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Abstract Using two distinct identification methods, one

based on morphological characters only and the other

combining morphological and molecular characters (inte-

grative identification method), we investigated the differ-

ences in the biodiversity patterns of red seaweed

communities associated with kelp forests at various spatial

scales: the regional diversity of Brittany, France (c-diver-

sity), the local diversity at different Breton sites (a-diver-

sity) and the differentiation in species diversity and

abundances among those sites (b-diversity). To character-

ise a and b diversities, we conducted an initial survey in

winter 2011 at 20 sites belonging to four different sub-

regions, with specimens collected from six quadrats of

0.10 m2 at each site, three in the tidal zone dominated by

Laminaria digitata and three in the zone dominated by

Laminaria hyperborea. To further characterise the regional

diversity, we carried out another survey combining several

sampling methods (quadrats and visual census) in different

seasons (winter, spring and summer) and different years

(2011 and 2012). In all, we collected 1990 specimens that

were assigned to 76 taxa with the identification method

based on morphological characters and 139 taxa using the

integrative method. For c and a diversity, the use of

molecular characters revealed several cases of cryptic

diversity and both increased the number of identified taxa

and improved their taxonomic resolution. However, the

addition of molecular characters for specimen identifica-

tion only slightly affected estimates of b-diversity.

Keywords Barcode � Community ecology � Cryptic

diversity � Red algae � Rocky shore �Molecular taxonomy �
Systematics

Introduction

Identifying biological specimens underpins a broad set

of—if not all—biodiversity studies. Identification of

specimens usually relies on the use of determination keys

based on morphological characters such as shape, size and

colour of the specimen’s parts. However, this traditional

way of identifying biological specimens is hampered by

three major impediments that are now well recognised

(reviewed in e.g. Hebert et al. 2003; Tautz et al. 2003; Pires

and Marinoni 2010). First, determination keys based on

morphological characters are not available—or of equal

completeness—for all taxa since the majority of species

lack a formal taxonomic description (May 1988) with some

groups (e.g. vertebrates, flowering plants) better studied
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Institut de Systématique, Evolution, Biodiversité, UMR 7205
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than others (e.g. nematodes, algae). Second, the number

and complexity of morphological characters used in

determination keys vary depending on the group consid-

ered; therefore, in groups for which determination keys are

complex, morphology-based identification requires well-

trained taxonomists, who are becoming rarer and rarer and

not always available for routine identifications (the so-

called taxonomic impediment). Third, specimens to be

identified may be too small or at an inappropriate devel-

opmental stage to display the morphological characters

needed for their identification, making it impossible to

identify even for trained taxonomists.

In addition to these issues related to morphology-based

determination keys, the advent of molecular systematics in

the last two decades has cast strong doubts on our ability to

correctly identify taxa on the sole basis of morphological

characters. In particular, molecular approaches have

revealed that species diversity has traditionally been

underestimated due to the presence of cryptic species in

many taxonomic groups and various habitats (e.g. in the

marine environment, see Knowlton 1993; in Bryophyta,

Heinrichs et al. 2011; in algae, Leliaert et al. 2014), making

previous determination keys deciduous. Because of

improvement of taxonomic knowledge through time, bio-

diversity surveys in which specimen identification is based

solely on morphological characters are often difficult to use

for analysing temporal changes in taxonomic composition

of communities, unless the identification is reduced to a

taxonomic rank coarser than the species (genus, family or

even order, e.g. Gallon et al. 2014).

Molecular taxonomy (i.e. the use of blocks of DNA

sequences as characters to identify biological specimens),

including DNA barcoding (i.e. the use of a standardised

DNA marker as a tag for rapid and accurate species iden-

tification), has been proposed as a means to overcome the

issues related to traditional taxonomy (Tautz et al. 2003;

Hebert et al. 2003). In particular, DNA barcoding might

enhance biodiversity inventories by being faster and

cheaper, and by overcoming the taxonomic impediment

(Valentini et al. 2009 and references therein). Although

DNA barcoding has proven successful for rapid biodiver-

sity assessment studies (as reviewed by Valentini et al.

2009), its ability to accurately assign a specimen to a

described species using a single marker has also been a

target of criticism (e.g. Moritz and Cicero 2004). In addi-

tion, molecular taxonomy is both relatively recent and not

consistently used; hence, most biodiversity surveys rely

solely upon morphology-based identifications that are,

therefore, sometimes not determined to the species rank

and possibly not reliable. Although using poor or down-

graded taxonomy might have dramatic consequences on

the outcome of biodiversity studies (reviewed by Bortolus

2008), only a few studies in community ecology have

empirically tested the impact of the identification method

used on their results (but see Waite et al. 2004; Pfenninger

et al. 2007; Kartineen et al. 2010).

Identifying biological specimens on the sole base of

morphological characters is challenging for all groups of

organisms (Bickford et al. 2007). However, it becomes

even harder in groups of organisms that have relatively

simple morphology and anatomy as well as a great phe-

notypic plasticity such as seaweeds (e.g. Saunders 2005;

De Clerck et al. 2012; Verbruggen 2014). The advent of

molecular systematics has highlighted that the vegetative

and reproductive characters traditionally used for seaweed

species delimitation are not always consistent with a

molecular phylogenetic approach due to convergence

leading to cryptic diversity and/or phenotypic plasticity

leading to versatile variation in morphological characters.

Moreover, for a large set of seaweed taxa, morphology-

based determination keys are based on the observation of

reproductive features that are often ephemeral or seasonal

and do not allow the identification of immature individuals.

Molecular taxonomy has been enthusiastically adopted by

phycologists (as reviewed by De Clerck et al. 2012), and

has led to the discovery of numerous cryptic species in all

three seaweed lineages (e.g. in green seaweeds, van der

Strate et al. 2002; in brown seaweeds, Tellier et al. 2009; in

red seaweeds, Le Gall and Saunders 2010) as well as an

explosion of sequences in repositories such as GenBank

(www.ncbi.nlm.nih.gov/genbank, Benson et al. 2013) and

BOLD Systems (www.barcodinglife.com, Ratnasingham

and Hebert 2007). The existence of these molecular dat-

abases now make it possible to carry out molecular-assisted

biodiversity surveys to characterise species diversity of

seaweeds in different regions and/or habitats (e.g. Sher-

wood et al. 2010a; Saunders and McDevit 2013). However,

such comprehensive surveys are still rare for seaweeds,

and, to our knowledge, do not exist for the marine flora of

the north-east Atlantic despite the fact that this flora has

been extensively studied since the end of the 18th century

and is considered as one of the best characterised flora in

the world (Dixon and Irvine 1977; Bunker et al. 2010). In

addition, Smale et al. (2013) underlined that, in the north-

east Atlantic, subtidal (resp. rocky) communities have

received little attention in comparison to intertidal (resp.

soft-bottom) communities. Moreover, the abundance of red

seaweeds, i.e. the most diverse seaweed lineage (Guiry and

Guiry 2014), appears to be more important in subtidal than

in intertidal communities (Raffaelli and Hawkins 1996).

In this context, our study aims at investigating how the

use of molecular-assisted identification influences com-

munity biodiversity assessment compared to identification

based on morphological characters only. To do so, we

conducted a survey of the diversity of red seaweeds found

under the canopy of kelp forests along the coast of Brittany
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(France), a biogeographical transition zone in the north-

east Atlantic (Spalding et al. 2007). This assessment was

performed at different spatial scales using two distinct case

studies. The first case study consisted in assessing how

molecular-assisted identification improved our knowledge

regarding the diversity of understory red seaweeds from

kelp forests at the regional scale of Brittany (c-diversity).

The second case study consisted in revealing how the

identification method (i.e. based on morphological char-

acters versus integrative) can influence the estimation of

the local diversity of red seaweed communities at different

Breton sites (a-diversity) and the differentiation among

those sites (b-diversity).

Materials and methods

Sampling strategy

A floristic survey of seaweed diversity was conducted along

the Brittany (France) coast, from 2011 to 2012. It targeted

the flora living beneath the canopy of Laminaria digitata

and Laminaria hyperborea, two kelp species emblematic of

European rocky shores. These species differ by their dis-

tributions along the tidal zone: L. digitata occupies the low

intertidal zone, between ? 1 and—1 m depth whereas L.

hyperborea occupies the subtidal zone between -1 and -

30 m (reviewed by Robuchon et al. 2014a). A hierarchical

sampling strategy was designed to investigate the different

spatial components of biodiversity (i.e. within and among

sites and at the scale of the whole Brittany region). At the

site scale, sampling was standardised (i.e. same sampling

protocol for each site) to allow comparisons of red seaweed

communities among (b-diversity) and within (a-diversity)

sites, focusing on how species diversity and species abun-

dances varied between different kelp canopies and across

different sub-regions of Brittany. The survey carried out to

obtain this standardised sampling is hereafter called ‘‘sub-

survey 1’’. An additional survey, hereafter called ‘‘sub-

survey 2’’, was designed to collect the maximum number of

species and therefore to complete the sampling at the

regional scale of Brittany (c-diversity). The sub-survey 1

was conducted by scuba-diving during winter 2011 (within a

six-week timeframe stretching from late February to the

beginning of April, Table S1) across 20 sites distributed in

four sub-regions of Brittany (St Malo Bay, Morlaix Bay,

Iroise Sea and Southern Brittany, see Fig. 1). At each site, 6

quadrats of 0.10 m2,three beneath the canopy of L. digitata

and three beneath the canopy of L. hyperborea, were ran-

domly placed among the kelps holdfasts at a few meters of

distance and sampled: all macroscopic specimens of sea-

weeds (except crustose seaweeds) present in these quadrats

were collected. Nevertheless, specimens were collected in

only one quadrat in the Hoedic site beneath the L. digitata

canopy due to dangerous conditions during sampling. Sub-

survey 2 was conducted both by scuba-diving and at low

tide, in 2011 and 2012 during different seasons (February/

March, May and August, see Table S1) and at four sites

chosen in three of the four aforementioned sub-regions

(Nerput, Santec_2, Les Amiettes and Le Loup, see Fig. 1).

This sub-survey consisted in collecting macroscopic speci-

mens of seaweeds beneath the L. digitata and L. hyperborea

canopies using only the quadrat method (for Le Loup) or, as

recommended by Gallon et al. (2013) to accurately describe

red seaweed communities of rocky shores, in combination

with a visual census method (in the three other sites) which

was carried out during a 10 min exploratory dive.

Specimen identification

The whole process of specimen identification is summarised

in Fig. 2. In both sub-surveys, within each quadrat and for

each visual census, all the red seaweeds with a size

exceeding 1 cm were sorted by morphotype and identified

using the floristic keys and field guides available for the

region (Dixon and Irvine 1977; Irvine 1983; Maggs and

Hommersand 1993; Irvine et al. 1994; Brodie and Irvine

2003; Cabioc’h et al. 2006). For sub-survey 1, as the sam-

pling unit was the same across all sites (i.e. a quadrat of

0.10 m2), quantitative comparisons of community data

across sites was possible, and, to generate quantitative

community data, the number of individuals per morphotype

within each quadrat was counted. In contrast, sampling

methods varied in sub-survey 2 (sampling unit: quadrat or

visual census; collection method: scuba-diving or low-tide),

thus only qualitative data regarding the occurrence of taxa

by sampling unit were generated. For both sub-surveys, one

specimen of each morphotype was cleaned, preserved fro-

zen and lyophilised for subsequent molecular analysis.

Specimens collected during the visual census were kept in

vouchers and deposited to the Herbarium of Paris, Cryp-

togamie (PC).

Total DNA was extracted using a DNeasy Plant Mini Kit

(QIAGEN, Hilden, Germany), according to the manufac-

turer’s instructions except for the extraction buffer which

was prepared in the laboratory following instructions in

Saunders and McDevit (2012). The marker COI-5P was

initially chosen to generate the molecular data (Saunders

2005; McDevit and Saunders 2010); however, molecular

data were also generated from the marker encoding the large

subunit of the ribosomal operon (LSU D2/D3, Saunders and

McDevit 2012) for specimens in which COI-5P amplifica-

tion failed. To establish a correspondence between COI-5P

and LSU D2/D3 sequences, we additionally attempted to

amplify the marker LSU D2/D3 for one specimen of each

group delimited with the COI-5P marker.
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The COI-5P marker was amplified using the forward

primers GWSFn (Le Gall and Saunders 2010) and GazF1

(Saunders 2005) variously combined with the reverse

primers GWSRx (Saunders 2009), GazR1 (Saunders 2005),

GCorR3 (Peña et al. in press) and R686 (Sherwood et al.

2010b). The LSU D2/D3 marker was amplified using the

forward primer TO1N (Harper and Saunders 2001) and the

reverse primer T20 (Le Gall and Saunders 2010).

Fig. 1 Map of collection sites in Brittany, France. Sites are:

Guimereux (1), La Bigne (2), Nerput (3), Le Moulin (4), Les Amas

du Cap (5), Primel (6), Duons Est (7), Duons Ouest (8), Le Loup (9),

Santec 2 (10), Santec 1 (11), Les Amiettes (12), Les Linious (13),

Men Vriant (14), Klosenn Malaga (15), Les Rospects (16), St Mathieu

(17), Pointe du Grand Gouin (18), Houat 2 (19), Houat 1 (20) and

Hoedic (21)

Fig. 2 Diagram describing the different steps and methods used for the identification of specimens. *We used a criterion of at least 1 %

divergence between COI-5P sequences to delineate species. §We assigned taxa according to the nearest-neighbour criterion
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PCRs were carried out in a total volume of 20 ll con-

taining 4 ll of genomic DNA (various concentrations were

obtained from pure eluted to 1:100 diluted), 500 nmol of

each primer, 1X PCR reaction buffer, 150 lM each dNTP,

2.0 mM MgCl2 and 0.4 units Taq DNA Polymerase

(QIAGEN). Thermal profiles, which vary according to the

primers used, followed Sherwood et al. (2010b) for the

primer couple GazF1/R686 and Saunders and McDevit

(2012) for all the others. The presence of PCR amplified

products was checked on agarose gels. Purification and

sequencing reactions were performed by Genoscope (www.

genoscope.fr, Evry, France). For the COI-5P marker,

sequencing was performed with the primers used for

amplification whereas for the LSU D2/D3 marker,

sequencing was performed with the forward primer T16N

and the reverse primer T24 (Harper and Saunders 2001).

For each marker, forward and reverse electrophoregrams

were edited and assembled with the software Codoncode

(Dedham, MA) and a multiple sequence alignment was

constructed using MUSCLE (Edgar 2004). The LSU

alignment was adjusted by eye. Identical haplotypes were

retrieved with the Perl script collapsetypes_v4.5 (Chesters

2013). Cluster analyses were performed on each alignment

including all haplotypes found in this study using the Juke-

Cantor model, the neighbour-joining (NJ) algorithm and

1,000 replicates for bootstrapping. Analyses were con-

ducted using SeaView (Gouy et al. 2010). For the COI-5P

dataset, taxon assignment, i.e. the link between the DNA

sequence(s) and taxon name, was performed using a local

COI-5P database of North Atlantic seaweeds (Phyco group

at the MNHN) using clustering analyses as well as the

BLAST algorithm against GenBank and the identification

engine within BOLD. For the LSU dataset, taxon assign-

ment was performed using the closest neighbour. Congru-

ency between identifications based on morphological

characters and molecular-assisted identifications was veri-

fied to dismiss possible contamination.

On the basis of the two sub-surveys, we generated two

different datasets depending on the method used for spec-

imen identifications: (1) a dataset of identifications based

on morphological characters for all specimens, hereafter

called the morphology-based dataset and (2) a dataset

combining identification based on morphological charac-

ters and molecular-assisted identification for some speci-

mens and identification based on morphological characters

only for others (i.e. those for which we did not manage to

get molecular data), hereafter called the integrative dataset.

Diversity estimates and statistical analyses used

in the two case studies

In the first case study, we used the maximum of data

available, i.e. all the specimens collected during the two

sub-surveys, to characterise red seaweed diversity at the

scale of Brittany. For each identification method, we

computed the number of taxa found during the two sub-

surveys and the taxonomic rank at which those taxa were

resolved (species, genus, family or order). We subse-

quently pinpointed the different cases where molecular-

assisted identification revealed diversity that was not

detected using morphological characters only.

In the second case study, we only included the data

collected during sub-survey 1 to compare a and b diversity

patterns obtained from the morphology-based dataset to

those obtained from the integrative dataset. For the inte-

grative dataset, as molecular analyses were carried out for

one specimen of each morphotype by quadrat, abundance

data were generated based on the assumption that in each

quadrat, all individuals belonged to the same species than

the one chosen for molecular analyses. To reduce the

possible impacts of this assumption on the accuracy of

abundance data, subsequent analyses were conducted by

pooling together the three quadrats sampled by community.

We performed several analyses on community diversity

and structure in parallel for both datasets. First, we esti-

mated a-diversity for each community (N = 40: 20

sites 9 2 kelp canopy species, i.e. N = 20 for each kelp

community) by computing two diversity indices, species

richness (SR) and the Shannon index (H0, Shannon 1948).

Second, we evaluated the ability to detect rare species by

computing the number of taxa with an occurrence B2 and

by building taxa detection curves representing the cumu-

lative number of taxa detected in Brittany as a function of

the number of communities considered (produced by

repeating 999 times a process of randomly adding the

communities to the accumulation curve and then plotting

the mean of these permutations). Third, we tested the

effects of kelp canopy species, sub-region and their inter-

action on species diversity by carrying out permutational

analyses of variance (PERMANOVA) based on Bray-

Curtis similarity matrixes calculated for each diversity

index. These similarities are inversely related to b-diversity

values, representing the differentiation among communities

in terms of species diversity indices. Finally, to visualise

the relative differentiation in terms of species abundances

among the 40 communities, and, in particular, among the

communities belonging to different kelp canopies and sub-

regions, we carried out non-metric multi-dimensional

scaling (nMDS) based on a Bray-Curtis similarity matrix

calculated from the contingency table of log-transformed

abundance data. The reason for this transformation is that

Bray-Curtis similarity gives the same importance to abso-

lute differences in abundance irrespective of the order of

magnitude of the abundances, therefore according the same

weight to low abundant and high abundant species for

determining similarity between samples whereas low
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abundant species are often not well sampled (Legendre and

Legendre 1998). Based on the similarities that are inversely

related to b-diversity values (representing the differentia-

tion among communities in terms of species abundances),

we tested the effects of the kelp canopy species, sub-region

and their interaction on species abundances by carrying out

PERMANOVAs. When this interaction was significant,

pairwise-tests on the interaction term were performed. All

PERMANOVAs and pairwise-tests were performed with

9999 unrestricted permutations of raw data. Finally, we

identified indicator taxa of seaweed communities for each

of the two kelp canopy species and of the four sub-regions

by using the similarity percentage analysis (SIMPER)

routine. All analyses based on species abundances were

conducted using PRIMER 6 version 16.1.13 and PER-

MANOVA ? version 1.0.3 (Clarke and Gorley 2006;

Anderson et al. 2008).

Results

General results

The two sub-surveys resulted in the collection of 1990

specimens of red seaweed, all of which were preserved for

subsequent molecular analyses. These specimens were

identified based on gross morphology and subsequently

assigned to 76 taxa, of which 72 % were resolved to the

species level. We restricted our identification to genus or

higher taxonomic rank for some immature specimens and

genera for which cryptic species have been identified, such

as Corallina (e.g. Walker et al. 2009; Hind and Saunders

2013), Plocamium (e.g. Saunders and Lehmkuhl 2005;

Cremades et al. 2011), Porphyra (which can be misiden-

tified with Pyropia, e.g. Kucera and Saunders 2012;

Rámirez et al. 2014), Polysiphonia (e.g. Geoffroy et al.

2012; Dı́az-Tapia et al. 2013), Gymnogongrus (e.g. Maggs

et al. 2013).

We obtained molecular data for at least one marker for

1149 specimens and 1200 sequences in all: 810 COI-5P

sequences and 390 LSU sequences. All sequences were

deposited in GenBank and BOLD. Information regarding

these specimens, including details on collection data and

identification based on morphological characters as well as,

when available, molecular-assisted identification, vouchers

and the GenBank and BOLD accession numbers for

sequences, are given in Table S1. Molecular-assisted

identification made it possible to assign the 1149 speci-

mens with molecular record(s) to 112 taxa, of which 91 %

were resolved to the species taxonomic rank. There was a

discrepancy (most likely not related to putative contami-

nation) between identification based on morphological

characters and molecular-assisted identification for 324 out

of 1149 specimens (28 %). Integrative identification led to

the assignment of the 1990 specimens to 139 taxa of which

83 % were resolved to the species taxonomic rank.

Case study 1 Insights from molecular-assisted identifi-

cation into the characterisation of red seaweed diversity at

the regional scale of Brittany (c-diversity)

In case study 1, we examined the insights from using

molecular tools in the identification of red seaweed speci-

mens to characterise the regional flora of Brittany. The 810

COI-5P sequences of red seaweeds we obtained corre-

sponded to 144 haplotypes (Fig. 3). These haplotypes were

grouped into 82 groups with at least 1 % divergence

between them (i.e. the value above which two red seaweeds

are considered to belong to different species based on their

COI-5P sequence, Saunders and McDevit 2013). Some of

these groups had up to 11 haplotypes (i.e. Chondrus crispus

showing 11 haplotypes, Fig. 3).

Our analysis of the 82 groups revealed the presence of

likely cryptic species in Corallina officinalis (1.1 %

divergence between two groups), Hypoglossum hypo-

glossoides (2 to 9.3 % divergence between three groups),

Callophyllis laciniata (1.7 % divergence between two

groups), Mastocarpus stellatus (2 % divergence between

two groups), and Rhodophyllis divaricata (4–5.4 % diver-

gence between three groups).

Moreover, we confirmed the presence of Neurocaulon

foliosum (Meneghini) Zanardini (Furcellariaceae, Gigarti-

nales, Rhodophyta) in the north-east Atlantic.

Finally, our study highlighted high infra-specific varia-

tion within some taxa such as C. crispus Stackhouse (11

haplotypes), C. officinalis Linnaeus (8 haplotypes) and

Palmaria palmata (Linnaeus) Weber & Mohr (7

haplotypes).

Given the low yield of sequences obtained for the COI-

5P gene (41 %), the alternative marker LSU D2/D3 was

amplified in all specimens for which there was no COI-5P

sequence. In addition, we attempted to obtain a LSU D2/

D3 sequence for each of the 82 groups delimited with the

COI-5P marker in order to establish a COI/LSU corre-

spondence database. We succeeded in compiling this

database for 52 of the 82 groups delimited with COI-5P.

We obtained LSU D2/D3 sequences in 338 specimens for

which we had no COI-5P data, among which 86 unique

haplotypes were found. Analysis of the LSU dataset

(constructed by merging the alignment corresponding to

the 52 taxa in the COI/LSU correspondence database along

with the 86 unique haplotypes, Fig. 4) confirmed that the

phylogenetic resolution of the LSU D2/D3 marker is lower

than that of the COI-5P marker, because many taxa

belonging to distinct COI-5P clusters had the same LSU

D2/D3 haplotype (e.g. M. stellatus1 and M. stellatus2 as

well as Gelidium spinosum and Gelidium pulchellum).
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Fig. 3 Phylogenetic tree

showing the relationships

(uncorrected p-distances)

among the 144 COI-5P

haplotypes of the red seaweed

specimens collected during the

two sub-surveys described in

this study. Branches leading to

strongly supported nodes

(C75 %) are indicated in bold
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Fig. 4 Phylogenetic tree

showing the relationships

(uncorrected p-distances)

among the 113 LSU D2/D3

haplotypes of the red seaweed

specimens collected during the

two sub-surveys described in

this study; haplotypes of the

COI/LSU correspondence

database are shown in red.

Branches leading to strongly

supported nodes (C75 %) are

indicated in bold. (Color figure

online)
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Nevertheless, some species showed infra-specific haplo-

typic diversity: P. palmata (0.1 % divergence), Lomentaria

articulata (1.9 % divergence), Polyneura bonnemaisonii

(0.4 % divergence), Halurus equisetifolius (0.2 % diver-

gence), C. laciniata (0.4 % divergence), Chondracanthus

acicularis (0.7 % divergence) and C. crispus (0.4 %

divergence). It is noteworthy that P. palmata and C. crispus

displayed a high diversity of COI-5P haplotypes and dis-

tinct haplotypes (albeit with low genetic variation) for the

LSU D2/D3 marker (Figs. 3; 4). Interestingly, the BLAST

of LSU D2/D3 sequences revealed taxa for which we did

not have any COI-5P sequence. For instance, the best

match for our specimen RMAR2306 was Cryptonemia

undulata (AF419133), which belongs to an order (Haly-

meniales) for which we had no data thus far. This infor-

mation helped us to identify our specimen (there were

adequate morphological characters for species identifica-

tion of Cryptonemia) to Cryptonemia seminervis.

Finally, this strategy allowed us to detect the presence of

a novel species of Kallymenia that we described as Kal-

lymenia crouaniorum Vergés & Le Gall (Robuchon et al.

2014b).

Case study 2 Comparing a and b diversity patterns of

local red seaweed communities along the Brittany coast

obtained either with morphology-based identification or

integrative identification

In case study 2, we compared patterns of diversity and

structure of red seaweed communities between identifica-

tion based on morphological characters and integrative

identification of the same set of samples, to evaluate the

effect of the identification method used on the outcomes of

community ecology studies.

Regarding diversity indices, SR and the Shannon index

(H0) showed higher values for integrative than for mor-

phology-based identification: the mean (±standard error)

SR by community was 13.6 (±0.8) for morphology-based

identification versus 16.1 (±0.9) for integrative identifica-

tion and the mean H0 was 1.81 (±0.08) for identification

based on morphological characters versus 2.03 (±0.08) for

integrative identification. Therefore, using integrative

identification increased the number of species detected by

19 % globally and this increase was observed in almost all

communities (except for the understory community of L.

hyperborea in Les Linious). Although this increase varied

among communities (from 0 species to 8 additional iden-

tified species, with a mean gain of 2.5 ± 0.3), it was

observed in both kelp canopies and all four sub-regions

(Fig. 5). In addition, integrative identification also

increased the mean percentage of biological specimens

identified at the species rank in each community of 30 %.

The taxa detection curve showing the cumulative num-

ber of taxa detected by morphological-based identification

as a function of the number of communities sampled dif-

fered from the curve based on integrative identification

(Fig. 6). The slope of the morphological-based detection

curve decreased rapidly and seemed to reach an asymptote

for 40 communities. The slope of the integrative identifi-

cation detection curve decreased less rapidly and it did not

reach an asymptote even with 40 communities sampled.

The number and frequency of rare taxa detected were

larger for the integrative (47 taxa corresponding to 44 %)

than for the morphological-based strategy (22 taxa corre-

sponding to 34 %). In addition, most of the taxa which

were only detected by the integrative identification method

were rare (30 out of 49 taxa).

For both identification methods and the two diversity

indices, there was a significant difference in species

diversity among communities sampled in the different sub-

regions (Table 1), with St Malo Bay showing the lowest

diversity and Southern Brittany, the highest diversity

(together with Morlaix Bay and Iroise Sea for H0 , Fig. 5).

In addition, there were no significant differences for SR or

for H’ between communities sampled beneath the L. hy-

perborea canopy and those sampled beneath the L. digitata

canopy, regardless of the identification method used

(Table 1). However, for the two identification methods,

both SR and H0 tended to be higher in the communities

beneath the L. hyperborea canopy (Fig. 5). Therefore, in

terms of species diversity, the most important change

between identification based on morphological characters

and integrative identification for characterising communi-

ties at the level of the kelp canopy or of the sub-region was

the absolute level of species diversity. Interestingly, using

identification based on morphological characters or inte-

grative identification did not affect the relative differences

in species diversity among communities.

According to the output of multidimensional scaling

(Fig. 7), the degree of similarity among communities

belonging to different kelp canopies (Fig. 7a, c) or sub-

regions (Fig. 7b, d) appeared only weakly affected by the

identification method used. In particular, in both cases, the

communities appeared different beneath the L. digitata

canopy and beneath the L. hyperborea canopy (particularly

in Iroise Sea and Morlaix Bay) and communities from the

Saint Malo Bay appeared more distant and less structured

than communities of the other sub-regions. For the two

identification methods, our results revealed significant

differences in species abundances between communities

sampled in the L. digitata understory and those in the L.

hyperborea understory (i.e., significant ‘‘kelp canopy spe-

cies’’ effect: Figs. 5c; 7a; Table 2) as well as among

communities sampled in the different sub-regions (i.e.,

significant ‘‘sub-region’’ effect: Figs. 5d; 7b; Table 2). The

interaction between the kelp canopy species and the sub-

region effects on species abundances was also significant
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(a) (b)

(c) (d)

Fig. 5 Comparison of species diversity estimates resulting from

identification based on morphological characters and integrative

identification (a, b species richness; c, d Shannon index) between red

seaweed communities in the Laminaria digitata understory (Ld, a,

c) and those in the Laminaria hyperborea understory (Lh, b, d) across

sub-regions. Dots are mean values, bars are standard errors and

dashed lines link dots to highlight a putative interaction between the

factors ‘‘kelp canopy species’’ and ‘‘sub-region’’. Means and errors

were calculated over sites

Fig. 6 Taxa detection curves

based on the two identification

methods (in black: identification

based on morphological

characters, in grey: integrative

identification) for red seaweed

communities sampled in sub-

survey 1. Dots represent means

and bars represent standard

deviations of richness values

obtained using 999 random

reordering of the 40

communities
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for both identification methods (Table 2), which can be

explained by the fact that differences in species abundances

communities sampled in the L. digitata understory and

those in the L. hyperborea understory were only significant

in Morlaix Bay (Table S2). Therefore, in terms of com-

munity structure, using identification based on morpho-

logical characters or integrative identification did not

change the relative differences between communities

belonging to different kelp canopies and sub-regions.

Regarding indicator taxa of red seaweed communities,

there was a general congruency between the two identifi-

cation methods (Table 3): the first three indicator taxa were

exactly the same for the two sub-regions St Malo Bay and

Morlaix Bay, and nearly the same (since only the taxo-

nomic grain changed) for the two kelp canopy species. The

integrative identification method allowed to precise that the

abundant indicator taxa Corallina sp. was C. officinalis for

the communities understory of the two kelp canopy species

and in Southern Brittany (and partially in Iroise Sea). The

main difference between the two identification methods

regarding indicator taxa concerned the sub-region Southern

Brittany where the species H. hypoglossoides was indicator

for the identification method based on morphological

characters but not for the integrative identification method,

which can be explained by the fact that H. hypoglossoides

was divided into four distinct species based on integrative

identification and that each of the three species present in

Southern Brittany were only present in one site (Table S1).

Discussion

In this study, the use of molecular characters increased

both the number and the resolution (i.e. the grain of the

taxonomic rank) of the red seaweed taxa we were able to

detect in comparison to the use of morphological characters

alone; additionally, it also permitted to document infra-

specific diversity of some red seaweed species. The con-

sequences of using such molecular tools on our flora’s

knowledge at the regional scale of Brittany and on the

characterisation of red seaweed biodiversity patterns at

more local scales are discussed below.

Case study 1 Insights from molecular-assisted identifi-

cation into the characterisation of red seaweed diversity at

the regional scale of Brittany (c-diversity)

By coupling molecular taxonomy and morphological/

anatomical observations of red seaweeds, our study per-

mitted to specify biogeographical boundaries of some taxa

as well as to clarify the taxonomy of species complexes and

uncover cryptic diversity and, therefore bringing important

new insights to the knowledge of the regional flora of

Brittany.

Our approach permitted to confirm the presence of two

species that have been seldom reported in Brittany before.

We first confirmed the presence of N. foliosum in the north-

east Atlantic. This Mediterranean species was reported by

L’Hardy-Halos et al. (1973) in the Glénan Islands

(47.71543�N, 3.98656�W), in Brittany; however, this

occurrence had never been confirmed since then. We found

this species in winter 2012 in Les Linious, a site located in

the Iroise Sea that is further north (48.49265�N,

4.80418�W). Second, we confirmed the presence of Cryp-

tonemia undulata in Brittany. This species had been

reported once in Brittany by Feldmann and Magne in 1964;

Table 1 Results of the PERMANOVA (permutational analysis of

variance) testing the effects of the factors ‘‘kelp canopy species’’ and

‘‘sub-region’’ on the diversity indices of seaweed communities (spe-

cies richness: SR, Shannon index: H0) described by identification

based on morphological characters (a) and by integrative identifica-

tion (b)

Source of variation df SS Pseudo-F P(perm)

(a)

Diversity index: SR

Kelp canopy species 1 96 0.5 0.547

Sub-region 3 5739 9.2 \0.001

Kelp canopy species 9

sub-region

3 399 0.6 0.637

Residuals 32 6636

Total 39 12802

Diversity index: H0

Kelp canopy species 1 432 1.9 0.165

Sub-region 3 2278 3.4 0.018

Kelp canopy species 9

sub-region

3 456 0.7 0.626

Residuals 32 2755

Total 39 10304

(b)

Diversity index: SR

Kelp canopy species 1 116 0.5 0.513

Sub-region 3 5254 7.5 \0.001

Kelp canopy species 9

sub-region

3 429 0.6 0.662

Residuals 32 7506

Total 39 13222

Diversity index: H0

Kelp canopy species 1 369 2.0 0.157

Sub-region 3 2301 4.2 0.004

Kelp canopy species 9

sub-region

3 571 1.0 0.400

Residuals 32 5909

Total 39 8983

df degrees of freedom, SS sum of squares, Pseudo-F the pseudo-F

statistic, P(perm) the probability calculated by permutation
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our finding therefore confirms that this rare species is still

present at almost the same location as the first record.

In addition, our results indicated that infra specific

diversity was important for some species found in Brittany

such as P. palmata and C. crispus. Phylogeographic studies

carried on P. palmata (Provan et al. 2005) and C. crispus

(Hu et al. 2011, Provan and Maggs 2012) have already

shown that the genetic diversity of these taxa is high in the

English Channel, which likely constituted one of the

refugia during the last glacial maximum.

Our results suggesting the presence of cryptic species in

C. officinalis, M. stellatus, C. laciniata, R. divaricata and

H. hypoglossoides are in line with recent studies that

unravelled or suggested cryptic diversity in those taxa. As

such, cryptic diversity in North Atlantic articulated Co-

rallinales has been revealed and led to the proposal of a

new species (e.g. Corallina caespitosa, Walker et al. 2009)

as well as a new genus to accommodate long-known spe-

cies (e.g. Ellisolandia elongata, Hind and Saunders 2013).

Our case study confirmed that efforts should be pursued for

clarifying specific diversity in articulated Corallinales. In

the same vein, recent studies have revealed that the genera

Mastocarpus (Le Gall and Saunders 2010; Lindstrom et al.

2011) and Callophyllis (Clarkston and Saunders 2013) are

much more diverse in the north-east Pacific than initially

suspected. The present study highlights that cryptic diver-

sity within the genera Mastocarpus and Callophyllis also

occurs in north-east Atlantic. Although R. divaricata

(Stackhouse) Papenfuss is the only species of the genus

cited in the flora (Dixon and Irvine 1977), historically,

intra-specific taxa have been proposed; therefore, type

specimens need to be studied to determine whether our

entities correspond to one or several of these taxa currently

considered as synonyms. Furthermore, in a field guide to

the seaweeds of England and Ireland (Bunker et al. 2010),

the presence of a second entity within the genus Rhodo-

phyllis is mentioned without further information describing

the distinctive character(s). Additionally, our study

(a)

(b) (d)

(c)

Fig. 7 nMDS (non-metric multi-dimensional scaling) of red seaweed

communities described by identification based on morphological

characters (a, b) and by integrative identification (c, d) and

highlighting either the ‘‘kelp canopy species’’ effect (a, c) or the

‘‘sub-region’’ effect (b, d). Ld, Laminaria digitata; Lh, Laminaria

hyperborea
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distinguished among highly divergent entities within

Hypoglossum hypoglossoides; unfortunately, the Deles-

seriaceae have only received little attention from a

molecular systematics point of view.

Last but not least, our strategy allowed us to detect the

presence of a cryptic species within Kallymenia reniformis

(Turner) J. Agardh for which we conducted a thorough

taxonomic study including anatomical observation of the

reproductive features as well as multigene phylogenetic

approaches. This integrative taxonomic approach led us to

conclude that we uncovered a new, overlooked species of

Kallymenia in the north-east Atlantic that we named Kal-

lymenia crouaniorum Vergés & Le Gall (Robuchon et al.

2014b).

Our findings regarding cryptic diversity corroborate the

outcomes of the other, but rare, molecular-assisted biodi-

versity surveys of seaweed communities that have revealed

numerous cases of cryptic diversity (Sherwood et al.

2010a; Saunders and McDevit 2013). This cryptic diversity

can be associated with previously unknown high levels of

endemism as in the marine red alga Portieria in the Phil-

ippines (Payo et al. 2013), highlighting that our knowledge

of seaweeds diversity is at best fragmentary even for the so

called poorly described (e.g. Saunders and McDevit 2013)

or well-known floras (this study). We are well aware that

most of our findings are only fragmentary: by sequencing

only one specimen per morphotype, cryptic diversity was

probably underestimated (Verbruggen 2014). In addition,

because we did not sequence each individual specimen,

molecular-assisted identifications were probably biased

towards certain taxa. Finally, for most specimens we used a

single marker for identification, therefore our approach

could not detect putative hybridisation or introgression,

although the study area is located in a biogeographical

transition zone between the northern European Seas and

the Lusitanian provinces (Spalding et al. 2007). In this

zone, several studies have detected possible signals of

hybridisation (e.g. Coyer et al. 2002; Engel et al. 2005)

and/or introgression (Destombe et al. 2010; Neiva et al.

2010), which can only be revealed by using several

markers from different genomic compartments. Nonethe-

less, even if hybridisation and introgression can affect the

way we delineate species, these phenomena are beyond the

scope of this study. Despite these limitations, our molec-

ular-assisted approach dramatically increased the number

of red seaweed taxa that we were able to detect in Brittany,

Table 2 Results of the PERMANOVA (permutational analysis of

variance) testing the effects of the factors ‘‘kelp canopy species’’ and

‘‘sub-region’’ on the log-transformed species abundances in red sea-

weed communities described by identification based on morphologi-

cal characters (a) and by integrative identification (b)

Source of variation df SS Pseudo-

F

P(perm)

(a)

Kelp canopy species 1 5142 3.7 \0.001

Sub-region 3 23946 5.8 \0.001

Kelp canopy

species 9 sub-region

3 6684 1.6 0.016

Residuals 32 43889

Total 39 80883

(b)

Kelp canopy species 1 6391 2.9 \0.001

Sub-region 3 22165 3.9 \0.001

Kelp canopy

species 9 sub-region

3 8965 1.3 0.012

Residuals 32 62841

Total 39 1.012 9 105

df degrees of freedom, SS sum of squares, Pseudo-F the pseudo-F

statistic, P(perm) the probability calculated by permutations

Table 3 Indicator taxa of red seaweed communities understory of the

two kelp canopy species Laminaria digitata (Ld) and Laminaria hy-

perborea (Lh) (a) and in each sub-region (SMB: St Malo Bay, MoB:

Morlaix Bay, IrS: Iroise Sea, SBr: Southern Brittany) (b)

Kelp

canopy

species

Indicator taxa for

identification based on

morphological characters

Indicator taxa

for integrative

identification

(a)

Ld Corallina sp.

Plocamium sp.

Chondrus crispus

Plocamium sp.

Chondrus crispus

Corallina officinalis

Lh Corallina sp.

Plocamium sp.

Phyllophora crispa

Phyllophora crispa

Corallina officinalis

Plocamium sp.

(b)

SMB Plocamium sp.

Phyllophora crispa

Polyneura bonnemaisonii

Plocamium sp.

Phyllophora crispa

Polyneura bonnemaisonii

MoB Corallina sp.

Chondrus crispus

Plocamium sp.

Chondrus crispus

Corallina sp.

Plocamium sp.

IrS Corallina sp.

Callophyllis laciniata

Plocamium sp.

Corallina officinalis

Corallina sp.

Chondrus crispus

SBr Corallina sp.

Polyneura bonnemaisonii

Hypoglossum hypoglossoides

Corallina officinalis

Polyneura bonnemaisonii

Heterosiphonia plumosa

For identification based on morphological characters and integrative

identification; for each level of each factor, the taxa listed are the

three contributing the most to the similarity among communities (by

decreasing order), obtained after a SIMPER (similarity percentage)

routine
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and, by establishing a reference bank of sequences avail-

able for further study, this study substantially enriched

public databases (GenBank and BOLD) for those taxa.

Notably, the identification of specimens using adequate

morphological characters for taxa for which there was no

reference sequence is a significant contribution to the

knowledge of the local flora in Brittany.

In light of these results, it becomes evident that the use

of molecular tools for identifying specimens brings addi-

tional knowledge to the regional flora of Brittany in com-

parison to the use of morphological characters alone.

Therefore, identification methods used are likely to affect

estimation of diversity at more local scales.

Case study 2 Comparing a and b diversity patterns of

local red seaweed communities along the Brittany coast

obtained either with morphology-based identification or

integrative identification

Taken together, our results show that using molecular

characters to identify red seaweed taxa can better describe

the diversity of red seaweeds communities, because

molecular methods detect more taxa and identify them to a

lower taxonomic rank. However, this difference has little

impact on the relative differences among communities of

the two kelp canopies and of the four different sub-regions,

both in terms of diversity and structure. In other words,

using molecular characters to identify specimens does not

change the fact that communities of St Malo Bay are less

diverse and less structured (i.e. with less difference among

sites regarding species abundances) than the ones in the

other sub-regions and that species diversity tend to be

higher in communities sampled in the L. hyperborea

understory than those sampled in the L. digitata understory.

Our results regarding species abundances might be biased

in two ways. First, we sampled three 0.10 m2 quadrats by

community whereas kelp understory flora is known as very

patchy (see e.g. Wernberg et al. 2003); therefore, species

abundances might not be reliably represented by the sur-

face sampled. However, the aim of our study was to

evaluate the impact of the identification method used on

the biodiversity patterns revealed by comparing identifi-

cation based on morphological characters and integrative

identification on the same set of samples rather than

studying the reliability of the sampling for evaluating

species abundances in kelp understory communities. In

addition, our analyses on species abundances were per-

formed using log-transformed abundances, which reduces

the risk of biased evaluation of b-diversity in the case of

bad sampling of low abundance taxa (Legendre and

Legendre 1998). The second possible bias results from the

sampling timing: sampling was carried out at the end of

winter, a period where growth and reproduction of several

species are induced, therefore changing the local

abundances of species. However, all samples were col-

lected within a 6-week timeframe, therefore limiting this

possible seasonal effect. Ruling out these two possible

limitations, our findings suggest that using molecular

characters affects the estimation of a-diversity, but only

weakly influences the estimation of b-diversity. Conse-

quently, our results indicate that biodiversity surveys that

do not rely on molecular-assisted identification of speci-

mens are still informative.

These findings are in agreement with some studies indi-

cating that taxonomic resolution and/or reliability does not

hinder drawing reliable conclusions on community ecology

structure. For instance, in a study comparing the effect of

taxonomic resolution of stream macro-invertebrates on the

classification of streams into little to severely human-

impacted landscapes, identification to the family level was

sufficient for many bioassessment purposes (Waite et al.

2004). However, a recent study highlighted that this result

might be biased by the fact that pollution-tolerance data for

these groups are often evaluated at a taxonomic rank coarser

than species (Sweeney et al. 2011) and that DNA barcoding

of stream macro-invertebrates, because it allows a reliable

identification of species (Pfenninger et al. 2007), will

improve descriptions of community structure and water

quality (Pfenninger et al. 2007; Sweeney et al. 2011). This

bias might also occurred in seaweed communities for which

it has been shown that using family-level identifications

resulted in the loss of information regarding description of

assemblages (Hirst 2006). Our findings regarding indicator

taxa of red seaweed communities belonging to the four sub-

regions and understory of the two kelp canopy species are

also consistent with these nuances: although the two identi-

fication methods gave generally congruent results, indicator

taxa determined with an identification method based on

morphological characters were often identified at the genus

level (e.g. Corallina sp., Plocamium sp.) and integrative

identification allowed to precise which species of those

genera were indicator or not.

Another example is the study of Kaartinen et al. (2010)

in which, despite detecting a large amount of cryptic

diversity in assemblages of natural enemies of specialist

herbivores, the use of molecular instead of morphological

characters had little impact on measures of food-web

structure. In contrast, a recent study explicitly addressing

how the species-level assessment with DNA barcoding

affects the interpretation of biodiversity patterns illustrated

with the example of aquatic insect communities, demon-

strated that the use of molecular characters to identify

specimens resulted in a negative correlation of b-diversity

with elevation that was overlooked with morphology-based

identification (Gill et al. 2014).

Therefore, the impact of the identification method on the

determination of community ecology structure (beyond the
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intuitive result that the use of molecular characters will

increase a-diversity), appears to be heterogeneous among

studies empirically addressing these issues. However, such

studies are surprisingly scarce and appeared biased towards

certain taxonomic groups or communities such as stream

invertebrates (e.g. Waite et al. 2004; Pfenninger et al. 2007;

Sweeney et al. 2011; Gill et al. 2014), despite the fact that

the potential impacts of poor or coarse taxonomic infor-

mation on the outcome of community ecology studies has

been addressed theoretically (reviewed in Gotelli 2004;

Bortolus 2008). The scarcity of such studies does not mean

that ecologists have not accepted the taxonomic revolution

offered by molecular-assisted identification methods, they

did, in particular because these methods offer a rapid,

reliable and a more and more economically affordable

identification tool (see Valentini et al. 2009; Taberlet et al.

2012). However, a thorough understanding of the impact of

these molecular-assisted identification methods on the

characterisation of community diversity and structure still

needs to be pursued because it is crucial for both funda-

mental and applied ecological purposes. For instance,

many biodiversity surveys carried out to monitor biodi-

versity across time (e.g., for coastal marine biodiversity in

Brittany, the REBENT initiative: http://www.rebent.org)

are not using molecular-assisted identification. Character-

ising putative discrepancies between the estimation of

community diversity and structure of morphology-based

versus molecular-assisted biodiversity surveys is therefore

essential for making decisions about which identification

method should be used for monitoring purposes. Our study

constitutes one of the rare attempts to characterise such

discrepancies, but more studies covering a broader range of

taxa and habitats are critically needed.
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