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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 assem-
blages 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 pat-
terns 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 coral-
ligenous 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 habi-

tats. The use of multi-facet ind
and compositional dissimilarit
ices should be considered, focusing on preserving local diversity patterns
ies, both vertically and horizontally.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2015.10.062&domain=pdf
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. Introduction

A wide range of animal and plant species exhibit a vertically
tratified distribution pattern in terrestrial ecosystems, with most
ocumented examples treating variations in species distributions
long the vertical gradient from canopy to understory (ex. small
ammals (Pardini et al., 2005), butterflies (Walla et al., 2004;
olleman et al., 2006) ants (Vasconcelos and Vilhena, 2006) and

aproxylic species (Wermelinger et al., 2007)). Similar vertical
tratification has been documented along the water column in
arine ecosystems, for fish larvae and zooplankton groups (Pilar
livar 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
cosystems, most of the key abiotic factors (light, water move-
ent, nutrient availability, sedimentation and temperature) vary

trongly along bathymetric (vertical) as well as horizontal gradi-
nts, thus structuring species’ community composition (Bonecker
t al., 2014). Whether vertical and/or horizontal gradients structure
ore species communities may significantly influence conserva-

ion efficiency but such aspects still remain poorly documented.
In addition to being a proxy of environmental gradients and

tructuring species’ ecological niche, depth is also related to
uman pressure. In the Mediterranean basin, most human activities
hat may have an impact on marine ecosystems are depth-
elated; recreational fishing, navigation and/or diving activities, for
nstance, take place in relatively shallow waters (less than 50 m),
hus making some depth belts more exposed to disturbances than
thers (Meinesz and Blanfuné, 2015). However, other sources of
isturbances, such as professional fishing, mechanistic destruction
ex. installation of underwater cables) and pollution from terres-
rial or marine sources can act as a disturbance in even deeper
ones (especially in >50 m depth belts) (Grall and Hall-Spencer,
003; Meinesz and Blanfuné, 2015). Finally, as recently reviewed

n a 30-year survey, depth remains an important factor for marine
onservation efforts in the Mediterranean basin, with more focus
eing recently given to ecosystems deeper than 50 m (Meinesz
nd Blanfuné, 2015). However, the network of marine protected
reas (MPAs) lacks a sufficiently specific planning focus and spe-
ific ecological criteria for the selection of the target depth belts.
ost Mediterranean MPAs were established on the basis of limited

cological, social, and economic data (Claudet and Pelletier, 2004;
laudet et al., 2006).

While some taxonomic groups, such as fish and seagrass
eadow communities, have been studied extensively within the
editerranean basin (Ruíz et al., 2009; Mouillot et al., 2011) and

sed as indicators for European environmental policies (Devlin
t al., 2007; Gobert et al., 2009; Personnic et al., 2014), deeper
arine ecosystems remain poorly known (Cartes et al., 2004).
mong the most vulnerable and diverse ecosystems within the
editerranean basin, coralligenous outcrops are comparable in

pecies richness and abundance to tropical reef assemblages
Bianchi and Morri, 2000; Ballesteros, 2006). Coralligenous reefs
re found between 20 and 120 m depth and are composed of a
ard substrate of concretions of biogenic origin, produced mainly
y the accumulation of encrusting algae growing at low light lev-
ls (Garrabou and Ballesteros, 2000). Little was known about this
ighly diverse ecosystem until recently (Ballesteros, 2006), and it is
nly during the last few years that technical diving improvements
ave enabled their systematic surveying over extended spatial
ones (Deter et al., 2012a,b). As they have little to no resilience
gainst disturbances, due to their particularly low rate of develop-
ent 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
igh, given current and future global changes. However, no regional
iversity analysis has been conducted to date on this important
editerranean habitat.
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 taxo-
nomic 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 identifica-
tion of conservation targets (Devictor et al., 2010b; Mouillot et al.,
2011). It has thus been increasingly widely acknowledged that con-
servation 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 vari-
ous spatial scales (Abdulla et al., 2009; Coll et al., 2012). However,
the multidimensionality of diversity is not yet reflected in exist-
ing 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 coral-
ligenous assemblages because of their complex structure, both ver-
tically and horizontally, and their high level of richness and vulner-
ability. 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 horizon-
tal gradients, especially since all previous and existing conservation
efforts have focused on rather shallow coastal areas (<40 m), dis-
regarding deeper ecosystems (Abdulla et al., 2009). To address
this conservation issue, a preliminary step is to combine mea-
sures of diversity distribution (community diversity = � diversity
and between-community dissimilarities = � diversity) (Legendre
et al., 2009; Veech and Crist, 2010) in the three dimensions. To our
knowledge, this has to date never been done using the three facets
of diversity for any studied terrestrial or marine ecosystem.

We assessed the taxonomic, functional and phylogenetic diver-
sity of North-Western Mediterranean coralligenous assemblages
along both horizontal (1700 km) and vertical (73 m) gradients,
which represents the entire distribution of coralligenous habi-
tats in the French Mediterranean. In comparison with previous
studies (Balata et al., 2006; Piazzi et al., 2009; Piazzi and Balata,
2011), which considered a small fraction of the possible depths
(30–40 m) at which one may encounter the coralligenous con-
cretions, our database represents the most complete distribution
range ever used for the studied organisms. Our aim is to answer
the following questions: (1) How are the three facets of diver-
sity spatially distributed and what is their degree of congruence?
(2) How does spatial distribution of biodiversity vary from the
horizontal to the vertical axis? (3) To what extent does the
existing network of marine protected areas encapsulate the mul-
tidimensionality of coralligenous biodiversity (vertical/horizontal,
taxonomic/functional/phylogenetic)? Our results have important
implications not only for the conservation biology of coralligenous
assemblages but also for any kind of ecosystem organised along
both horizontal and vertical axes.

2. Materials and methods

2.1. Study area and coralligenous assemblages monitoring
The coralligenous monitoring programme started in 2010 and
is still ongoing. Three regions, composing the French coralligenous
distribution area, are surveyed: (i) eastern Provence-Alpes-Côte
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ig. 1. Map of study zone. Coralligenous assemblage sites are shown by black dots. W
ach station, 30 photographs were taken along a 40 m long horizontal transect. � D
mong stations within the same depth category and vertically, i.e. among stations w

’Azur (PACA), (ii) Corsica and (iii) Languedoc-Roussillon and west-
rn PACA regions. Given the complexity of the survey, monitoring
s conducted every year during June in one of these regions. Three
onsecutive years are thus needed to obtain comparable data for
he entire monitored area. We used data from 2010 to 2012 which
orresponded to one year of survey per region. During this period,
total of 120 stations were surveyed along the French Mediter-

anean coast (Fig. 1). In these ecosystems, temporal changes from
ne year to another are rare compared to spatial changes (Garrabou
t al., 2002; Deter et al., 2012a), except in case of extreme stochastic
isturbances (Garrabou et al., 2009; Teixidó et al., 2013). No such
xtreme event has occurred along the French coast since 2006, so
o time effect was considered in our analysis.

Monitored stations were chosen as follows. First, all areas, where
oralligenous assemblages could potentially occur were identi-
ed on the basis of a bathymetric cartographical analysis (http://
bservatoire-mer.fr/en/surfstat.html). Then, 69 sites (Fig. 1) were
hosen to represent different environmental conditions, according
o physico-chemical characteristics of coastal water bodies. Follow-
ng the European Water Framework Directive, these water bodies

ere defined by the French water agency, dividing coastal waters
nto homogenous water bodies based on catchment areas (WFD,
irective 2000/60/EC). At each site, divers recorded the upper and

ower limit of coralligenous concretions and conducted a survey
top every 10 m within the local bathymetric range. Each site thus
ontained one or several stations (Fig. 1).

A survey was performed at each station using a non-
nvasive method consisting of taking 30 photographic quadrates
50 cm × 50 cm) along a 40-m long horizontal transect, as described
n Deter et al. (2012b). Photographic methods are commonly used
or the analysis of coralligenous assemblages because they are non-
estructive, save time underwater, are repeatable, and enable data
rchiving (Ferdeghini et al., 2000; Virgilio et al., 2006; Baldacconi
nd Corriero, 2009; Kipson et al., 2011; Deter et al., 2012a,b). All
hotographs at a given station were taken from the same orienta-
ion and depth, using a compass and a depth meter attached to the
uadrate. Station depth varied from 17 to 90 m, but more than 90%
f all surveyed stations were between 30 and 70 m depth. Station

istribution over depth is presented in Appendix S1. Stations were
rouped into four depth categories for �-diversity analyses: 30–40,
0–50, 50–60 and 60–70 m depth. Grouping stations in depth cat-
gories requires having a sufficient number of stations in each
each site, several stations at different depths were surveyed (grey ellipsis). Within
ty facets are estimated at station level. �-Diversity was computed horizontally, i.e.
the same region.

category. We thus excluded very shallow and very deep stations
(i.e. four stations between 17 and 24 m and five stations between
75 and 90 m), keeping 111 stations for further analysis.

Coralligenous assemblages were identified for each station on
the basis of the photographs. Each picture was analysed by a single
person using 64 random points via the coralligenous assemblages
version of CPCe 4.1 (Kohler and Gill, 2006). This methodology was
validated using part of the analysed dataset (Deter et al., 2012b).
All points that indicated mobile organisms such as fish and crus-
taceans, as well as unidentifiable organisms, or abiotic substrate
(rock, sand, rubble), were excluded from further analysis. This
left more than 90% of the total points at each station. Finally,
we identified coralligenous species according to the taxonomic
nomenclatures of Guiry and Guiry (2013) and Rodriquez-Prieto
et al. (2013). In some cases, identification was not possible at
species level, but only at genus level. Hydrozoa and encrusting Bry-
ozoa were not identified further and were classified as “Hydrozoa”
and “Encrusting Bryozoa”, each being considered a “species” for
further analysis.

2.2. Assessing facets of biodiversity

We measured the three facets of coralligenous assemblages’
biodiversity (i.e. taxonomic, functional and phylogenetic) at two
spatial scales: (i) station level, i.e. �-diversity and (ii) between-
stations level, i.e. �-diversity.

Assessing functional and phylogenetic diversity of assemblages
requires accounting for the functional or phylogenetic distances
between species present in the regional pool. Given that no a pri-
ori information exists on the functional role of coralligenous species
and thus on the traits that are related to these functions, we consid-
ered a set of complementary traits describing the diverse facets of
the coralligenous species niche (Appendix S2): morphology, repro-
duction mode, feeding strategy, defence and distribution traits.
This functional database was built using information compiled
from the existing bibliography (Hofrichter, 2004, 2005; Rodriquez-
Prieto et al., 2013; http://doris.ffessm.fr/, Copyright 2012), with in
some cases the addition of experts’ judgement (Ballesteros, pers

comm). We considered a large set of traits to avoid the risk of over-
estimating functional redundancy (Calba et al., 2014).

To avoid analysing inter-correlated functional traits, we com-
puted the weighted Gower’s distance between taxon pairs

http://observatoire-mer.fr/en/surfstat.html
http://observatoire-mer.fr/en/surfstat.html
http://observatoire-mer.fr/en/surfstat.html
http://observatoire-mer.fr/en/surfstat.html
http://observatoire-mer.fr/en/surfstat.html
http://observatoire-mer.fr/en/surfstat.html
http://observatoire-mer.fr/en/surfstat.html
http://doris.ffessm.fr/
http://doris.ffessm.fr/
http://doris.ffessm.fr/
http://doris.ffessm.fr/
http://doris.ffessm.fr/
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Gower, 1971). We then performed a principal coordinate analy-
is (PCoA), which is the appropriate method for building functional
pace when functional traits are not continuous (Villéger et al.,
008). The PCoA was conducted using the functional distance
atrix to build an 8-dimension functional space. The Euclidean dis-

ances between species in this functional space accurately reflect
he initial Gower’s distances based on trait values. The number of
imensions was selected according to the best indicator available
o date (Appendix S3).

As for most studied species no sequence data was available, we
stimated phylogenetic distances between species on the basis of
pecies cladistics (Appendix S4). Phylogenetic distances between
pecies were then estimated as the distance between a set of tips of
he phylogenetic tree, calculated as the number of nodes separating
ach pair of species encountered in each community (Webb, 2000).
iven that our measures of phylogenetic similarity are based only
n the identified taxa within our communities, phylogenetic diver-
ity does not reflect absolute species dissimilarities, as no complete
ated phylogeny exists for all coralligenous species, but only rel-
tive ones, which does allow us to identify comparatively distinct
ommunities within our study zone according to species related-
ess, from similar to less similar ones (Webb, 2000).

Taxonomic, functional and phylogenetic �-diversity were com-
uted using the Rao’s quadratic entropy (Q) index. A range of
ifferent indicators exists to assess functional and phylogenetic
iversity (see Cadotte et al., 2010; Mouillot et al., 2013). The Rao
uadratic entropy index has the advantage of accounting for species
bundances and of being adaptable for all three diversity facets
i.e. TD, FD, PD), which is essential to conduct diversity facets com-
arisons and explains its use in many studies similar to ours (e.g.
evictor et al., 2010b; Mouillot et al., 2011). The Rao quadratic
ntropy index combines species dissimilarity and species relative
bundance (Pavoine et al., 2004; Ricotta, 2005; De Bello et al., 2010):
= ∑S

i=1

∑S
j=1dijpipj . In this case, p stands for the estimate of rel-

tive coverage of each taxon at the station level, estimated as the
umber of points per identified species per station. The distance
etween species pairs (d) for computing functional diversity (FD)
as the distance in the 8-dimensions functional space after scal-

ng values by dividing by their maximum. Similarly, phylogenetic
iversity (PD) was computed considering dij equal to the number
f nodes among all pairs of species as a proxy for the phylogenetic
istance between them and then divided by their maximum. Both
unctional and phylogenetic Rao’s quadratic entropy was computed
n the basis of ultrametric distance matrices. Taxonomic diversity
TD) was computed with dij = 1 for all species pairs, which yields
he Simpson diversity index (Ricotta, 2005).

Raw values of TD, FD and PD were transformed into equivalent
umber of species (Ricotta and Szeidl, 2009) by applying the follow-

ng transformation: Qeqnbsp = 1/(1 − Q). This transformation enables
omparison of values among communities for the three facets. Low
D or PD values indicate that the dominant species within a com-
unity are functionally or phylogenetically close, whereas high FD

r PD values indicate communities dominated by species that have
istinct functional traits or from different lineages.

We assessed two types of �-diversity, horizontal and verti-
al. Our aim was to investigate how station dissimilarities vary
ccording to their vertical or horizontal distances. A schematic rep-
esentation of both vertical and horizontal �-diversities is given
n Fig. 1. Vertical distances were estimated by subtracting station
epths. Horizontal distances between each pair of stations were
stimated as Euclidean distances using the latitude and longitude
oordinates of each station. However, as this method makes no dis-

inction between land or sea areas, we also considered horizontal
istances by estimating the shortest distance from the sea among
ll pairs of stations, thus using a mask for land areas. Analyses were
further conducted using both distances (see Appendix S5 for further
details and results).

As horizontal structure can vary among depths, we consid-
ered four categories of sampled depths each spanning 10 m (also
referred to as depth belts), ranging from 30 to 70 m. We measured
pairwise horizontal �-diversity as follows. We considered all sta-
tions within a specific depth belt, i.e. 36 stations within 40–50 m
and 25 stations within each of the other three depth categories
(30–40 m, 50–60 m and 60–70 m). We considered all pairs of sta-
tions within a given depth belt. We then estimated the mean �
diversity for each pair of stations, based on Rao’s index expressed
as equivalent number of species (Ricotta and Szeidl, 2009; Villeger
et al., 2012). �-Diversity for each pair of stations was computed
using the same index based on average taxa abundance in the two
stations. Using the multiplicative framework built on the equiva-
lent number of species, �-diversities were then estimated as the
ratio between � and � diversities (Villeger et al., 2012). In addi-
tion to pairwise �-diversity, we also calculated overall �-diversity
in each depth category as the ratio of overall � diversity of all sta-
tions situated within each depth category over the mean of their �
diversity values.

For vertical �-diversity, we considered 7 geographical regions: 4
along the continental French Mediterranean coasts [western PACA
with 11 stations, central PACA (16 stations), central-eastern PACA
(18 stations) and eastern PACA (13 stations)], and 3 regions around
Corsica island [northern Corsica with 18 stations, central Corsica
(16 stations) and southern Corsica (15 stations)]. The aim of iden-
tifying geographical regions and depth belts is to focus on the
coralligenous structure at a spatial scale that might correspond
to the species biology and may be suitable for conservation pur-
poses. A better approach would be to define regions on the basis of
the actual connectivity level among assemblages, in order to more
accurately reflect species dispersal capacities, but no adequate data
exist so far for coralligenous species. Vertical �-diversity was not
computed at the four stations located in the Languedoc Roussillon
region because in this area coralligenous concretions only occur
at low depth. We then estimated pairwise vertical �-diversity fol-
lowing the same procedure as with the horizontal �-diversity. We
additionally calculated overall �-diversity per region as the ratio
of overall �-diversity of the region over mean �-diversity of all
stations situated within the same region.

Maps representing the spatial distribution of biodiversity facets
were produced using kriging models which automatically fit a vari-
ogram to the data on which they are applied (Hiemstra et al., 2010).
Kriging models were only used to produce maps and no further
statistical analysis was conducted on them. All statistical tests con-
cerning spatial structure and congruence were thus based only on
observed data from the surveyed stations. Statistical analyses, plots
and maps were produced with R (3.1.0) (R Development Core Team,
2014) using automap, ecodist, gdata, mgcv and vegan packages.

2.3. Congruence among diversity facets

To test congruence levels among the diversity facets, we used
partial Mantel tests, with Pearson’s correlation method. These tests
calculate the spatial correlations between two dissimilarity matri-
ces (e.g. TD and FD distance matrices), conditioned by a third
matrix corresponding to the geographical distances between sta-
tions (Legendre and Legendre, 2012). Congruence was estimated for
the three pairwise combinations between diversity facets, i.e. TD,
FD and PD. In order to investigate whether and how congruence

levels vary over depth, we considered congruence levels in three
different cases, i.e. taking all stations (n = 111 stations) and divid-
ing stations into two depth ranges: stations down to 50 m depth
(n = 59 stations) vs deeper stations (n = 52 stations).
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Two supplementary analyses were used to test for significance
nd confirm that the observed levels of congruence among diver-
ity facets were not driven by the dominance of a few taxa. We
rst considered null models where species were randomly sampled

rom the study pool, i.e. the pool of all species encountered in our
tudy, according to their relative abundance (Calba et al., 2014). We
epeated this random sampling procedure 1000 times, estimated
he corresponding simulated TD, FD and PD and their congruence
evels. We finally compared the observed levels of congruence with
he distribution of the simulated data. This null modelling approach
llows the validation of an ecological hypothesis, i.e. whether the
bserved congruence is different from what we should expect given
he regional species pool, and is preferable to using the permu-
ations procedure incorporated in the Mantel tests, which can in
ome cases be biased (Guillot and Rousset, 2013). In addition to
hat, to investigate relationships between FD and PD independently
f the TD effect, we estimated net FD as the standardised residu-
ls of the generalised additive model (gam) predicting FD from TD
Devictor et al., 2010b). The net PD was respectively computed from
he gam (PD–TD). We finally estimated the congruence between
et FD and net PD and compared it to the corresponding simulated
ata of these net indices. All plots of the relationships among diver-
ity facets and the congruence levels between net FD and net PD
re shown in Appendix S6. As the two approaches revealed simi-
ar results, we further estimate robustness of observed congruence
evels using the null modelling approach.

.4. Diversity structure over space

We investigated how �- and �-diversity were structured over
pace. We used gam models with depth, longitude and latitude
s the explanatory variables for �-diversity (Wood and Augustin,
002). A spline effect was considered for all factors with three
egrees of freedom (df) and the Fisher test was used to estimate
he significance of explanatory variable trends. We considered sep-
rately horizontal and vertical �-diversities. We used generalised
inear models (glm) to test for significant trends in �-diversity over
ertical or horizontal distances for each of the regions or depth belts
onsidered. For this specific analysis, our goal is not to identify the
urve (linear or non-linear relationship) that best fits the data, in
rder to minimise residuals (as we did through gam for the alpha
iversity), but to compare trends and identify zones where beta
iversity increases or decreases over distance (in terms of depth
r geographical terms) in higher rates than elsewhere. We addi-
ionally used overall �-diversities to compare dissimilarity levels
mong depth categories and regions.

.5. Assessing the efficacy of marine protected areas (MPAs) for
oralligenous habitats

In a recent review, Meinesz and Blanfuné (2015) thoroughly
ocumented how to properly define protected zones in French
editerranean in order to evaluate their development over the

ast 30 years. Following the European Community Habitat Direc-
ive, supplementary protection networks, such as the Natura 2000
ites, have been set up since 2009, and are commonly considered in
rance as part of the marine protected areas network (Meinesz and
lanfuné, 2015). However, differences in management and regula-
ion specificities among sites led the authors to consider as MPAs
nly those areas where specific restrictions on recreational and/or
ommercial fishing are imposed. Thus, only areas including specific
o take zones, i.e. complete restriction of fishing, are considered.

his is also consistent with the definition of MPAs in other European
ountries. We thus considered only MPA sites and excluded Natura
000 sites from our analysis to be consistent with the definition of
PAs in Europe.
We estimated the proportion of the three facets of biodiversity
found within the marine protected areas according to Mouillot et al.
(2011). Firstly, we ranked coralligenous stations from the most to
the least diverse for each facet of biodiversity. Secondly, we calcu-
lated the cumulative percentages of protected stations along these
decreasing diversity gradients. Finally, we estimated the overall
proportion of protected stations among all the stations.

We used the overall proportion of protected stations as a
reference level to assess which facet of diversity is under- or
over-represented in the protected areas. If MPAs are effective
in protecting coralligenous habitats, we expected an over-
representation of highly diverse stations located in protected areas.
In contrast, an under-representation of highly diverse stations, i.e.
less than the overall proportion within protected areas, would indi-
cate low MPA efficacy (Mouillot et al., 2011).

Three distinct cases were considered based on (i) all stations, (ii)
on stations down to 50 m depth and (iii) on stations more than 50-
m deep. For all three cases, we assessed the cumulative proportion
of taxonomic, functional or phylogenetic diversity present in MPAs.

3. Results

3.1. Vertical and horizontal distribution of diversity facets

Taxonomically richer communities were found in the central
and eastern parts of the French Mediterranean coast and in the
northern part of Corsica (Fig. 2(a)). Functionally richer communi-
ties were observed principally along the eastern French continental
coast, whereas phylogenetically richer communities were mainly
observed in Corsica and along the central continental coast (Fig. 2(b)
and (c)). Mean �-diversities ranged for TD from 1.9 to 13.9, for FD
from 1.2 to 2.1 and for PD from 1.3 to 5.7 in equivalent species num-
bers. Thus, FD was considerably lower than PD and TD at the station
level. The concept of number of equivalent species implies that FD
and PD could not be higher than TD. FD can only be equal to TD when
all species have the same abundance and are maximally dissimilar.
TD was thus more variable than FD and PD, since coralligenous
species in each assemblage tend to have uneven abundances and
be phylogenetically and functionally not highly dissimilar.

We further focused on variations in each facet to analyse their
respective spatial patterns. Analysis of �-diversity structure over
space revealed that TD did not significantly vary over depth (p = 0.4;
Fig. 2(a)). However, both �-FD (F = 7.8, p < 0.01; Fig. 2(b)) and �-
PD (F = 5.2, p = 0.02; Fig. 2(c)) significantly decreased with depth
(Fig. 2). �-FD and �-PD increased with longitude (F = 5.0, p = 0.03
and F = 7.1, <0.01 respectively), with higher FD and PD in eastern
regions. All three facets increased with latitude (TD: F = 4.3, p = 0.02;
FD: F = 7.5, p < 0.001 and PD: F = 3.5, p = 0.03).

Mantel correlation analysis revealed that �-FD and �-TD were
not more congruent than expected from the random model
(Fig. 3(a)), and similar results were obtained when considering
two categories, i.e. shallower than 50 m stations or deeper stations
(Fig. 3(b) and (c)). Interestingly, while �-PD was less congruent to
TD than expected at random (Fig. 3(d)), congruence between FD and
PD was higher than expected at random (Fig. 3(g)). Similar results
were observed for deeper than 50 m stations (Fig. 3(f)–(i)), with
FD being even more congruent to PD than previously observed, i.e.
0.84 vs 0.69 for all stations (Fig. 3(g) vs (i)). For shallower than 50 m
stations, congruence was not significantly different from random
distributions for any facet considered (Fig. 3(b), (e) and (h)). Con-
gruence levels between FD and PD remained significantly higher

than random even when retrieving the TD effect for FD and PD, i.e.
net FD and net PD (see Appendix S6).

Vertical �-diversity mainly increased with depth for all three
diversity facets (Fig. 4). Vertical taxonomic structure varied among



Fig. 2. Spatial distribution of the three � diversity facets: (a) TD, (b) FD and (c) PD. Low diversity levels are indicated in light yellow and high diversity levels in blue. Blue dots
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egions, with eastern PACA (t = 6.71, p � 0.001) and northern
orsica (t = 6.43, p � 0.001) being the most vertically structured
egions, i.e. where dissimilarities among stations strongly increase
ver depth (Fig. 4(a): EP & NC). In central Corsica and central east-
rn PACA (Fig. 4(a): CC & CEP), taxonomic �-diversity increased
ith depth (t = 3.03, p < 0.01 and t = 5.20, p < 0.001 respectively),

ut less than in eastern PACA. No trends in taxonomic �-diversity
ere observed over depth within western PACA (WP: p = 0.8) and

outhern Corsica (SC: p = 0.6). Vertical functional and phylogenetic

-diversities showed similar patterns in all regions (Fig. 4(b) for
D trends and Appendix S7 for FD trends). Functional and phy-
ogenetic �-diversities mostly increased with depth in eastern
ACA (t = 9.35, p < 0.001 and t = 10.94, p < 0.001 respectively), in
sent are indicated in grey. � Diversity structure over depth is shown in plots. n.s.
rends (p < 0.01). (For interpretation of the references to color in this figure legend,

central eastern PACA (t = 6.65, p < 0.001 and t = 7.51, p < 0.001 for
FD and PD respectively) and in northern Corsica (t = 4.19, p < 0.001
and t = 4.83, p < 0.001 respectively). Non-significant trends were
obtained in southern Corsica, western and central PACA regions for
both functional �-diversity (p = 0.9, p = 1, p = 0.2 respectively) and
phylogenetic �-diversity (p = 0.3, p = 0.1, p = 1).

Overall vertical �-diversities ranged between 1.51 and 3.09
for taxonomic facet, from 1.05 to 1.20 for functional facet and
between 1.10 and 1.78 for phylogenetic facet, with the highest over-

all �-diversities being observed in central eastern PACA and the
lowest in western PACA, for all three facets of diversity (Fig. 5(a)).
Functional �-diversity was lower than phylogenetic �-diversity
and even lower than taxonomic �-diversity for both vertical and
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orizontal scales (Fig. 5(a)). Overall horizontal �-diversity ranged
or TD from 2.31 to 2.53, for FD from 1.13 to 1.16 and for PD from
.39 to 1.63, with higher overall �-diversity being observed in

ow depth belts (50–70 m) and lower overall �-diversity in more
hallow 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
tations explained a small part of the �-diversity of the three
acets, i.e. �-TD, �-FD and �-PD, i.e. R2 of �-diversity over hor-
zontal distances varied from 0.01 to 0.16, when considering
he Euclidean distances between stations. Similar results were
btained, when considering sea distances between stations. All
rends of �-TD, �-FD and �-PD over horizontal distances, using
oth approaches to estimate geographical distances, can be seen in
ppendix S5.
.2. Conservation efficacy

All three facets of diversity are globally under-represented
ithin MPAs which include specific no take zones (Fig. 6). Stations
i) FD-PD for all stations considered and according to two depth ranges, i.e. < and
e dotted lines) is tested using the distribution of the simulated data from the null

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 – corre-
sponding 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 diver-
sity, 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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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

The use of phylogenetic diversity as a proxy for functional diver-
ity (Cadotte et al., 2008) has been debated and several recent
tudies offer evidence of a significant lack of congruence between
he two facets (Devictor et al., 2010b; Mouillot et al., 2011; Safi
t al., 2011). In our case, the high congruence between functional
nd phylogenetic diversity might be driven by niche conservatism.
n old lineages, environmental tolerances are restricted, leading to
phylogenetic clustering (Swenson et al., 2006; Swenson, 2011).
n the other hand, if species divergence is more recent, we may
xpect trait overdispersion (Ndiribe et al., 2013). However, when
ld and more recent lineages are encountered within communities,
s typically occurs in coralligenous assemblages, traits’ phylo-
enetic signal may be masked by lineage-specific differences in
rait evolution (Smith and Donoghue, 2008; Ndiribe et al., 2013).
iven our results, i.e. low phylogenetic and functional diversities

nd high congruence between them, we assume that functional
nd phylogenetic clustering occurs in coralligenous assemblages,
aking them even more vulnerable to climate change or human

isturbances. Species sharing similar adaptations and restricted
nd per depth belt (b) are plotted over the corresponding mean � diversities.

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 challeng-

ing. Here, we estimated functional diversity on the basis of a set
of complementary species characteristics describing their mor-
phology, reproduction and ecology. This set is similar to the one
recently used to characterise functional diversity of fossil and



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)
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5% of the richest stations for all three facets and the considered MPAs (indicated b
eader is referred to the web version of the article.)

resent benthic assemblages (Villéger et al., 2011). Future studies
n coralligenous ecosystems could make it possible to better distin-
uish particular aspects of ecosystem functioning such as resistance
o invasion or traits linked to the flow of matter and energy within
he ecosystem, to enable more interpretable estimations of func-
ional diversity.

While incredibly diverse, the coralligenous assemblages remain
argely inaccessible to systematic sampling. We preferred to use a
on-invasive technique, based on photos, which is recommended

or underwater ecological systems (UNEP-MAP-RAC/SPA, 2011)
nd widely used (Balata et al., 2005; Baldacconi and Corriero, 2009;
ipson et al., 2011; Deter et al., 2012a,b). However, this approach
oes not allow identification of all individuals at the species level
particularly for cryptic species). In our analysis, we adopted a con-
ervative approach by keeping identifications at the genus level
r higher groups, instead of risking overestimation of richness in
ases of impossible identification at the species level. The number
f species is thus underestimated in all stations for both alpha and
eta diversity components, but this bias is common to all stations,
hus allowing comparisons among stations, which is the main aim
f the present work.

In the absence of adequate molecular information for coral-
igenous species, we used cladistics to calculate phylogenetic
iversity. Other methods, based on dated phylogenies, have also
een developed and used to estimate phylogenetic diversity when
tudying community structure and ecosystem stability (Cadotte
t al., 2010, 2012; Flynn et al., 2011). Molecular approaches are
ore accurate and should be preferred when needing to esti-
ate phylogenetic distances (Pavoine and Bonsall, 2011), but

equire that every single species should be adequately sequenced,
hich is not feasible at present for coralligenous communities.
ecent evidence showed that plants phylogenetic diversity esti-
ated by undated taxonomic hierarchies, such as the one used
ere, is closely related to the diversity obtained by dated phylog-
nies (Ricotta et al., 2012). This should be further verified in the
uture for other organisms. Inferring large and reliable phylogenetic
rees still remains a challenge, but suitable tools are increasingly
and (c) 7.7% of stations over 50 m deep (N = 52). The map shows the location of the
blue zones). (For interpretation of the references to color in this figure legend, the

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 sequenc-
ing 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 structur-
ing functional and phylogenetic diversities, with shallow stations
being on average richer than deep stations. No significant vari-
ation 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 Mes-
ophyllum 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 phylo-
genetic information on community composition takes into account
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his turnover, and is therefore the key to establishing the spatial
ariations of biological diversity (Mouquet et al., 2012).

Taxonomic, functional and phylogenetic dissimilarities among
ssemblages (�-diversity) increased with depth mainly in the cen-
ral and eastern Provence-Alpes-Côte d’Azur (PACA) region and in
orthern Corsica, where the vertical gradient was high. In east-
rn Provence (EP), conditions along the water column favour the
xistence of coralligenous concretions in various depth belts. How-
ver the composition of coralligenous concretions varies among
epths, with species from shallow assemblages being phyloge-
etically distinct (green, brown and red algae but also bryozoans,
orgonians and sponges) than species forming deeper concretions
many sponges associated with red algae). The presence of such
ominant phylogenetically distinct species explains why beta phy-

ogenetic diversity increases over depth mostly in eastern Provence.
We observed no vertical structure in other regions, in western

ACA and southern Corsica. In regions where suspended matter,
ollution or turbulence decreases water transparency, as in the
estern part of Provence (near Marseille) for example, water spe-

ific conditions become unfavourable to coralligenous species in
elatively shallow waters (20–30 m deep) and the shift between
hallow, more light-requiring to deep sciaphilic macroalgal com-
unities may occur at a shallower depth than usual (Balata et al.,

006). Moreover, in human impacted zones, species that are sen-
itive to disturbance may decrease, while more generalist species
ecome more dominant (Balata et al., 2007a,b). These effects can
esult in low dissimilarities among communities and may explain
hy the � diversity of all three facets remained very low and invari-

ble over different depths in western PACA. Several sites in Corsica
ay reflect the opposite case scenario, where favourable water

onditions along a wide depth gradient, permit coralligenous con-
retions to be rich in species but their composition varies less over
epth, as high water transparency results in more homogeneous
nvironmental conditions, whatever the depth. Thus � diversity
rends can be less marked over depth, even in good quality habitats.

We observed little evidence of the coralligenous structure
ver the horizontal axis as horizontal distances between stations
xplained a small part of the dissimilarities between them in all
hree �-diversity facets, i.e. TD, FD and PD. Comparatively higher
orizontal �-diversity was observed for intermediate and deep
tations, i.e. 50–70 m deep. This depth range represents the vast
ajority of the analysed stations, including areas from the PACA

nd the Corsica regions. Water characteristics and transparency
re expected to vary among regions, especially between the west-
rn and central PACA and the Corsica stations. Terrestrial inputs
n deltaic areas, such as the Rhone river, should contribute to
nter-region differences. The Rhone delta is an important source
f particulate organic matter sedimentation, with particular peaks
t intermediate depths (30–50 m) and the lowest input at 70–100 m
epth (Darnaude et al., 2004). Such sedimentation inputs have an

mpact on marine macrobenthos activity (Darnaude et al., 2004),
hich may be reflected in several of the PACA stations’ corallige-
ous composition.

In our approach, we used geographical and depth distances as
proxy for the environmental conditions that vary over space.
owever, as previously mentioned, the water’s physico-chemical
haracteristics and inter-species interactions can modify vertical
istribution of the coralligenous species, resulting in different com-
unity compositions at similar depths (Airoldi, 2003; Dauer et al.,

008; Piazzi and Balata, 2011). Thus, a more specific analysis of spa-
ial patterns in �-diversity related to key environmental and human
ressure variables, such as temperature, turbidity and pollution,

nd taking into account various vertical and horizontal distances,
hould shed light on the mechanisms that drive diversity patterns in
oralligenous habitats. This should result in more effective conser-
ation 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 mul-
tifaceted three-dimensional analyses. Vertical and horizontal
variability can provide useful input for conservation planning, indi-
cating 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 activ-
ities 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 reg-
ulations 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 conser-
vation goals. Since coralligenous communities compose the habitat
of several species of fish, mechanistic destruction due to fish-
ing 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 corallige-
nous concretions can act as refuge areas at least for some species.
It would be of interest to test whether the deep reef refuge hypoth-
esis (Bongaerts et al., 2011; Serrano et al., 2014) – according to
which shallow communities can profit from deeper ones follow-
ing 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 meth-
ods able to monitor the three-dimensional spatial variability of
diversity. We suggest that using taxonomic diversity alone may
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e misleading, and that additional information, at least on phylo-
enetic diversity, is required to properly set future conservation
oals and enable conservationists to apprehend the spatial vari-
tions of community composition (Mouquet et al., 2012). There
hould, moreover, be a particular focus on ecosystem verticality
hich may help preserve dissimilarities among coralligenous con-

retions. Local conservation measures should be embedded within
 larger scale strategy able to identify areas and depth belts that
aintain higher diversity levels. Although three-dimensional anal-

ses are complex and constitute a challenge for conservationists
nd biogeographers, they should be further considered in order
o encapsulate the different facets of biotic diversity and propose
dequate ways of preserving biodiversity at different scales.
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