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Abstract

A floristic survey of the marine algal biodiversity of Antsiranana Bay, northern Madagas-
car, was conducted during November 2018. This represents the first inventory encompass-
ing the three major macroalgal classes (Phaeophyceae, Florideophyceae and Ulvophyceae)
for the little-known Malagasy marine flora. Combining morphological and DNA-based
approaches, we report from our collection a total of 110 species from northern Madagas-
car, including 30 species of Phaeophyceae, 50 Florideophyceae and 30 Ulvophyceae. Bar-
coding of the chloroplast-encoded rbcL gene was used for the three algal classes, in addi-
tion to fufA for the Ulvophyceae. This study significantly increases our knowledge of the
Malagasy marine biodiversity while augmenting the rbcL and fufA algal reference libraries
for DNA barcoding. These efforts resulted in a total of 72 new species records for Mada-
gascar. Combining our own data with the literature, we also provide an updated catalogue
of 442 taxa of marine benthic macroalgae from Madagascar, comprising 85 Phaeophyceae,
1 Compsopogonophyceae, 240 Florideophyceae and 116 Ulvophyceae. This diversity holds
29 (ca. 6.5%) endemic species to Madagascar. Our results are discussed in the context of
increasing threats to biodiversity on Madagascar’s coastal reefs from both anthropic and
anthropogenic activities including sewage effluent runoffs and unsustainable agricultural
practices such as massive deforestation, leading to ecosystem shifts to algal dominance on
reefs, which are recommended to be addressed through integrated land-sea management in
a Reef-to-Ridge conservation approach.
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Introduction

Located in the western Indian Ocean, ca. 400 km off the coast of East Africa, Madagascar
is the fourth largest island in the world with a coastline of 5603 km. The island stretches
approximately 1500 km from North to South, spanning more than 13 degrees of latitude
between 11°57'06.8"S and 25°36'23.7"S, and is characterized by a notable diversity of
marine and coastal habitats under increasing threats from coastal development and over-
fishing (Harris 2011). Relentless deforestation spanning several decades took a heavy toll
on the island’s terrestrial and marine biodiversity, including coral reefs through sedimen-
tation (Maina et al. 2012, 2013; Morelli et al. 2020). Madagascar is home to over 13,780
plant species, 2108 animal species with a rate of endemism between 37% and 100% (CBD
2020). The marine diversity was estimated to encompass over 5000 species, comprising
approximately 200 species of marine algae (Goodman and Benstead 2003, 2005). Surpris-
ingly, these authors noted that the marine algal diversity was reasonably well known at
the time (Goodman and Benstead 2005). AlgaeBase, on the other hand, provides a much
greater number of 377 species, for the three main classes, i.e., 67 Phaeophyceae, 208
Florideophyceae and 102 Ulvophyceae (Guiry and Guiry 2020; accessed on December
24th 2020). Due to its geographical position and large territory, Madagascar is character-
ized by a variety of climates, dominated by tropical features (Donque 1972). Marine sea-
weeds from Madagascar present tropical to subtropical affinities (Bolton et al. 2007; De
Clerck et al. 2008; Mattio et al. 2015; Steen et al. 2015).

However, the marine flora of Madagascar still remains poorly documented and present
estimates most likely represent only a small fraction of the actual algal diversity. Surveys
of the potential economic seaweed species of Madagascar were carried out by Mollion
(1998, 2017, 2020), which also included inventories of the main macrophytes. Several new
species and genera of algae from Madagascar were described in scattered publications over
the years (Andriamampandry 1988; Marcot-Coqueugniot et al. 1988; West et al. 2006;
Wynne 1982). The first molecular-based seaweeds inventories in Madagascar resulted from
the Atimo Vatae expedition to South Madagascar in 2010, and focused on specific groups,
e.g., Codium, Dictyotales, Fucales, Gelidiales (Boo et al. 2018, 2015; Le Gall et al. 2015;
Manghisi et al. 2015; Mattio et al. 2015; Steen et al. 2015; Verbruggen and Costa 2015).

The last decade saw a rapid increase in the production of molecular data for algae
in all groups (Bringloe et al. 2020; Leliaert et al. 2012; Rousseau et al. 2017). These
molecular data, freely accessible on GenBank, potentially represent today a taxonomic-
framework for molecular-based seaweeds biodiversity inventories and the identification
of cryptic species (Hind et al. 2019; Koh and Kim 2018; Vieira et al. 2014). The con-
cept of barcoding consists of identifying seaweeds taxa based on DNA sequences from
a single or multiple genes. An attempt to develop a universal marker for seaweeds, the
mitochondrially encoded cytochrome c oxidase I gene (coxl) (Hall et al. 2010; Poong
et al. 2014; Robba et al. 2006), has proven unsuccessful across taxa (only 32 Ulvophy-
ceae; Table 1). Overall the chloroplast ribulose-bisphosphate carboxylase gene (rbcL)
stands as the most sequenced marker for the brown (with 4801 sequences; Table 1) and
red (16,942 sequences; Table 1) seaweeds based on the number of sequences available
on GenBank (Table 1), and fufA for the green seaweeds (4514 sequences; Table 1)
followed closely by rbcL (4203 sequences) (Table 1). The rbcL. marker was recom-
mended by several authors across taxa (Hall et al. 2010; Poong et al. 2014; Robba et al.
2006) and the mitochondrial elongation factor Tu (fufA) was recommended as a stand-
ard marker for the routine barcoding of green marine macroalgae (Saunders 2010).
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In the present study, we chose to focus on rbcL. with the goal to consolidate a refer-
ence library for this particular marker, which is relatively easy to amplify across algal
groups while still being variable enough to be diagnostic on the species level. Never-
theless, our decision to focus on rbcL by no means diminishes the usage of other mark-
ers. The marker cox1 has its own merits, for instance by holding greater fidelity than
rbcL for parsing inter- vs. intra-specific variation, and the usage of multiple markers
may also be necessary in some groups to resolve phylogenetic relationships. There are
still few exhaustive molecular-assisted surveys of macroalgal flora covering the three
main algal groups (e.g., Bringloe et al. 2017, 2019; Saunders and McDevit 2013).

The objective of this work was to generate a DNA-based floristic survey of marine
macroalgae in northern Madagascar using two genetic markers (rbcL and fufA) backed
up wherever possible with morphological identifications. Moroever, we provide a
comprehensive and updated catalogue of marine benthic algae from Madagascar. This
study also aims to analyses and discuss the limitations of DNA-based floristic surveys
with current tools.

Materials and methods
Sampling

The study site (Fig. 1) was located in Antsiranana Bay (also known as Diego-Suarez
Bay) in northern Madagascar (12.3231° S, 49.2943° E). This locality consists of a
sheltered basin of late Paleozoic origin between 20 m and 50 m deep, and is an impor-
tant geological and paleontological site (Babinot et al. 2009; Papini and Benvenuti
2008). Northern Madagascar features a tropical climate and the sea surface tempera-
ture in Antsiranana Bay oscillates between ca. 24 °C and 30 °C yearly.

Algal specimens were collected by snorkeling, between 0 and 5 m depth, from four
localities: (1) Baie de Tonnerre, (2) Orangea, (3) Petite passe Orangea, (4) Mer d’Emeraude
(Fig. 1) between November 20 and 23 2018. Portions of specimens were preserved in silica
gel for molecular analyses shortly after collection, while voucher specimens were prepared
using standard herbarium techniques and deposited at the Herbaria of the University of
Antsiranana, Madagascar or the Meise Botanic Garden, Belgium (BR; the Lobophora col-
lection). Aditionally, in situ and ex situ photographs were taken of most specimens col-
lected. Each specimen was field-identified to the genus-level based largely on regional field
guides by De Clerck et al. (2005a) and Oliveira et al. (2005). In the laboratory, further
morphological and anatomical examinations were made to narrow our morphological-
based identification to the species-level whenever possible. Further examinations were
made by the second author for the Floridophyceae and Ulvophyceae, and by L. Mattio for
the Fucales to confirm species-level identifications. Identifications were largely based on
comparisons with previously published keys and floras for the Indian Ocean in localities
geographically close to Madagascar, such as southeastern Africa (De Clerck et al. (2005a);
Oliveira et al. (2005) and Mauritius (Borgesen 1940, 1941, 1942, 1943, 1944, 1945, 1946,
1948, 1949, 1950, 1951, 1952, 1953, 1954a, b, 1957; Coppejans et al. 2004; De Clerck
et al. 2004; Schils et al. 2004). Morphology-based identifications served to quality-check
DNA-based identifications and alert us to any possible errors or contamination of samples.
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Fig.1 Map showing the four seaweed sampling localities in northern Madagascar: (1) Baie du Tonnerre,
(2) Orangea, (3) Petite passe Orangea, and (4) Mer d’Emeraude

DNA extraction, PCR amplification and sequencing

Extraction of total genomic DNA was carried out using the protocol from OmniPrep
for Plant Tissue (G-Biosciences, St. Louis, MO). Sequences were generated from the
chloroplast ribulose-bisphosphate carboxylase gene (rbcL) for the three classes (Phae-
ophyceae, Florideophyceae and Ulvophyceae), in addition to the chloroplast-encoded
elongation factor Tu (fufA) for the Ulvophyceae. PCR reactions were carried out in 96
well plates in 25 pl reaction volumes containing: 10X PCR buffer, 200 pM of Themo
Fisher Scientific dANTPs (N8080261), 10 uM of each primer (Integrated DNA Technolo-
gies, IDT, Leuven, Belgium), 10 pg/ul BSA, 10 ng (1 pl) of genomic DNA, and 1U/ul of
Thermo Fisher Scientific AmpliTaq DNA polymerase with Buffer I (N8080152) using a
thermocycling profile with specific parameters for each marker (Table S1) with specific
primers for each markers defined in Table S2. Sequencing reactions and runs were per-
formed by Macrogen Europe (Amsterdam, Netherlands).
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Sequences alignment and phylogenetic reconstruction

Homologies of newly-generated nucleotide sequences with sequences on GenBank
sequence database (Benson et al. 2012) were identified through the National Center
for Biotechnology Information (NCBI) Basic Local Alignment Search Tool (BLAST)
searches (Johnson et al. 2008). Based on these BLASTSs results for rbcL and tufA but
also on morphological identification (i.e., sequences labeled the species name corre-
sponding to the morphological identification), a set of sequences was downloaded from
GenBank. Nucleotide sequences from GenBank and from this study were compiled by
class (Phaeophyceae, Florideophyceae and Ulvophyceae) and aligned using MUSCLE
v.3.5 (Edgar 2004) with default parameters implemented in the eBioX software pack-
age v.1.5.1 (http://www.ebioinformatics.org/ebiox/). Maximum Likelihood phylogenetic
trees were reconstructed from each marker (rbcL and rufA) separately for each class
using a best fit substitution model and a SPR branch swapping algorithm in PhyML
v.3.0 (Guindon et al. 2010). Macroalgal species identifications were based on the
BLAST and phylogenetic results, the rbcL. and fufA phylogenetic trees and morpho-
logical analyses. Based on the BLAST method, if the percentage of identical sites of
a sequence calculated between intraspecific individuals of a given species were higher
than interspecific individuals, then the sequence was considered as conspecific with this
species. Phylogenetic trees allowed confirming the placement of a sequence among the
sequences of the species identified based on the BLAST method.

Compilation of a revised catalogue of marine algae from Madagascar

A revised and taxonomically updated listing of marine algae from Madagascar was com-
piled from scattered published past records in the literature as well as the present study,
and presented in the form of a table combining both taxonomic identification backed up
by molecular data, as well as based on morphological examination only. For the purpose
of this study, we refer to the flora of Madagascar with the word qualifier “Malagasy” as
advocated by Voarintsoa et al. (2019).

Results
Macroalgal inventory

A total of 110 distinct algal species were identified from the northern Madagascar col-
lections from this study (Table 2, Figs. S4-S8). A total of 89 species were identified
based on molecular data including 87 confirmed with morphological observations. An
additional 21 species were identified based on morphological observations only. These
encompassed 62 genera (12 Phaeophyceae; 33 Florideophyceae; 17 Ulvophyceae), 36
families (5 Phaeophyceae; 19 Florideophyceae; 12 Ulvophyceae) and 20 orders (5 Phae-
ophyceae; 11 Florideophyceae; 4 Ulvophyceae) and represented 72 new records for the
Malagasy marine flora. The combined catalogue of marine algae known to date from
both past published records and the present study (Table 2) comprise a total of 442 taxa
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(85 Phaeophyceae; 1 Compsopogonophyceae; 240 Florideophyceae; 116 Ulvophyceae),
165 genera (25; 1; 110; 29), 79 families (11; 1; 50; 17) and 31 orders (7; 1; 17; 6).

DNA amplification and sequencing

A total of 210 sequences (103 rbcL sequences for Phaeophyceae, 53 Florideophyceae,
33 Ulvophyceae; 21 tufA for Ulvophyceae) were generated corresponding to 89 genetic
groups: 30 Phaeophyceae, 36 Florideophyceae, and 23 Ulvophyceae (Table S3, Figs.
S1-S3). For the Ulvophyceae, 23 and 14 groups were identified with rbcL and tufA, respec-
tively, including 11 groups in common, six specific to rbcL and three specific to fufA.

BLAST results

BLAST analyses with rbcL sequences returned a 100% similarity match for 1% of
the Phaeophyceae sequences, 4% of the Florideophyceae and 8% of the Ulvophyceae
(Table S4). BLAST results returned the highest percentage of matches across classes for a
percentage of identity comprised between 99% and 100%, with 27%, 36% and 43% of the
Phaeophyceae, Florideophyceae and Ulvophyceae, respectively (Table S4). BLAST analy-
ses with fufA sequences returned 100% and 99% matches for 33% and 57% of the Ulvophy-
ceae sequences, respectively. A total of 51%, 49% and 35% of the Phaeophyceae, Florideo-
phyceae and Ulvophyceae, respectively, had less than 98% similarity matches (Table S4).

Among the 56 genera identified in this study, six genera do not have rbcL. sequences
on GenBank including five Cladophorales genera (Anadyomene, Boergesenia, Dictyospha-
eria, Microdictyon, Valoniopsis) and one Fucales (Polycladia); and 10 Ulvophycean genera
do not have fufA sequences including eight Cladophorales genera (Anadyomene, Boergese-
nia, Boodlea, Cladophora, Dictyosphaeria, Microdictyon, Valonia, Valoniopsis) and one
Dasycladales (Bornetella). Nineteen genera have less than 10 rbcL sequences on Gen-
Bank (Table S5). Among the 56 genera identified, the average of the ratio [number of rbcL.
sequenced species/number of species described] is 52%, 43% and 19% for the Phaeophy-
ceae, Florideophyceae and Ulvophyceae, respectively; and 15% for rufA (Ulvophyceae).

We were unable to amplify either rbcL or tufA sequences for any of the Cladophorales
species; nor fufA sequences for any of the Dasycladales species. Sequences generated from
all Cladophorales specimens all corresponded to unidentified Ulvales taxa (Fig. S3) prob-
ably epiphytic on the Cladophorales. We generated the first rbcL sequence for the Fucales
genus Polycladia.

We were unable to classify to the genus level the sample MADA18ALGO043 (Fig. S8);
BLAST (max 90% similarity) and phylogenetic analyses (Fig. S9) indicated that the alga
belongs to the Order Nemastomatales and to the family Schizymeniaceae, and is sister to
Schizymenia and Platoma (Fig. S9). Further morphological and molecular analyses in pro-
gress could clarify its nomenclatural identity.

Discussion
Present results provide new data for the Malagasy marine flora and we discuss the limits of

DNA-barcoding given the present reference dataset. Complemented by previous records,
we provide the first comprehensive and taxonomically updated checklist for the Malagasy
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marine flora. We discuss specific threats to biodiversity on Madagascar’s coastal reefs from
both anthropic and anthropogenic activities and possible conservation strategies.

Diversity

Madagascar is well known for its high degree of diversity and endemicity of terrestrial ani-
mals and plants (Goodman and Benstead 2003, 2005). However, the marine flora remained
relatively poorly known with previous estimates only reporting approximately 200 species
(Goodman and Benstead 2005). Contradicting previous reports that the seaweed diversity
was well-known (Goodman and Benstead 2005), updated species numbers provided in our
study double previous estimates. These differences between the estimates of Goodman and
Benstead (2003, 2005) and our study are partly due to new collections since 2005, but
mostly a result of inadequate research of past literature. Moreover, a relatively high number
of taxa (29, or 6.5%) represented endemic species; while this is still significantly short of
the rate of endemism for the terrestrial flora and fauna (37 to 100%; CBD 2020), it is to be
taken into consideration that with some exceptions (e.g., Portieria; Leliaert et al. 2018)
marine algae are generally more widely distributed into the world’s oceans. However, a
more comprehensive sampling may significantly increase this number. This study provides
the first comprehensive catalogue of Malagasy seaweeds with a total 442 species (Table 2).
Our sampling in northern Madagascar resulted in the identification of 110 species includ-
ing 72 new species records for Madagascar (ca. 16% of Malagasy seaweeds species diver-
sity). The diversity uncovered from northern Madagascar represents ca. 25% of the Mal-
agasy seaweeds diversity, and molecular-based taxonomic studies are needed to obtain a
better picture of the marine algal species diversity; in this respect the present study con-
tributes significantly to our knowledge of the marine flora of North Madagascar. Currently,
the identification of 148 species (52 Phaeophyceae, 62 Florideophyceae, 34 Ulvophyceae)
is supported by molecular data, which represent only a third (ca. 33%) of the known algal
diversity from Madagascar. Molecular studies are therefore also needed to confirm previ-
ous records solely based on morphological identification. Several algal species previously
recorded from Madagascar are probably misidentifications, as it is the case for the only
two species of Lobophora previously reported based on morphological data: L. variegata
and L. papenfussii. Recent molecular-based taxonomic studies showed that L. variegata is
restricted to the Greater Caribbean and L. papenfussii to the Central Indo-Pacific (Vieira
et al. 2017, 2016, 2020); and these two species have neither been identified by Steen et al.
(2015) nor in this study.

In terms of novelty, several groups gave a low BLAST score, which either indicates
that these groups are new genera or that no sequences for the corresponding species were
yet available in the reference library. Among the 89 unique taxa identified 32 (ca. 36%)
could only be identified to species level. For instance, among the nine species of Lobo-
phora identified from northern Madagascar, only one matched a taxonomically accepted
species and the remaining eight corresponded to new species. But as discussed further
below, this could also be an artifact of sequence availability. Further taxonomic analyses
are recommended to explore the taxonomic novelty of these samples with low BLAST
score. One specimen in particular (MADA18ALGO043, Figs S8, S9) may belong to a new
genus of Florideophyceae belonging to the Schizymeniaceae, Nemastomatales, and will be
described elsewhere. Several species were only provisionally named based on morphologi-
cal characters, and additional analyses are required to confirm their identity.

@ Springer
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It is fairly evident that the seaweeds diversity uncovered so far from Madagascar is only
the “tip of the iceberg”. As the fourth largest island in the world, with 5600 km of coast-
line, Madagascar is characterized by a diverse range of bioclimatic zones and is under the
influence of several major ocean currents that support unique marine habitats and ecosys-
tems encompassing coral reefs, mangroves, seagrass beds, estuaries, and coastal marshes.
Consequently, the checklist of 442 species compiled in this study, comprising no less than
110 species identified from a limited number of localities in northern Madagascar, may
represent only a fraction of the marine algal species diversity of Madagascar, and more are
expected to be found with increased sampling effort, including possible further endemic
species. A comprehensive sampling across these ecosystems and at greater depths would
significantly increase these numbers, with a molecular approach being an essential tool to
fully assess the scope of this algal diversity.

DNA-barcoding

The present study offers an exercise in seaweeds species barcoding and exposes the lim-
its of such approach in seaweeds. Contrary to other groups such as fishes, where species
identification is quite efficient since the reference libraries are comprehensive and com-
prise validated and maintained DNA barcodes (COI) (Costa et al. 2012), the DNA bar-
code reference library for seaweeds remains fragmentary and to some extent not curated.
We highlight specific issues in DNA barcoding analyses that we encountered in our study:
(1) Completeness: comparing the number of species for which sequences are available on
GenBank to the numbers of currently taxonomically accepted species for the 57 genera
identified in this study, we had an average of 38% completeness for all seaweeds: 19% for
the Ulvophyceae, 52% for the Phaeophyceae and 43% for the Florideophyceae (Table 2). In
other words the reference library is missing 62% of the known diversity. Six and nine gen-
era respectively out of the 57 identified in our study did not have rbcL and tufA sequences
available on GenBank, while 18 had less than 10 sequences. As a result, a DNA-barcoding
approach would fail to identify a large part of the diversity; (2) Non-labeled sequences: in
some cases, sequences matched most closely with sequences unidentified at the species-
level labeled only as “sp.” in the databases. Others were labeled with the Latin abbrevia-
tion “cf.” (confer, conferatur) implying that they are comparable to, and probably belong
to the given name (Turland et al. 2018). These taxa are yet to be taxonomically examined
and confirmed. Codium, Halimeda are examples of green algal genera with a consider-
able number of incompletely identified sequences (ca. 35% of Codium sequence unique
names were labeled either with “cf.” or “sp.”). Those are usually the well-studied genera.
Within the Florideophyceae, the genus Portieria is the best example with 298 sequences
labeled as Portieria cf. hornemannii out of 354 rbcL available sequences on GenBank, rep-
resenting 84% of the sequences for that taxon. The sequencing of type or authentic mate-
rial from the type locality would help to solve this problem; (3) Mis-identified sequences:
mislabeling results either from misidentification or recent changes of names. Misidentifica-
tion may also be caused by the presence of cryptic species and the unawareness of such
presence. These numbers may be overestimated since some names are in synonymy. Misla-
beled sequences are difficult to identify, and they can induce downstream errors since new
sequences are typically annotated using existing ones. The cosmopolitan green algal genus
Ulva represents by far the most confusing group with ca. 30% of Ulva names available on
GenBank not currently taxonomically accepted and ca. 10% of rbcL and fufA unique hap-
lotypes assigned with more than one name; (4) Limited resolution: in some groups such as
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the brown algal genus Sargassum or the green algal genus Ulva, the rbcL marker is poorly
differentiating species apart; it is not clear how much percentage similarity is necessary to
assign a sequence to a species. As seen in Fig. S1, polytomies encompasses several distinct
species within the Sargassum group. These highlight the limitations of the rbcL. marker for
this genus and the need to complement the algal GeneBank reference library with mito-
chondrial markers (cox1, cox3; Mattio and Payri 2010).

Among the Ulvophyceae, the genus Ulva represents today the most problematic group
affected by most issues aforementioned. The genus, characterized by a simple and yet
extensively plastic morphology (e.g., Blomster et al. 1999), accounts over 100 currently
taxonomically accepted names (Guiry and Guiry 2020). The recent use of molecular tools
unveiled a rampant cryptic diversity within this genus, which taxonomists have trou-
ble linking to existing names (e.g., Hofmann et al. 2010). The extensive mislabeling on
GenBank has resulted in numerous polytomic species names. Additionally, the reference
library is biased towards temperate region, and potentially misses the diversity from tropi-
cal regions, where taxonomic efforts are still limited, and which may differ from temperate
regions. In the light of these issues, we refrained from putting names on the sequences that
returned no close match to any Ulva sequences on GenBank.

Finally, for the Ulvophyceae, while today there are slightly more sequences of
tufA available on GenBank, in our study we were able to amplify more rbcL than fufA
sequences for the same specimens, while some taxa were only successfully amplified in
tufA. While Saunders and Kucera (2010) recommended the use of fufA to standardize bar-
code inititives in the Chlorophyceae, our own results suggest that rbcL. may be a more suit-
able marker than fufA for DNA-barcoding in Ulvophyceae. We nevertheless recommend
the usage of both markers until a better reference library is provided for either chloroplastic
or mitochondrial genes as standard DNA-barcoding marker. Difficulty in amplifying chlo-
roplast genes among Cladophorales is due to the nature of their chloroplast genome, which
is entirely fragmented into hairpin chromosomes (Del Cortona et al. 2017). As for the rea-
sons explaining the failures in amplifying mitochondrial genes some authors pointed to the
presence of introns or primer mismatch (Saunders and Kucera 2010). Accordingly, only
nuclear genes (e.g., internal transcribed spacers, 18S rDNA) should be used as DNA bar-
coding markers for Cladophorales taxa.

Anthropic impacts and conservation strategies

Madagascar, due to its unique geographic isolation and extensive diversity of coral reef
habitats, is well known as one of the top biodiversity hotspots on the planet (Brooks et al.
2006). This is even more remarkable knowing that the diversity and speciation seen today
is only a fraction of the island’s original species richness, its native forest cover having
been destroyed to a large extent by human settlers for herding and agriculture by 1600 AD
(Gade 1996). The marine algal flora falls no exception to this, with 29 species endemic
to the island (Table 2). Marine biodiversity however, due to its inherently lower percent-
age of endemism than land-locked terrestrial species, does not receive as high a priority
for conservation, such as in locally-managed marine areas (Harris 2011). Growing popula-
tion number, poverty and the lack of efficient national environmental management policies
(especially those concerning ecosystem services) are all factors leading to the demise of
marine coral reef habitats. Principal anthropogenic stressors impacting coral reefs world-
wide include sewage outfalls, sedimentation from deforestation, and various pollutants
(Harper et al. 2007; Harris et al. 2010). In our study, the large number of fleshy algae found
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Fig.2 Representative seaweeds from Antsiranana Bay, northern Madagascar. Ex sifu photographs of
Lobophora antsirananaensis (MADA18ALG112) (a), Sargassum cf. obovatum (MADAI18ALGS588)
(b), Codium taylorii (MADA18ALG139) (c), Udotea orientalis (MADA18ALG246) (d), Galaxaura
rugosa (MADA18ALGO048) (d), Phacelocarpus tristichus (MADA18ALG480) (e). In situ photographs of
Euchema denticulatum extensive cover in the intertidal zone in the Petite Passe Orangea (f), Sargassum cf.
obovatum extensive cover in the intertidal zone in the Mer d’Emeraude (g)
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on the reefs (Fig. 2g, h) attests to the ecosystem phase shifts that are happening from coral-
dominated to algae-dominated reefs (Arias-Gonzalez et al. 2017; Brown et al. 2018). In
the southwest Madagascar region near Andavadoaka, coral cover decline of over 80% with
a dominance of the brown macroalgal genera Dictyota, Sargassum and Turbinaria were
observed (Ahamada et al. 2004). In North-eastern Madagascar, abnormal imbalances in
the biomass of Dictyota, Acanthophora spicifera and Hypnea spp. were noted on coastal
flats subjected to high loads of terrigenous inputs and nutrients (Di Carlo and Tombolahy
2011). The same phenomenon, directly linked to human activity on land, was also reported
for the Pacific island atoll of Tuvalu, subject to sustained sewage inputs into the lagoon
leading to brown algal blooms (Fujita et al. 2013; N’ Yeurt and Iese 2015; Nakamura et al.
2020) and in the central Pacific atoll of Kiribati, blooms of the red seaweed Acanthophora
spicifera were reported (N’ Yeurt, pers. obs.). While community-managed marine conser-
vation areas have been implemented in the past in Madagascar (eg., Belle et al. 2009),
in order to conserve the unique algal diversity of the highly threatened island, integrated
land-sea planning that takes into consideration both anthropic terrestrial drivers such as
deforestation, overpopulation, sewage inputs as well as marine ecosystem-based manage-
ment approaches for mangroves, seagrass beds and coral reefs are essential (Brown et al.
2019). Such a Reef-to-Ridge (R2R) approach to biodiversity conservation has proven very
successful in the Indo-Pacific region (Carlson et al. 2019) but is yet to occur in a systematic
manner in Madagascar, and should be considered before the loss of endemic and keystone
marine species reaches a critical state.

Perspectives

Sampling in only a relatively small number of sites at shallow depths in Madagascar
yielded over 110 species of seaweeds. This implies that future comprehensive marine algal
biodiversity surveys across habitats and depths in Madagascar are needed to increase our
knowledge of that island’s diversity, with a potentially large number of endemic species.
However, time is running out as much of the habitats under consideration are under threat
from sedimentation, deforestation and unabated coastal development. Coupled with pro-
jected global increases in seawater temperature and ocean acidification, coral reef-building
organisms of Madagascar could be subjected to multiple stressors to which they may not
have time to adapt.

The present study provided an important contribution to algal DNA-barcoding through
augmenting such molecular databases with sequences for species which were not yet avail-
able in the reference libraries (i.e., GenBank, BOLDSystems). It also provided meaningful
insights into the usefulness and issues encountered in the choice of DNA barcodes for the
identification of local algal floras. On the one hand, our results confirm to some extent the
usefulness of the rbcL and tufA genes as barcodes. However, the main problem to date
is the completeness and accuracy of the reference libraries. This stresses the need for a
detailed reference library comprising validated DNA barcodes. At present the Barcode of
Life DataSystems (BOLD) and GenBank are the main public repositories of DNA barcode
sequences. These reference libraries will need to mature and to be taxonomically validated.
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