralligenous assemblages. More interestingly, FD and PD were highly congruent to each other, with similar spatial distribution patterns over vertical



and horizontal axes. Finally, congruence between functional and phylogenetic diversities increased for stations deeper than 50 m, where taxonomic diversity was not congruent to either functional or phylogenetic diversities.
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Fig. 5. Overall vertical and horizontal ␤ diversities. Dissimilarities per region (a) and per depth belt (b) are plotted over the corresponding mean ␣ diversities.



The use of phylogenetic diversity as a proxy for functional diversity (Cadotte et al., 2008) has been debated and several recent studies offer evidence of a signiﬁcant lack of congruence between the two facets (Devictor et al., 2010b; Mouillot et al., 2011; Saﬁ et al., 2011). In our case, the high congruence between functional and phylogenetic diversity might be driven by niche conservatism. In old lineages, environmental tolerances are restricted, leading to a phylogenetic clustering (Swenson et al., 2006; Swenson, 2011). On the other hand, if species divergence is more recent, we may expect trait overdispersion (Ndiribe et al., 2013). However, when old and more recent lineages are encountered within communities, as typically occurs in coralligenous assemblages, traits’ phylogenetic signal may be masked by lineage-speciﬁc differences in trait evolution (Smith and Donoghue, 2008; Ndiribe et al., 2013). Given our results, i.e. low phylogenetic and functional diversities and high congruence between them, we assume that functional and phylogenetic clustering occurs in coralligenous assemblages, making them even more vulnerable to climate change or human disturbances. Species sharing similar adaptations and restricted



environmental tolerance are expected to respond similarly to increasing disturbance risks, and thus even small future changes can have a detrimental impact on ecosystem functioning (Mouquet et al., 2012; Srivastava et al., 2012). However, the exact functional role of coralligenous habitats in the Mediterranean basin has not yet been clariﬁed (Georgiadis et al., 2009). Previous studies indicated that coralligenous species strongly structure their environment by capturing particulate organic matter sedimentation, creating niches and improving the food availability for a number of species, such queen scallops, soft clams, sea urchins, starﬁsh and gadoids (Kamenos et al., 2004; Lloret et al., 2007). Yet the speciﬁc traits which relate to the ecosystem functioning have not yet been clearly identiﬁed for the coralligenous concretions, thus making the estimation of these ecosystem engineers’ functional diversity particularly challenging. Here, we estimated functional diversity on the basis of a set of complementary species characteristics describing their morphology, reproduction and ecology. This set is similar to the one recently used to characterise functional diversity of fossil and
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Fig. 6. Proportion of diversity facets included in marine protected areas (MPAs) with no take zones. Cumulative proportion of taxonomic, functional and phylogenetic diversities for (a) all stations, (b) for stations down to 50 m depth and (c) for stations over 50 m deep. Dashed lines indicate the overall proportions of protected stations: (a) 12.6% of all considered stations (N = 111), (b) 16.9% of stations down to 50 m deep (N = 59) and (c) 7.7% of stations over 50 m deep (N = 52). The map shows the location of the 15% of the richest stations for all three facets and the considered MPAs (indicated by light blue zones). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)



present benthic assemblages (Villéger et al., 2011). Future studies on coralligenous ecosystems could make it possible to better distinguish particular aspects of ecosystem functioning such as resistance to invasion or traits linked to the ﬂow of matter and energy within the ecosystem, to enable more interpretable estimations of functional diversity. While incredibly diverse, the coralligenous assemblages remain largely inaccessible to systematic sampling. We preferred to use a non-invasive technique, based on photos, which is recommended for underwater ecological systems (UNEP-MAP-RAC/SPA, 2011) and widely used (Balata et al., 2005; Baldacconi and Corriero, 2009; Kipson et al., 2011; Deter et al., 2012a,b). However, this approach does not allow identiﬁcation of all individuals at the species level (particularly for cryptic species). In our analysis, we adopted a conservative approach by keeping identiﬁcations at the genus level or higher groups, instead of risking overestimation of richness in cases of impossible identiﬁcation at the species level. The number of species is thus underestimated in all stations for both alpha and beta diversity components, but this bias is common to all stations, thus allowing comparisons among stations, which is the main aim of the present work. In the absence of adequate molecular information for coralligenous species, we used cladistics to calculate phylogenetic diversity. Other methods, based on dated phylogenies, have also been developed and used to estimate phylogenetic diversity when studying community structure and ecosystem stability (Cadotte et al., 2010, 2012; Flynn et al., 2011). Molecular approaches are more accurate and should be preferred when needing to estimate phylogenetic distances (Pavoine and Bonsall, 2011), but require that every single species should be adequately sequenced, which is not feasible at present for coralligenous communities. Recent evidence showed that plants phylogenetic diversity estimated by undated taxonomic hierarchies, such as the one used here, is closely related to the diversity obtained by dated phylogenies (Ricotta et al., 2012). This should be further veriﬁed in the future for other organisms. Inferring large and reliable phylogenetic trees still remains a challenge, but suitable tools are increasingly



becoming available to conservation biologists (Roquet et al., 2013). Future studies on coralligenous phylogenetic diversity should thus consider more appropriate methods, considering supertree and supermatrix approaches (Bininda-Emonds et al., 2002; McMahon and Sanderson, 2006; Roquet et al., 2013). Taking into account the ecological importance of coralligenous habitats, and despite all the above limitations related to PD and FD estimations, our study provides the ﬁrst multi-facet distribution analysis of coralligenous assemblages worldwide. Further research on molecular sequencing and studies on particular functions of coralligenous species can help reﬁne knowledge of the phylogenetic and functional diversity of this rich ecosystem. 4.2. Vertical and horizontal structure of coralligenous assemblages At local scale (␣-diversity), depth was the main axis structuring functional and phylogenetic diversities, with shallow stations being on average richer than deep stations. No signiﬁcant variation was observed over depth for taxonomic diversity. A slight horizontal structure was observed for all facets of diversity, with richer communities being located in the north-eastern part of our study area, i.e. eastern PACA and northern Corsica. In marine ecosystems, species’ functional roles and evolutionary history are driven by spatially distributed environmental conditions, such as light and nutrient availability (Thingstad et al., 2005; Elser et al., 2007). Typically, communities sharing high water clarity and light availability conditions will be characterised, in shallower waters, by higher cover of erect Udoteaceae (Flabellia petiolata) and Mesophyllum alternans (Balata et al., 2006; Ballesteros, 2006; Piazzi and Balata, 2011). These taxa are replaced in deeper waters by encrusting and laminar Rhodophyta (Ballesteros, 2006), or Porifera at greater depths (Deter et al., 2012a). Such changes in assemblage composition, resulting from the replacement of one species (or group of species) by another, may often not be perceived in terms of taxonomic diversity (Devictor et al., 2010a). Functional and phylogenetic information on community composition takes into account
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this turnover, and is therefore the key to establishing the spatial variations of biological diversity (Mouquet et al., 2012). Taxonomic, functional and phylogenetic dissimilarities among assemblages (␤-diversity) increased with depth mainly in the central and eastern Provence-Alpes-Côte d’Azur (PACA) region and in northern Corsica, where the vertical gradient was high. In eastern Provence (EP), conditions along the water column favour the existence of coralligenous concretions in various depth belts. However the composition of coralligenous concretions varies among depths, with species from shallow assemblages being phylogenetically distinct (green, brown and red algae but also bryozoans, gorgonians and sponges) than species forming deeper concretions (many sponges associated with red algae). The presence of such dominant phylogenetically distinct species explains why beta phylogenetic diversity increases over depth mostly in eastern Provence. We observed no vertical structure in other regions, in western PACA and southern Corsica. In regions where suspended matter, pollution or turbulence decreases water transparency, as in the western part of Provence (near Marseille) for example, water speciﬁc conditions become unfavourable to coralligenous species in relatively shallow waters (20–30 m deep) and the shift between shallow, more light-requiring to deep sciaphilic macroalgal communities may occur at a shallower depth than usual (Balata et al., 2006). Moreover, in human impacted zones, species that are sensitive to disturbance may decrease, while more generalist species become more dominant (Balata et al., 2007a,b). These effects can result in low dissimilarities among communities and may explain why the ␤ diversity of all three facets remained very low and invariable over different depths in western PACA. Several sites in Corsica may reﬂect the opposite case scenario, where favourable water conditions along a wide depth gradient, permit coralligenous concretions to be rich in species but their composition varies less over depth, as high water transparency results in more homogeneous environmental conditions, whatever the depth. Thus ␤ diversity trends can be less marked over depth, even in good quality habitats. We observed little evidence of the coralligenous structure over the horizontal axis as horizontal distances between stations explained a small part of the dissimilarities between them in all three ␤-diversity facets, i.e. TD, FD and PD. Comparatively higher horizontal ␤-diversity was observed for intermediate and deep stations, i.e. 50–70 m deep. This depth range represents the vast majority of the analysed stations, including areas from the PACA and the Corsica regions. Water characteristics and transparency are expected to vary among regions, especially between the western and central PACA and the Corsica stations. Terrestrial inputs in deltaic areas, such as the Rhone river, should contribute to inter-region differences. The Rhone delta is an important source of particulate organic matter sedimentation, with particular peaks at intermediate depths (30–50 m) and the lowest input at 70–100 m depth (Darnaude et al., 2004). Such sedimentation inputs have an impact on marine macrobenthos activity (Darnaude et al., 2004), which may be reﬂected in several of the PACA stations’ coralligenous composition. In our approach, we used geographical and depth distances as a proxy for the environmental conditions that vary over space. However, as previously mentioned, the water’s physico-chemical characteristics and inter-species interactions can modify vertical distribution of the coralligenous species, resulting in different community compositions at similar depths (Airoldi, 2003; Dauer et al., 2008; Piazzi and Balata, 2011). Thus, a more speciﬁc analysis of spatial patterns in ␤-diversity related to key environmental and human pressure variables, such as temperature, turbidity and pollution, and taking into account various vertical and horizontal distances, should shed light on the mechanisms that drive diversity patterns in coralligenous habitats. This should result in more effective conservation measures to preserve biodiversity at both local and regional



scales. Nevertheless, regardless of the limitations of using depth as a proxy, our analysis provided evidence of coralligenous ␣- and ␤diversity vertical structure, which should be further considered for setting future conservation goals. 4.3. Conservation implications New options for marine conservation may result from multifaceted three-dimensional analyses. Vertical and horizontal variability can provide useful input for conservation planning, indicating whether the most effective approach to conservation is local and/or regional (Baselga, 2010). If conservation effort focuses on preserving local diversities, restrictions should be imposed with increasing intensity from shallow to deeper water levels. However, this local approach could fail to protect species characteristic of deeper habitats (such as sponge species, for example). In contrast to the more classical approach of marine reserves that focus on protecting speciﬁc sites vertically, horizontal ␤-diversity could be favoured by implementing conservation measures that take into account depth range. In some areas, more effective preservation of biotic dissimilarities could be achieved by regulating human activities at certain depths, thus adding a horizontal type of reserve to the existing vertical ones. Both conservation efforts and disturbance resulting from human activities are depth dependent. While reviewing the development of MPAs over the last 30 years in the French Mediterranean, one realises that while conservation planning initially focused on rather shallow waters habitats, more recent efforts are contributing to the protection of deeper than 50 m ecosystems (Meinesz and Blanfuné, 2015). However, the distribution of the protected areas by depth range remains partial and inappropriate (Meinesz and Blanfuné, 2015) and seems insufﬁcient to protect coralligenous habitats. In addition to the MPAs, Natura 2000 sites and European Union regulations speciﬁcally include coralligenous formations among the list of habitats to be protected. However, human activities and in particular commercial ﬁshing interests are in conﬂict with conservation goals. Since coralligenous communities compose the habitat of several species of ﬁsh, mechanistic destruction due to ﬁshing remains one of the main threats for coralligenous habitats in the Mediterranean region (Georgiadis et al., 2009). The efﬁcacy of future conservation measures will thus largely depend on the selection of regions and depth belts to preserve. Zones deeper than 50 m may continue to be less impacted by human disturbances than shallow waters, and deeper coralligenous concretions can act as refuge areas at least for some species. It would be of interest to test whether the deep reef refuge hypothesis (Bongaerts et al., 2011; Serrano et al., 2014) – according to which shallow communities can proﬁt from deeper ones following disturbance, by using them as local recruitment sources – can be applied to the coralligenous habitats. Future research on larvae vertical and horizontal migration would be needed to clarify these aspects. This would additionally shed light on connectivity issues that might explain the observed diversity patterns of coralligenous concretions and become critical to the future connectivity of marine protected areas (Andrello et al., 2015). 5. Conclusions Given the important ecological role of coralligenous habitats, providing habitat and ﬁlter functions for several microorganisms and ﬁsh species, and their low resilience to disturbance (Georgiadis et al., 2009), Mediterranean marine conservation needs to be designed and implemented on the basis of spatially adaptive methods able to monitor the three-dimensional spatial variability of diversity. We suggest that using taxonomic diversity alone may
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