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Although recent molecular studies have indicated
the presence of a number of distinct species within
the Caulerpa racemosa—peltata complex, due to the
difficulties presented by high levels of phenotypic
plasticity and the large number of synonyms, infra-
specific taxa, and names of uncertain affinity,
taxonomic proposals are yet to be made. In this study,
we aimed to resolve the taxonomy of the complex and
provide an example of how historical nomenclature
can best be integrated into molecular based
taxonomies. We accomplished this by first
determining the number of genetic species within our
globally sampled data set through a combination of
phylogenetic and species-delimitation approaches of
partial elongation factor TU and RUBISCO large
subunit gene sequences. Guided by these results,
comparative morphological examinations were then
undertaken to gauge the extent of phenotypic
plasticity within each species, as well as any
morphological overlap between them. Owur results
revealed the presence of 11 distinct species within the
complex, five of which showed high levels of
phenotypic plasticity and partial overlap with other
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species. On the basis of observations of a large
number of specimens, including type specimens/
descriptions, and geographic inferences, we were able
to confidently designate names for the lineages.
Caulerpa peltata, C. imbricata and C. racemosa vars.
laetevirens, occidentalis and turbinata were found to
represent environmentally induced forms of a single
species, for which the earlier-described C. chemnitzia,
previously regarded as a synonym of C. racemosa var.
turbinata, is reinstated. C. cylindracea, C. lamourouxit,
C. macrodisca, C. nummularia and C. oligophylla are
also reinstated and two new species, C. macra stat.
nov. and C. megadisca sp. nov., are proposed.

Key index words: Caulerpa; chemnitzia; GMYC; nomen-
clature; peltata; phenotypic plasticity; racemosa; rbcL;
species delimitation; taxonomy; fufA

List of Abbreviations: BI, Bayesian inference; BP,
Bootstrap percentages; C., Caulerpa; GMYC, Gen-
eral mixed Yule coalescence; GTR, generalized
time-reversible (model); ML, Maximum likelihood;
PP, posterior probability; rbcL., RUBISCO large sub-
unit; fufA, elongation factor TU

Phenotypic plasticity has been a long-standing
source of taxonomic difficulty in many algal groups,
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frequently leading to misidentifications, nomencla-
tural quagmires, incorrect biodiversity estimates,
and confusing classification schemes (e.g., Bacillari-
ophyceae: Mann 2010, Chlorophyta: Leliaert et al.
2009, Phaeophyceae: Tronholm et al. 2010, Rhodo-
phyta: Saunders 2008). Fortunately, the advent of
molecular tools has provided researchers with an
independent and convenient means to delimit and
identify species in taxonomically challenging groups
(e.g., Verbruggen et al. 2007, Saunders 2008, Lelia-
ert et al. 2009, Mann 2010, Tronhlm et al. 2010).
These tools, however, have also presented algal tax-
onomists with several new problems. First, consider-
able conflict between morphological and molecular
species concepts has been uncovered (e.g., Leliaert
et al. 2009, Tronholm et al. 2012) and, secondly,
molecular data are revealing an overwhelming diver-
sity of species, many cryptic, at a rate far greater
than formal descriptions are being made (De Clerck
et al. 2013). It is the naming of these species, espe-
cially the matching of previously described names
with newly obtained molecular data, that is the
greatest challenge currently faced by algal taxono-
mists, a task made more difficult by the overwhelm-
ing number of synonyms, infra-specific taxa, and
names of uncertain affinity that plague many algal
groups (De Clerck et al. 2013).

Several strategies for dealing with this challenge
have been suggested. It has been proposed that
newly collected and sequenced specimens (ideally
topotype material similar in morphology to the type
specimen) be designated as epitypes by experienced
taxonomists (Tautz et al. 2003, Evans and Mann
2009, Bock et al. 2011, Zuccarello et al. 2011, Saun-
ders and McDevit 2012). However, how can one be
sure that the epitype is identical to the type speci-
men when the type specimen is unavailable (lost, in
poor condition, based on a drawing etc. ...) or if
the type locality is unknown, vague (e.g., “Western
Australia”), significantly altered since the original
collection (e.g., Suez, Egypt) or contains a number
of genetic species with similar morphology? Further-
more, how does one confidently match names and
type specimens to newly collected specimens in
groups where high levels of phenotypic plasticity
and/or cryptic species are known to occur?

If we are to positively pinpoint the species in
question, the only strategy leading to an unequivo-
cal solution is to sequence the type material itself. It
is for these reasons that Hughey and Gabrielson
(2012), citing a number of examples, concluded
that where possible, all type specimens, including
their synonyms, should be sequenced. Although we
agree with this in principle, as discussed by Saun-
ders and McDevit (2012) and De Clerck et al.
(2013), while it is feasible to obtain DNA informa-
tion from older type specimens, it is a time-consum-
ing (and partially destructive) process hampered by
the large number of synonyms and infraspecific
taxa. Furthermore, sequencing type specimens is

also unlikely to be possible in many instances due
to type specimens being unavailable (e.g., adminis-
trative controls on destructive sampling, specimens
destroyed, lost or types not yet designated) or
because usable DNA cannot be extracted and ampli-
fied (e.g., original specimen was formalin-pre-
served).

The taxonomy of the green macroalgal genus
Caulerpa J.V. Lamouroux faces a number of the
aforementioned issues. There are over 350 species
and infraspecific taxon names associated with the
genus, of which about 85 species are currently
accepted (Guiry and Guiry 2013). Although lacking
transverse cell walls (= siphonous thallus), Caulerpa
species display a complex habit, with the thallus
differentiating into stolons, rhizoids, and upright
assimilators (= fronds) that usually bear ramuli
(= branchlets; Fritsch 1965); the morphology of
these various structures has been historically used
for species delimitation. However, environmentally
controlled phenotypic plasticity in all these charac-
ters has led to much confusion, a large number of
synonyms, and a classification scheme involving sub-
species, varieties, forms, and “ecads” (Peterson 1972,
Calvert et al. 1976, Ohba and Enomoto 1987, Cop-
pejans and Prud’homme van Reine 1992, de Sener-
pont Domis et al. 2003).

Within Caulerpa, the most taxonomically trouble-
some taxa are those currently associated with
C. racemosa (Forsskal) J. Agardh and C. peltata J. V.
Lamouroux, commonly referred to as the C. racemo-
sa—peltata complex, which has more than 30
described varieties and forms (most given in Guiry
and Guiry 2013; Fig. 1). One member of the com-
plex, C. racemosa var. cylindracea (Sonder) Verlaque,
Huisman & Boudouresque, has recently received
much scientific and public attention due to its inva-
sion of the Mediterranean Sea, Canary Islands, and
South Australia (Klein and Verlaque 2008).
Although many of the C. racemosa—peltata complex
varieties and forms were originally described as
distinct species (e.g., C. ¢ylindracea Sonder, C. macro-
disca Decaisne), the subsequent discovery of appar-
ently intermediate thalli with C. racemosa and
C. peltata type morphologies resulted in these taxa
being reduced to varieties or forms, mostly within
C. racemosa (e.g., C. racemosa var. macrodisca (Deca-
isne) Weber-van Bosse), but with some sub-specific
ranks also proposed within C. peltata (e.g., C. peltata
var. macrodisca (Decaisne) Weber-van Bosse). How-
ever, recent molecular studies have shown the com-
plex to consist of at least six distinct species-level
entities (e.g., Sauvage et al. 2013), but as yet, no
taxonomic changes have been proposed. As such, a
large number of GenBank sequences (250+) remain
simply labeled as either C. racemosa or C. peltata,
although some sequences do include a varietal or
formae epithet. This is a cause for concern as with-
out accurately identified sequences, even with
molecular sequence information available, govern-
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ment agencies and non-specialists can find it extre-
mely difficult to correctly identify Caulerpa species, a
factor that is becoming increasingly important as
Caulerpa species continue to become established
outside of their native ranges (e.g., Meinesz and
Hesse 1991, Jousson et al. 2000, Womersley 2003,
Lapointe et al. 2005, Amat et al. 2008, Jongma et al.
2013, Pérez-Estrada et al. 2013). However, designat-
ing names to sequenced C. racemosa—peltata complex
specimens is no trivial task, as specimens can display
high levels of phenotypic plasticity and in many
instances crucial type specimens are lost (e.g.,
C. peltata), typification is based on illustrations only
(e.g., C. racemosa var. macrodisca) or types were never
designated (e.g., C. nummularia Harvey ex ]J.
Agardh). Furthermore, multiple genetic species are
often found at a single site (e.g., Sauvage et al.
2013).

While fully conscious of the many seemingly
insurmountable problems associated with resolving
the taxonomy of the complex, we feel that the cur-
rent taxonomic and nomenclatural instability can-

Fic. 1. Morphological variation
of taxa currently assigned to the
Caulerpa  racemosa-pellata  species
complex. (A) C. chemnitzia (Esper)
J.V. Lamouroux (AD-A91615) on
left (previously C. peltata ].V.
Lamouroux), growing with
C. racemosa  (Forsskal) J. Agardh
(AD-A91592) on right at Ningaloo
Reef, Western Australia; (B)
C. lamourouxii (Turner) C. Agardh
(PERTH 08292620) from Long
Reef, north-western  Australia
(previously C. racemosa var.
lamourouxii  (Turner) Weber-van
Bosse; (C)  C. chemnilzia (AD-
A92587) from Lizard Island, Great
Barrier Reef (previously C. racemosa
var. laetevirens (Montagne) Weber-
van Bosse); (D) C. chemnitzia (AD-
A92551) from Lizard Island, Great
Barrier Reef, Australia (previously
C. racemosa  var.  turbinata  (J.
Agardh) Eubank) displaying
turbinate and clavate ramuli; (E)
Complanate form of C. ¢ylindracea
Sonder (AD-A88114) from Lizard
Island, Great Barrier Reef,
Australia (previously C. racemosa f.
complanata (J. Agardh) Weber-van
Bosse); (F) C. nummularia Harvey
ex. Agardh (AD-A91369) from
Heron Island, Great Barrier Reef,
Australia (previously C. peltata).

not be perpetuated. With this in mind, the present
study aimed to resolve the taxonomically challeng-
ing C. racemosa—peltata complex and in the process
provide an example of how historical nomenclature
can best be integrated into molecular-based taxono-
mies.

MATERIALS AND METHODS

Overview. Due to the known phenotypic plasticity dis-
played by many members of the C. racemosa—peltata complex,
we approached the present study in the following way. First,
using a globally sampled DNA taxonomy (partial fufA and
rbc. sequences), including type locality or type region
sequences, we determined the number of genetic species
within our C. racemosa—peltata complex data set through a
combination of phylogenetic and species-delimitation
approaches. Then, guided by the molecular results, compara-
tive morphological examinations were made to gauge the
extent of both the phenotypic plasticity within each of the
genetically distinct species and any morphological overlap
between them. Using this information, plus geographic infer-
ences and type specimen observations/descriptions, we then



CAULERPA RACEMOSA-PELTATA COMPLEX 35

designated new, current, or previously described species
names to our specimens.

Taxon sampling. Caulerpa racemosa-peltata specimens repre-
senting a wide range of varieties and forms were collected
globally, although sampling was biased toward the Indo-Paci-
fic region. Where possible, specimens were also collected
from, or close to, the type locality for each taxon. Part of
the thallus was cleaned and preserved in silica gel for DNA
extraction and the remainder of the specimen either press
dried onto herbarium sheets, desiccated in silica gel, or pre-
served in 5% formalin/seawater. Specimen vouchers were
housed at AD, GENT, L, PERTH, UNB, US (abbreviations
follow Holmgren et al. 1990) and the personal herbarium
of C. W. Schneider. Where available, type specimens, includ-
ing those of varieties and forms, were observed. When types
were not available, taxon concepts were based on the proto-
logue and any subsequent descriptions and illustrations of
original material. Collection information and herbarium
voucher numbers of newly collected specimens used in the
present study are given in Table S1 in the Supporting Infor-
mation.

DNA extraction, amplification, and sequencing. Total DNA
extraction was either outsourced to AGRF (Australian Gen-
ome Research Facility, Adelaide Node, SA, Australia) or
processed by hand with a DNeasy Plant mini Kit (Qiagen,
Hilden, Germany). A partial section (~820 bp) of the tufA
gene was amplified and sequenced for all specimens using
the methods of Fama et al. (2002) or Saunders and Kucera
(2010). The tufA gene was chosen as it has been shown to
have sufficient species-level resolution in the Bryopsidales,
including Caulerpa (Verbruggen et al. 2005, Saunders and
Kucera 2010, Dijoux et al. 2012, Sauvage et al. 2013). On
the basis of exploratory analyses of the (ufA data, we
selected representative specimens from each lineage to
sequence a partial section of the rbcl. gene using the meth-
ods of Saunders and Kucera (2010). Purified PCR products
were sent to AGRF, Macrogen (Seoul, Korea) or First BASE
Laboratories Sdn Bhd (Seri Kembangan, Malaysia) for
sequencing. Additional samples were extracted, amplified,
and sequenced at the Centre for Environmental and Molec-
ular Algal Research (University of New Brunswick, Frederic-
ton, NB, Canada) following Saunders and Kucera (2010).
Individual chromatograms were assembled into contigs and
edited using Sequencher v.4.8 (Gene Codes Corporation,
Ann Arbor, MI, USA). Consensus sequences were compared
to that of the National Centre for Biotechnology Informa-
tion (NCBI) database using BLAST (http://www.ncbi.nlm.
nih.gov) to check for contaminants. Newly generated
sequences were submitted to GenBank and their accession
numbers are given in Table S1.

Sequence alignment and phylogenetic analyses. Newly gener-
ated tufA sequences from the present study were aligned with
the tufA alignment of Sauvage et al. (2013), which included
sequences from the studies of Fama et al. (2002), de Sener-
pont Domis et al. (2003), Stam et al. (2006), Wynne et al.
(2009), and Handeler et al. (2010). We also aligned the
newly available GenBank sequences from Jongma et al.
(2013), although we removed redundant sequences (i.e.,
100% identical) from this data set before aligning. All avail-
able Caulerpa rbcl. sequences were retrieved from GenBank
and aligned with newly obtained rbcL. sequences. These were
from the studies of Hanyuda et al. (2000), de Senerpont
Domis et al. (2003), Lam and Zechman (2006), and Maeda
etal. (2012). A concatenated alignment of fufA and rbcl
sequences from de Senerpont Domis et al. (2003) and the
present study was also created. GenBank sequences used in
the present study are listed in Table S2 in the Supporting
Information. All alignments were done using Clustal X
(Larkin et al. 2007).

Alignments were analyzed using Bayesian inference (BI)
and maximum likelihood (ML) with a general time-reversible
substitution model incorporating a proportion of invariable
sites and a gamma model of rate heterogeneity among sites
(GTR+I+G) as determined by jModelTest v.1 (Posada 2008).
BI was performed using BEAST v.1.7 (Drummond et al. 2006,
Drummond and Rambaut 2007) with the Markov Chain
Monte Carlo (MCMC) started from a random tree and run
for 20 million generations, sampled every 1,000th generation,
with an uncorrelated lognormal clock model. All other priors
and operators were kept at their default values. A constant
population size coalescent prior was used as tree prior. Tree
log files were created with branch length in substitutions and
MCMC runs were monitored in Tracer v.1.4.2 (Rambaut and
Drummond 2007) to ensure that all final estimated sample
size (ESS) values were above 200. The first 2,000 trees were
removed as the burn-in before generating summary statistics
and trees. Maximum-likelihood analyses were performed
using RaxML (Stamatakis et al. 2008), with the reliability of
each internal branch being evaluated by nonparametric boot-
strapping (1,000 replicates). Final trees were edited in Fig-
Tree v.1.3.1 (Drummond and Rambaut 2007).

Species delimitation. Species were delimited using the fufA
data set and two different approaches. The first was to iden-
tify strongly supported clusters (i.e., bootstrap percentages
(BP) >85, and posterior probability (PP) >0.95) preceded by
a relatively long branch and with lower intraspecific sequence
diversity (Verbruggen et al. 2005, Leliaert et al. 2009, Dijoux
et al. 2012). Secondly, we used a more objective approach
developed by Pons et al. (2006) and Monaghan et al. (2009)
that uses a general mixed Yule coalescence (GMYC) model to
define the species boundary. This method has been shown to
be useful in several studies in recent years (e.g., Barraclough
et al. 2009, Monaghan et al. 2009, Papadopoulou et al. 2011,
Esselstyn et al. 2012, Murphy et al. 2013), including a num-
ber of macroalgal studies (e.g., Leliaert et al. 2009, Tronholm
et al. 2012, Payo et al. 2013, Silberfeld et al. 2013). Using an
ultrametric tree and a ML framework, the algorithm opti-
mizes the shift in the branching patterns from interspecific
branches (Yule model) to intraspecific branches (coalescent
model). A threshold value is calculated such that nodes older
than this threshold can be regarded as species diversification
events, while younger nodes are identified as coalescence-dri-
ven clusters. The ultrametric tree was constructed using the
BI methods described above, but with the tree log file being
created without branch length in substitution. GMYC analysis
was performed under the single-threshold model using the
SPLITS package for R (R Development Core Team 2009;
package available at http://r-forge.r-project.org/projects/
splits/). Lineages were recognized as species if they were sup-
ported by both delimitation approaches.

Morphological observations. In order to understand the
extent of phenotypic plasticity within each genetically distinct
C. racemosa—peltata species, intra-lineage morphological varia-
tion was characterized by examining each specimen for rhi-
zoid form, stolon width, assimilator height, and ramuli shape,
size, and arrangement (Table 1). Specimens were then mor-
phologically identified based on comparisons with type
specimens, original descriptions, and numerous taxonomic
references (Appendix S1 in the Supporting Information).
Where available, specimen vouchers used in the studies by
Fama et al. (2002), de Senerpont Domis et al. (2003), Stam
et al. (2006) and Sauvage et al. (2013) were also examined.
Detailed nomenclatural information of all taxa discussed in
the present study is provided in Table S3 in the Supporting
Information.

We based our concept of C. racemosa on detailed observa-
tions of the type specimen (reproduced as our Fig. 2A;
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Herb. Forsskal No. 845 at C). As the type specimen of C. pel-
tata is presumed lost, the illustration by Lamouroux (1809b)
(reproduced as our Fig. 2B) that depicts erect assimilators
bearing lateral peltate ramuli was regarded as the type form
of C. pellata.

RESULTS

Phylogenetic  analyses and species ~ delimitation. In
total, 65 fufA and 20 rbcl. sequences were newly gen-
erated (Table S1). Opverall, including GenBank
sequences, the final fufA alignment comprised a
total of 245 sequences (912 bp in length), the rbcl.
alignment 57 sequences (904 bp in length), and the
concatenated data set 38 sequences (1,771 bp in
length).

As the BI and ML analyses topologies were mostly
congruent, only the BI topologies are shown (Figs. 3

and 4; Fig. SI in the Supporting Information). It
was difficult to compare the trees produced from
the tufA, rbcl. and concatenated alignments due to
data from various species not being present in all
data sets. However, where tufA and rbcl. were avail-
able, the analyses produced trees with identical
clades, but slightly contrasting topologies and statis-
tical support (Figs. 3 and 4; Fig. S1). Although sup-
port in our trees was higher than in previous
phylogenetic studies of Caulerpa (e.g., Fama et al.
2002, de Senerpont Domis et al. 2003, Sauvage et al.
2013), we still found some lack of resolution in the
backbone of our single gene trees (Figs. 3 and 4).
However, support was much improved in the con-
catenated data set analyses (Fig. S1).

We delimited 37 species with long branches and
high support (PP >0.95, BS >0.85), with specimens

TasLE 1. Features of Caulerpa taxa that were previously assigned to either C. racemosa or C. peltata. Measurements were
derived from type material and specimens collected in the present study.

Caulerpa lamourouxii

Caulerpa oligophylla

Caulerpa macra
(Weber-van Bosse)
Draisma &
Prud’homme stat.

Caulerpa chemnitzia (Esper)

(Turner) C. Agardh Montagne nov. Caulerpa cylindracea Sonder J.V. Lamouroux
Lineage 1 2 4 5 6
(Fig. 3)
Figures 1B, 5A-D 5E, F 6A, B 7A-D 1A, C, D, 8A-E
Previous C. racemosa var. C. racemosa var. C. racemosa var.  C. racemosa var. C. racemosa var.
accepted lamourouxii (Turner) lamourouxii macra Weber- cylindracea (Sonder) turbinata (J. Agardh)
name (s) Weber-van Bosse (Turner) van Bosse Verlaque, Huisman & Eubank; C. imbricata
Weber-van Boudouresque; C. G. Murray; C. peltata
Bosse racemosa f. complanata J.V. Lamouroux; C.
(J. Agardh) Weber-van racemosa var. laetevirens
Bosse (Montagne) Weber-
van Bosse; C. racemosa
var. occidentalis
(J.Agardh) Bgrgesen
Stolon 1.5-3.0 1.5-2.0 (3-)4-6 0.8-1.5(2.0) (0.8-)2-4(-6)
diameter,
mm
Assimilator
Height, cm 2.5-8.0(-12) 2-3 3-10+ 2-7(10) 1.5-7.0(-13)
Branching Unbranched or Common but Branching not  Branching not observed Uncommon
sparingly branched irregular observed
Arrangement  The number and Usually a few Ramuli Crowded and radially Usually very crowded
of ramuli arrangement of ramuli  distantly spaced  moderately arranged to distichous and radially arranged
is very variable: from ramuli, crowded, and opposite
distichous and opposite  although some distichously or
to distantly spaced or specimens radially
completely absent. completely arranged and
lacking ramuli usually
alternating.
Ramuli
Shape Clavate to sub-spherical ~ Clavate to sub- Oviform, Cylindrical to clavate, Highly variable, clavate
spherical pyriform, often flattened to turbinate to
claviform to peltate. Often many
slightly bulbous forms on a single
assimilator
Height, mm (8-)4-8(-10) 3-5(6) (5-)6-10(12) (2.5-)4.0-6.0 (1.0-)3-10(-12)
Diameter, 2-3 2-3 2-4(6) 1.5-2.5 (1-)2-5(-8)
mm

(continued)
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Caulerpa nummularia Harvey ex. J. Agardh

Caulerpa megadi-
sca Belton &
Gurgel sp. nov.

Caulerpa macrodisca
Decaisne

Caulerpa racemosa (Forsskal) J. Agardh

Lineage 7 8 9 11
(Fig. 3)
Figures 1F, 9A, B 9E 9C, D 1A, 10A-C
Previous C. peltata J. V. Lamouroux; C. peltata var. C. racemosa var. C. racemosa (Forsskal) J. Agardh;
accepted exigua Weber-van Bosse; C. peltata var. macrodisca C. racemosa var. mucronata
name: s) stellata (Harvey ex ]J.Agardh) Weber-van (Decaisne) L.N.de Senerpont Domis
Bosse Weber-van Bosse

Stolon 0.3-0.5(-0.8) 1-2 (1.0-)1.5-3.0 1.0-2.0(2.5)

diameter,

mm
Assimilator

Height, cm  0.4-0.5 <1 1-5 1-3(6)

Branching Common None Not observed Rarely branched but becoming
very branched in specimens
previously assigned to var.
mucronata

Arrangement  Singly, or new peltate discs arising from Single peltate  Semi-crowded, When present, irregularly

of ramuli the margin or centre of parent disc discs arising radially arranged ~ arranged and uncrowded to
from the on an upright crowded
stolon axis

Ramuli

Shape Distinctly peltate, with smooth and/or Distinctly Distinctly peltate ~ Spherical, pyriform on a short

crenulated margins peltate and and large stalk.

large

Height, mm  2-5 3-6 (8-)5-8(-12) 1-3(-

Diameter, (2-)3-4(-5) 8(10)-15(20)  (4-)5-10(-18) 1.0-2.5 (3.0)

mm

from the C. racemosa—peltata complex forming 12 of
these (Fig. 3). A BI phylogram of the tufA data set
is provided in the Supplementary data to show
branch lengths (Fig. S2 in the Supporting Informa-
tion). The GMYC model provided a significantly
better fit than a null model driven by coales-
cence only (confidence interval 29-46;
LGMY(I = 2423.955 > L() = 2411179, P= 00002) and
recovered 38 lineages, with specimens from the
C. racemosa—peltata complex forming 13 of these
(Fig. 3). The two discrepancies between the meth-
ods with regard to specimens of the C. racemosa—
peltata complex were that the long branches and
high support method recovered two separate clus-
ters within lineage 4, and lineage 6 as a single clus-
ter (Fig. 3 and Fig. S2), whereas the GMYC method
supported three separate clusters within lineage 6,
and lineage 4 as a single cluster (Fig. 3 and Fig. S2).
Due to these discrepancies, we did not recognize
the additional clusters within lineages 4 and 6, leav-
ing 11 recognized C. racemosa—peltata lineages
(Fig. 3). Two of these lineages (3 and 10) were sin-
gle sequences from Sauvage et al. (2013), which
lacked associated rbcl. data, and thus consideration
of these lineages will not be dealt with in the pres-
ent study. The rbc. and concatenated trees also
showed high support (PP >0.95; BS >0.85) for the
nine C. racemosa—peltata lineages (Fig. 4 and Fig. S1,
respectively).

Morphological  characterization of lineages. Among
the genetically distinct C. racemosa—peltata lineages
found in this study, five showed considerable levels
of phenotypic plasticity and partial morphological
overlap with other lineages (lineages 1, 2, 5, 6 and
11), whereas the remaining four lineages (4, 7, 8
and 9) did not.

Lineage 1 included specimens morphologically
identified as C. racemosa var. lamourouxii (Turner)
Weber-van Bosse (Fig. bA) and C. racemosa var. lam-
ourouxit f. requienii (Montagne) Weber-van Bosse
(Figs. 1B and 5, B and C) from Western Australia
and the Red Sea, although some specimens could
be thought to resemble C. racemosa var. cylindracea
and C. racemosa. Some newly collected specimens
were almost identical to the type specimen of
C. racemosa var. lamourouxic (BM000569449, as Fucus
lamourouxii Turner; Fig. 5D). As with previous works
on C. racemosa var. lamourouxii, specimens observed
in the present study varied considerably in terms of
their morphologies (Table 1), with assimilators
ranging from being densely covered with clavate ra-
muli (Fig. 5A) to being flattened and devoid of any
ramuli (Figs. 1B and 5B). Very young specimens or
parts of specimens often showed a very different
morphology than that of mature specimens.
Caulerpa racemosa var. lamourouxii specimens that
bear no (or very few) ramuli (e.g., Figs. 1B and 5, B
and C) are usually referred to as C. racemosa var.
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Fi6. 2. (A) Photograph of the holotype of Caulerpa racemosa
(Forsskal) J. Agardh (Herb. Forsskal No. 845 at C). Scale bar =
20 mm; (B) Ilustration of C. peltata J.V. Lamouroux by Lamou-
roux (1809b). Unfortunately, as the type specimen is lost and

Lamouroux’s illustration does not have a scale, we were unable to
5
pI‘OVidC a scale for this image.

lamourouxii f. requienii. However, all specimens
assigned to f. requienii in the present study were
quite different to the type specimen (see Wynne

et al. 2009: 295 fig. 8, as Herpochaeta requienii Monta-
gne), as well as its heterotypic synonyms C. racemosa
var. gracilis (Zanardini) Weber-van Bosse
(TCDO0011042; Fig. S3A in the Supporting Informa-
tion) and C. clavifera var. nudiuscula Zanardini
(given as nudicaulis in herb. TCD0011044, Fig. S3B).
The most notable difference was assimilator heights,
with our specimens being <b cm tall, whereas
heights of the three type specimens mentioned
above were up to 10-15 cm.

Lineage 2 included specimens from the Great
Barrier Reef, Indonesia, Japan, New Caledonia, and
the Philippines usually also attributed to C. racemosa
var. lamourouxii (Fig. 5, E and F), and as with line-
age 1, these specimens showed considerable mor-
phological variation. However, these specimens were
generally smaller than specimens from lineage 1
and closely resembled the type specimen of C. oligo-
phylla Montagne (MA10330 at P; Fig. 5F), a species
described from northeastern Australia, but currently
regarded as a synonym of C. racemosa var. lam-
ourouxti (Price 2011).

Lineage 4 included specimens from the tropical
Indo-Pacific region identified as C. racemosa var.
macra (Fig. 6A) based on similarity to the type speci-
men (Fig. 6B, L0054713 also from the Indo-Pacific
region) and original description (Weber-van Bosse
1913: 107). These specimens could usually be distin-
guished from other C. racemosa—peltata complex taxa
by their stolon width, large ramuli that were usually
in the form of the head of a golf club, as well
as elongated rhizoidal pillars (Fig. 6, A and B;
Table 1). This lineage also included specimens from
New Caledonia that were identified as rather similar
to C. racemosa f. remota (Svedelius) Coppejans
(Fig. 6C; specimens from Sauvage etal. 2013).
Apart from being slightly smaller, these specimens
were similar in morphology to C. racemosa var. macra
specimens and also closely matched the type illustra-
tion and description by Svedelius (1906) (as C. clav-
ifera f. remota Svedelius; reproduced in Fig. 6D) and
Coppejans et al. (2009: 115, fig. 89). Unfortunately,
we were unable to newly collect C. racemosa f. remota
specimens from close to the type locality (Sri
Lanka).

Lineage 5 included specimens collected from Aus-
tralia and New Caledonia that were identified as
C. racemosa var. cylindracea (Fig. 7, A and B) and
C. racemosa f. complanata (J. Agardh) Weber-van
Bosse (Figs. 1IE and 7, C and D), although some
specimens resembled C. racemosa var. laetevirens
(Montagne) Weber-van Bosse. Specimens from
south-western Australia (the type locality) and South
Australia were identical to the type specimen of
C. racemosa var. cylindracea (as C. cylindracea, Fig. 7B;
MEL 516014), but became more varied with ramuli
arrangement becoming distichous in the tropical
waters of northern Australia and New Caledonia
(also see Sauvage et al. 2013: 11, fig. 5), and closely
resembled the type specimen of C. racemosa f. com-
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Fic. 4. Bayesian phylogenetic tree constructed from 57 partial rbcL. DNA sequences of Caulerpa (alignment = 904 bp long). Numbered
lineages correspond to those of Figure 3. Numbers at branch nodes correspond to BI posterior probabilities (PP) and ML bootstrap per-
centages (BP). PP values below 0.5 and BS values below 50% are not shown. Numbered lineages correspond to those of Figure 3. The
scale is 0.008 expected changes per site. Boldface = newly obtained sequences.

planata (Fig. 7D). Although ramuli arrangement in were always clavate, although they were at times
this lineage varied from distichous to radial, ramuli slightly flattened (e.g., Fig. 1E).
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F16. 5. Morphological variation
among taxa previously assigned to
the  Caulerpa  racemosa  var.
lamourouxii (Turner) Weber-van
Bosse: (A) C. lamourouxii
(Turner) C. Agardh (PERTH
08292612) from Montgomery
Reef, north-western Australia; (B)
C. lamourouxii specimen lacking
ramuli (AD-A90154) from
Ningaloo Reef, Western Australia;
(C) C. lamourouxii specimen with
an intermediate number of ramuli
(PERTH 08428220) from Cassini
Island, north-western Australia;
(D) Photograph of the holotype of
C. lamouwrouxii (BM000569449, as
Fucus  lamourouxii Turner); (E)
Typical specimen of C. oligophylla
Montagne  (AD-A95457)  from
Heron Island, Great Barrier Reef,
Australia; (F) Photograph of the
holotype of C. oligophylla
(MA10330 in PC) from Torres
Strait, Australia. All scale bars =
20 mm.

Lineage 6 included specimens collected from the
Atlantic, Indian, and Pacific Oceans and showed the
largest variation in morphology (Table 1), from
rather small specimens with upright assimilators
bearing strictly peltate ramuli (Figs. 1A and 8A), to
robust specimens with densely arranged turbinate
and clavate ramuli (Figs. 1, C, D, and 8, B-D). Some
specimens even bore ramuli of various forms on a
single assimilator (Fig. 1D). Specimens in this line-
age were identified as C. peltata (Figs. 1A and 8A),
C. racemosa var. laetevirens (Figs. 1C and 8B), C. race-
mosa var. occidentalis (J. Agardh) Bgrgesen (Fig. 8C),
C. racemosa var. turbinata (J. Agardh) Eubank
(Fig. 8D), and C. imbricata G. Murray based on their
similarity to type specimens (Figs. 2B and 8E,
Figs. S4, Sb and S6A in the Supporting Informa-
tion), but a myriad of intermediate specimens were
also observed and some specimens were also close
in morphology to C. racemosa var. cylindracea and
C. racemosa var. macrodisca (Table 1). Although not
from one of the Antilles Islands, a specimen from
nearby Bermuda (CWS008366; Fig. 8A) was almost

identical to Lamouroux’s (1809b) illustration of
C. peltata (Fig. 2B).

Lineage 7 included small, delicate, strictly peltate
specimens with both crenate and entire disk mar-
gins, from which secondary peltate ramuli arose
(Fig. 9A). Specimens from this lineage were only
collected along the east coast of Australia (including
Lord Howe Island), Micronesia, and Fiji. Although
these specimens were initially identified as C. peltata
var. exigua Weber-van Bosse (sensu Kraft 2007),
C. peltata (sensu Price 2011), or C. peltata var. stellata
(Harvey ex J. Agardh) Weber-van Bosse, Weber-van
Bosse’s (1898) illustration of the original C. peltata
var. exigua concept clearly depicts secondary ramuli
arising from the center of the subtending disk, not
the margins. As such, these small delicate peltate
plants, with secondary peltate ramuli arising from
the disk margin, more accurately corresponded to
C. nummularia (currently regarded as a heterotypic
synonym of C. peltata, Price 2011). This identifica-
tion was further confirmed by the original descrip-
tion of C. nummularia (Agardh 1873), observations
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Fi6. 6. Morphological variation
among taxa and specimens
assigned to Caulerpa macra (Weber-
van Bosse) Draisma &
Prud’homme stat. nov. in the
present study. (A) Photograph of
the holotype of C. macra (L
0054712 as C. racemosa var. macra
Webervan Bosse); (B) Recently
collected specimen from Chuuk
Island, Micronesia (L 0925909);
(C) Smaller specimen from New
Caledonia (= IRD5624),
morphologically  identified  as
C. racemosa f. remota (Svedelius)
Coppejans); (D) Illustration of
C. racemosa f. remota by Svedelius
(1906) (fig. 14, as C. clavifera f.
remota). All scale bars =20 mm.

Fic. 7. Morphological variation
among taxa assigned to Caulerpa
oylindracea Sonder in the present
study. (A) Specimen from south-
western Australia  (GWS025471);
(B) Photograph of an isotype
specimen (TCDO001105); (C)
Complanate form from Lizard
Island, Great Barrier Reef,
Australia (AD-A88114; previously
C. racemosa  f.  complanata  (].
Agardh) Weber-van Bosse). (D)
Photograph of the holotype of
C. racemosa f. complanata (originally
described as  C. complanata J.
Agardh, Herb. Agardh 16718, in
LD). All scale bars =20 mm.

of syntype specimens in TCD and NSW (see Skelton and South 2007). The morphology of speci-
Fig. 9B), and previous accounts of Caulerpa species mens in this lineage was unique.

from the Pacific region (i.e., Cribb and Cribb 1985, Lineages 8 and 9 included specimens that were
South and Skelton 2003, Abbott and Huisman 2004, identified as C. racemosa var. macrodisca that could
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Fic. 8. Morphological variation
among Caulerpa chemnitzia (Esper)
J.V. Lamouroux taxa discussed in
the present study. (A) Peltate
specimen  (CWS008366)  from
Bermuda (previously C. peltata ].V.
Lamouroux); (B) AD-A92587 from
Lizard Island, Great Barrier Reef,
Australia  (previously C. racemosa
var. laetevirens (Montagne) Weber-
van Bosse); (C) Specimen from
Bermuda (= CWS008555;
previously C. racemosa var.
occidentalis (J. Agardh) Bgrgesen);
(D) Pressed specimen of a recently
collected individual from Sri
Lanka (HEC15952); (E)
Photograph of the holotype of
C. chemnitzia (25805 in ER). Scale
bars: A, E =10 mm; B = 30 mm;
C =20 mm; D = 25 mm.

easily be morphologically distinguished from other
lineages, although specimens in lineage 9 could at
times resemble peltate specimens from lineage 6.
Specimens in lineage 9 (Fig. 9C) closely resembled
the lectotype illustration (Decaisne 1846-1864; pl. 1,
fig. 1 as C. macrodisca; reproduced as our Fig. 9D),
whereas specimens from lineage 8 had ramuli that
were not arranged around an upright assimilator,
but rather the assimilators consisted of a single pel-
tate branch (Fig. 9E). No intermediates between the
two forms were observed during the present study.
Lineage 11 included specimens that were col-
lected from the Atlantic, Indian, and Pacific Ocean
regions and were closest in morphology to the
C. racemosa type morphology (compare Figs. 1A and
10A to 2A). It also included specimens that were
identified as C. racemosa var. macrophysa (Sonder ex
Kiitzing) W.R. Taylor (Fig. 10B) and C. racemosa var.
mucronata L.N. de Senerpont Domis (Fig. 10C, spec-
imen from de Senerpont Domis et al. 2003). Speci-
mens from this lineage could wusually be
distinguished from other C. racemosa—peltata com-

plex taxa by having ramuli that expanded abruptly
from a relatively short slender stalk to a subspheri-
cal upper part, with the stalk length not being
greater than the diameter of the distal regions,
although some of the larger specimens could have
been identified as C. racemosa var. lamourouxii (line-
age 1). Unlike C. racemosa and C. racemosa var.
macrophysa, C. racemosa var. mucronata showed con-
siderable variation in ramulus form, with ramuli
often  completely absent from  assimilators
(Fig. 10C). Unfortunately, no specimens matching
the type specimen of C. racemosa were located near
the type locality (Red Sea) during the present
study.

DISCUSSION

As molecular-based studies continue to show
increased rates of species discovery and mismatches
between molecular and morphological species con-
cepts, the greatest challenge for algal taxonomy in
the future will be how to designate names, includ-
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ing those that have been previously described, to
newly sequenced specimens (De Clerck et al. 2013).
Ideally, one could aim to sequence every type speci-
men; however, this is a time-consuming process that
may prove futile if specimens cannot be located,
sequenced, or accessed. Although we acknowledge
that without sequencing type specimens there may
always be a level of uncertainty in the naming of
lineages, including those of the present study, we
are at the point in algal systematics where we need
to be pragmatic and revise taxonomies to the best
of our abilities. With this in mind, the primary goal
in the present study was to resolve the taxonomy of
the C. racemosa—peltata complex, one of the most
taxonomically troublesome groups in the algae.
The complex also has a large number of synonyms
and infra-specific names that could potentially be
used to name genetic lineages, and these were
taken into account. We sequenced a large number
of globally collected specimens to obtain a well-sam-
pled DNA taxonomy and, for many taxa, this
included sequences from type locality or regions.

Fi6. 9. Morphological variation
of Caulerpa racemosa-peltata
complex taxa discussed in the
present study. (A) C. nummularia
Harvey ex. J. Agardh (AD-A91369)
from Heron Island, Great Barrier
Reef, Australia, showing ramuli
disk arising from margin of parent
disk; (B) Syntype specimen of
C. nummularia (TCD 00111032).
(C) C. macrodisca Decaisne (L
0509359/FM965053) from
Indonesia ~ with  characteristic
upright assimilator morphology;
(D) Copy of the lectotype
illustration of C. macrodisca by
Decaisne (1846 (1846-1864), pl. 1,
fig. 1); (E) C. megadisca Belton &
Gurgel sp. nov. (AD-A90107) from
Lizard Island, Great Barrier Reef,
Australia showing typical single
peltate disk morphology. Scale
bars: A = 0.5 mm; B =25 mm; C,
D,E = 20 mm.

We then delimited species using our (ufA data set
and two commonly used methodologies (long
branch/high support and GMYC). Although the
GMYC species delineation technique has its pitfalls
(Lohse 2009, Papadopoulou et al. 2011, Reid and
Carstens 2012, Silberfeld et al. 2013), it provides an
objective tool to rapidly delimit species in large,
well-sampled, single marker data sets. As our data
set was large and wellsampled, the GMYC results
were robust (i.e. significant difference between null
model and GMYC model, and a narrow confidence
interval) and results from both species-delimitation
methods were largely congruent, we are confident
in accepting the presence of at least 11 distinct
species-level entities within the C. racemosa—peltata
complex, although only nine of these are consid-
ered here.

We found that the morphological characterization
of five of these lineages was fraught with the difficul-
ties caused by high levels of phenotypic plasticity
(Table 1), and in many instances, the morphologi-
cal overlap of genetic species (e.g., lineages 1 and
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F16. 10. Morphological variation
among taxa assigned to Caulerpa
racemosa  (Forsskal) J. Agardh
discussed in the present study. (A)
Pressed voucher of C. racemosa
(PERTH 08292728) from
Montgomery Reef, north-western
Australia; (B) C. racemosa var.
macrophysa (Sonder ex Kiitzing)
WR. Taylor (AD-A90071) from
Lizard Island, Great Barrier Reef,
Australia; (C) Photograph of the
holotype of  C. racemosa  var.
mucronata  L.N. de Senerpont
Domis (L 0535499); (D)
Illustration of  C. racemosa var.
macrophysa by Kiitzing  (1857)
(tab. 15 fig. 1II, as Chauvinia
macrophysa Sonder ex Kiitzing).
All scale bars = 20 mm.

2). As such, although some lineages showed distinct
morphologies with minimal phenotypic plasticity
(e.g., lineage 7), as an overarching conclusion for
identifying our nine species, we strongly suggest the
use of molecular-based identifications.

With regard to the correct nomenclatural assign-
ment of our nine lineages, we have based our des-
ignations and nomenclatural decisions on what we
regard as “best practice” molecular data obtained
from specimens collected from near the type
locality, that were matched with type material, ori-
ginal illustrations and/or descriptions. Importantly,
we found that by first grouping specimens into
species using molecular data, we were able to
determine the true extent of morphological varia-
tion within each species. Once this was under-
stood, we were then able to confidently match
newly collected specimens with type specimens/ori-
ginal descriptions/illustrations (details are listed
under each species below). Unfortunately, the
only lineage for which we were unable to locate
specimens from the type locality or type region
that resembled the type specimen was C. racemosa
(lineage 11), and we highly recommend that
future studies attempt to do so. However, we are
confident in assigning this lineage to C. racemosa
for the time being as specimens closely resembled
the type specimen and were in agreement with
most concepts of C. racemosa (e.g., Coppejans and
Prud’homme van Reine 1992: 698, as C. racemosa
ecad racemosa; Price 2011: 185, as C. racemosa var.
racemosa). In order to reduce confusion and begin
the process of solving the cumbersome nature of

Caulerpa taxonomy, we also feel it appropriate to
not recognize any infra-specific ranks (i.e., varieties
and forms) within the species recognized below.
However, we do suggest that the use of morpho-
logical entities without formal taxonomic status
(e.g., “ecads’) may be useful for field workers
when collecting highly plastic species such as

C. chemnitzia (e.g., C. chemnilzia ecad pellala).
Arrangements have also been made with GenBank
to update their tufA records with the newly cor-
rected names.

The following C. racemosa—peltata complex taxa
were not encountered during the present study:
C. laetevirens f. caespitosa Svedelius; C. racemosa (var.
laetevirens) f. compressa W. R. Taylor; C. racemosa
(var. wvifera) f. compressa Weber-van Bosse; C. racemo-
sa f. condensata Weber-van Bosse; C. laetevirens f. dep-
auperata Svedelius; C. dichotoma Svedelius;
C. racemosa var. disticha V. ]J. Chapman; C. racemosa f.
elongata Weber-van Bosse; C. racemosa f. hypocrateriae-
Jormis Weber-van Bosse; C. uvifera f. intermedia
Weber-van Bosse; C. racemosa (var. laetevirens) f. laxa
(Greville) Weber-van Bosse; C. racemosa (var. cylindr-
acea) f. laxa (Greville) Weber-van Bosse; C. chem-
nitzia f. major Weber-van Bosse; C. chemnitzia f. minor
Piccone; C. racemosa f. mixta Svedelius; C. clavifera f.
nuda Kitzing; C. parvula Svedelius; C. wvifera f. pla-
niuscula Svedelius; C. racemosa f. reducta Bgrgesen;
C. racemosa f. simplicissima Bgrgesen; C. racemosa
f. semifalcata V. D. Chauhan & Thivy; A.D. Zinova &
N.H. Dinh; C. clavifera f. vulgaris Kutzing; and C. zey-
heri Kiitzing. It is hoped that future studies endeavor
to collect and sequence these taxa and make
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comparisons to sequences from the present study in
order to confirm their taxonomic status.

Lastly, our data set also showed that a number of
morphologically accepted Caulerpa species were
represented by multiple genetic species (Fig. 3; e.g.,
C. brachypus Harvey, C. mexicana Sonder ex Kiitzing
and C. scalpelliformis (R. Brown ex Turner) C.
Agardh) and the global diversity of Caulerpa is most
likely underestimated. Taxonomic work should
continue in order to resolve the taxonomy of this
ecologically important and distinctive genus.

TAXONOMIC CONCLUSIONS

Lineage 1: Caulerpa lamourouxii (Turner) C.
Agardh 1817: xxii (Figs. 1B and 5, A-D).

Basionym: Fucus lamourouxii Turner in Fuci. IV: 80,
pl. 229 (1811-1819).

Type locality and specimen: Red Sea; BM000569449,
in BM.

Distribution: Indian Ocean and Red Sea.

DNA barcode: KF256081, Marsa Alam, Egypt, Red
Sea, voucher: HV03477.

Homotypic synonyms: C. clavifera var. lamourouxii
(Turner) C. Agardh 1823: 438, Ahnfeldtia lamourouxii
(Turner) Trevisan 1849: 142, Chauvinia clavifera var.
lamourouxii (Turner) Kutzing 1849: 498, C. racemosa
var. lamourouxii (Turner) Weber-van Bosse 1898:
368, pl. XXXII, figs. 1-7, pl. XXXIII, fig. 15.

Selected illustrations: as Fucus lamourouxii Turner
1811-1819, pl. 229.

Remarks: The occurrence of ramuli in this taxon is
extremely variable. When present, they are always
marginal, but their frequency on individual assimila-
tors differs considerably, from absent (Figs. 1B and
5B) to arising in a regular opposite pattern, with a
slightly compressed rachis in the type form (Fig. 5, A
and D). Molecular data from the present study
found two distinct species among specimens identi-
fied as C. racemosa var. lamourouxii (Figs. 3 and 4;
Fig. S1). Because the first lineage included
specimens from Western Australia and the Red Sea
(= type locality), and many recently collected plants
closely resembled the type specimen (Fig. 5D) and
illustrations thereof (Turner 1811-1819: 79, pl. 229),
we feel confident in reinstating the name C. lam-
ourouxit for these specimens. Unfortunately, no
C. racemosa var. lamourouxii f. requienii or C. racemosa
var. gracilis like specimens were newly collected from
near their type localities in the Red Sea. Due to this,
and the dissimilarity of these type specimens
(Fig. S3) with C. racemosa var. lamourouxi f. requienii
morphotype specimens collected in the present
study and discussed previously, we do not list these
taxa as synonyms of C. lamourouxii at present.

The forms displayed by C. lamourouxii specimens
in the present study were different to specimens
from the Caribbean Sea and Bermuda previously
identified as C. racemosa var. lamourouxii (Littler and
Littler 2000: 371). Atlantic specimens appear to be

more delicate and exhibit a more uniform arrange-
ment of clavate ramuli (e.g., Littler and Littler
2000) as opposed to the high variability in occur-
rence and form of ramuli from Red Sea and Indian
Ocean specimens. Furthermore, specimens identi-
fied as C. racemosa var. lamourouxii from the Carib-
bean Sea or Bermuda fell into the C. chemnitzia
clade, and not in the C. lamourouxii lineage, and
C. lamourouxii is most likely absent from the tropical
western Atlantic.

Lineage 2: Caulerpa oligophylla Montagne 1842: 14
(Fig. 5, E and F).

Type locality and specimens: Toud Island [Warrior
Islet], Torres Strait, Australia; as no holotype was
ever designated, MA10330 Herb. Montagne, at PC is
designated here as lectotype (Fig. 5F).

Distribution: Northeastern Australia, New Caledo-
nia, Indonesia, Japan and the Philippines. Most
likely widespread throughout the Western Pacific.

DNA barcode: KF256085, Heron Island, Great Bar-
rier Reef, Australia, voucher: AD-A95457 (Fig. 5E).

Selected illustrations: as C. racemosa var. lamourouxii:
Weber-van Bosse 1898, P1. 32, fig. 6; Coppejans and
Prud’homme van Reine 1992: 694, fig. 15B; Littler
and Littler 2003: 229.

Remarks:  As mentioned under C. lamourouxii
above, there was a second Caulerpa lineage that
included specimens initially identified as C. lam-
ourouxit morphotypes (Fig. 3, as C. oligophylla). As
with C. lamourouxii, ramuli form and occurrence was
highly variable in specimens from this lineage, with
many specimens lacking ramuli completely
(Fig. 5E). The most appropriate name we found for
this lineage was C. oligophylla, a species described
from Torres Strait, Australia, but currently regarded
as a heterotypic synonym of C. lamourouxii. Indeed,
newly collected specimens from close to the type
locality strongly agree with the type specimen of
C. oligophylla (compare Fig. 5, E and F). Unfortu-
nately, we could not find any clear morphological
characters to distinguish between C. oligophylla and
smaller C. lamourouxii specimens and it is likely that
the best means to distinguish these taxa is through
DNA sequence data.

Lineage 4. Caulerpa macra (Weber-van Bosse) Dra-
isma & Prud’homme stat. nov. (Fig. 6, A-C).

Basionym: C. racemosa var. macra Weber-van Bosse,
in Liste des algues du Siboga, Siboga-Expeditie 59a, p.
106, fig. 26 (1913).

Updated description: Large Caulerpa with long
thick stolons, these several decimeters long, 3-
5 mm in width but often over 5 mm. Rhizoidal
pillars well developed, arising from stolons at
irregular distances, up to 10 cm long and several
mm in diameter, often with thick terminal clumps
of branched rhizoids. Erect assimilators up to
10 cm in height, with irregularly to regularly
placed ramuli arranged distichously or radially and
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opposite or alternate. Ramuli oviform, pyriform,
more rarely claviform, usually with some having a
form like the head of a golf club, to 12 mm long
and 6 mm in width.

Lectotypus: Designated here in L, HLB 938,7-462,
Barcode 10054713 (Fig. bA); isolectotype also in L,
HLB 937, 336-70, barcode 1.0054712, both collected
11 August 1899.

DNA barcode: KF256089, Berau delta, North-East-
ern Kalimantan, Indonesia, voucher: L. 03-453.

Type locality: In the lagoon of Fau Island, close to
Gebé Island, Sea of Halmahera, Indonesia (0°06" S,
129°25" E), Siboga Expedition, station 149, in fine
mud.

Etymology: Probably from “macro”(Greek) = long,
large, great. Note: there is also a C. racemosa var. lae-
tevirens f. cylindracea macra (Harvey) Weber-van Bosse
(basionym C. c¢ylindracea var. macra Harvey 1858,
where the name “macra” is probably a female form
of the Latin word “ma‘cer” = thin, meager).

Distribution: Fiji, Guam, Indonesia, Micronesia,
New Caledonia and Papua New Guinea.

Specimens examined: Lectotype and isolectotype;
#L.13072A, Madang, Papua New Guinea, July 10,
1990; 1.03-453, Berau, N.E. Kalimantan, Indonesia,
October 2003; SGAD(0712207 Raja Ampat, Province
West Papua, Indonesia, December 2007; 10925909,
Chuuk, Micronesia, August 2008; LNR13a0109,
Northern Reefs, Palau, March 2009; SGAD1012338,
Silawa I., East Sabah, Borneo, December 2010; all in
L. The following specimens from Sauvage et al.
(2013) were also examined: IRD5626 (JN645155),
IRD5625  (JN645156), IRD5640  (JN645167),
IRD1878  (JN645152), IRD5624  (JN645164),
FM956046 and FM956047.

Habitat: Sheltered shallow lagoons with a sandy or
muddy substratum; the alga is always submerged.

Selected illustrations: as C. racemosa var. macra:
Weber-van Bosse 1913: 107, fig. 26.

Remarks: Weber-van Bosse described C. racemosa
var. macra (now C. macra) from specimens collected
in Indonesia. Although she thought that her new
variety was closely related to C. racemosa vars. lam-
ourouxii and laetevirens, she regarded it as distinct
due to its larger ramuli that were regularly spaced.
Specimens that were almost identical to the type
specimens (designated above) and the original illus-
tration (Weber-van Bosse 1913: fig. 26) were newly
collected from a number of localities around Indo-
nesia and nearby in Micronesia and Papua New
Guinea during the present study. In agreement with
Weber-van Bosse, these specimens could also be dis-
tinguished from other C. racemosa—peltata complex
taxa by their morphology (Table 1) and molecular
sequence data (Figs. 3 and 4; Fig. SI), thus justify-
ing their status as a distinct species.

It should be noted that specimens from Sauvage
et al. (2013) that were morphologically identified as
C. racemosa  f.  remota from New Caledonia
(JN645155, -56, -64, - 67; details in Table S1) and

Fiji (JN645152) formed a well-supported clade pre-
ceded by a relatively long branch (Fig. 3). However,
its independence from C. macra was not supported
by the GMYC analyses (Fig. 3) and, as such, they
were not recognized as a distinct species in the pres-
ent study. Morphologically these specimens were
very similar to C. macra, but slightly smaller
(Fig. 6C). As C. racemosa f. remota specimens from
the type locality in Sri Lanka were neither available
nor analyzed during the current study, we hesitate
at present to list C. racemosa f. remota or C. clavifera
f. remota as synonyms of C. macra.

Lineage 5: Caulerpa cylindracea Sonder 1845: 49-57
(Figs. 1E and 7, A-D).

Type locality and specimen: Western Australia; holo-
type: 516014 in MEL.

Distribution: Australia, Indonesia, New Caledonia,
Canary Islands and the Mediterranean Sea.

DNA barcode: JN851143, Point Peron, Western
Australia, voucher: GWS025471 (Fig. 7A).

Homotypic synonyms: C. racemosa [var. laetevirens] f.
oylindracea (Sonder) Weber-van Bosse 1898: 366, pl.
XXXHI: figs. 17, 19, 20; C. racemosa var. cylindracea
(Sonder) Verlaque, Huisman & Boudouresque, in
Verlaque et al. 2003: 336.

Heterotypic synonym: C. complanata J. Agardh 1873:
33, C. racemosa f. complanata (J. Agardh) Weber-van
Bosse 1898: 364-365, pl. XXXIII: figs. 13, 14; C. cy-
lindracea var. macra Harvey 1858, pl. XXX, fig. 2.

Selected illustrations: as C. cylindracea: Harvey 1858,
Pl. XXX. As C. racemosa var. laetevirens f. cylindracea.
Womersley 1984, fig. 91B, 92D; Huisman 2000: 255.
As C. racemosa var. cylindracea: Sauvage et al. 2013:
11, fig. 4.

Remarks: Although described as an independent
species by Sonder (1845), C. ¢ylindracea has mostly
been considered a form of C. racemosa var. laetevirens
(Weber-van Bosse 1898, Womersley 1956, 1984,
Huisman 2000). Verlaque et al. (2003) raised this
forma to varietal status (C. racemosa var. cylindracea)
while investigating the source of the introduced
C. racemosa in the Mediterranean Sea, citing the lack
of distributional overlap with C. racemosa var. laetevi-
rens, lack of rhizoidal pillars, its more slender thal-
lus, the slight inflation of the basal part of the
frond axis, clavate to cylindrical ramuli (never
peltate or turbinate) and by its molecular distinc-
tion from other C. racemosa infraspecific taxa based
on ITSI1, 5.85 and ITS2 sequence data. Although
Verlaque et al. (2003: 331) mentioned thin rhi-
zoids (and no rhizoidal pillars) as characteristic of
C. ¢ylindracea, inspection of the type (MEL 516014,
Fig. 7B) shows the occurrence of distinct rhizoidal
pillars, which can also be observed in Sauvage et al.
(2013, fig. 4). Sauvage et al. (2013) also showed the
genetic independence of C. racemosa var. cylindracea
as a species-level entity, but did not make the taxo-
nomic change. On the basis of their results as well
as those from Verlaque etal. (2003) and the
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present study, we propose the reinstatement of
C. oylindracea.

Although extensive collections were made in the
present study, no Caulerpa sequences other than
those from Australia, New Caledonia, Canary
Islands, and the Mediterranean Sea clustered with
C. ¢ylindracea and, as noted by Sauvage et al
(2013), reports of C. cylindracea outside of these
regions should be interpreted carefully, and will
require molecular confirmation for clarification (as
C. ¢ylindracea: Guadalupe in Setchell and Gardner
1930, Mexico in Pedroche et al. 2005, India, Kenya,
and Sri Lanka in Silva et al. 1996, as C. cylindracea f.
laxa (Greville) Weber-van Bosse: Sri Lanka in Silva
et al. 1996 and Coppejans et al. 2009).

Molecular data from Sauvage et al. (2013) and
the present study (Fig. 3) also showed C. racemosa f.
complanata (Figs. 7, C and D) to be genetically iden-
tical to C. ¢ylindracea (it should be noted that
C. racemosa f. complanata was recently synonymized
with C. racemosa var. laetevirens by Price 2011). As
such, we propose synonymizing C. racemosa f. compla-
nata with C. cylindracea.

Lastly, some forms of C. chemnitzia (especially
those previously assigned to C. racemosa var. laetevi-
rens) were found to closely resemble C. cylindracea,
but the latter could usually be distinguished by the
smaller size of both stolon and ramulus form, and by
its often distichously, or partly distichously, arranged
ramuli (Table 1). However, identification may prove
difficult in some specimens, especially young plants,
and we suggest that molecular sequence data always
be used to confirm identifications.

Lineage 6: Caulerpa chemnitzia (Esper) J. V. Lamou-
roux 1809a: 332 (Figs. 1, A, C, D; 8, A-E).

Basionym: Fucus chemnitzia Esper, Icones Fucorum ...
Vol. 1, Part 4: 167, pl. LXXXVIII, figs. 1, 4-6
(1800).

Type locality and specimen: aus den Malabarische
Kiusten [Malabar Coast], India; holotype: 25805 in
ER (Fig. 8E); isotypes: 690468 in MEL and 937.336-
82 in L.

Distribution: Pantropical.

DNA barcode: KF256101, Matara, Sri Lanka, vou-
cher: HEC15952 (Fig. 8D).

Heterotypic synonyms: Lamouroux 1809a: 332-333;
C. peltata J.V. Lamouroux 1809b, 145 & pl.3, fig. 2a,
2b; C. clavifera (Turner) C. Agardh var. turbinata J.
Agardh 1837: 173, C. laetevirens Montagne 1842: 13,
C. chemnitzia var. peltata (J.V. Lamouroux) Zanardini
1858: 287, C. chemnitzia var. occidentalis Agardh 1873:
37, C. imbricala G. Murray 1887: 37-38; C. racemosa f.
turbinata (J. Agardh) Weber-van Bosse 1898: 370-
371, pl. XXXI: fig. 8; C. racemosa var. laetevirens
(Montagne) Weber-van Bosse 1898: 366, C. peltata f.
imbricata (G. Murray) Weber-van Bosse 1898: 375,
C. racemosa var. chemnitzia (Esper) Weber-van Bosse
1898: 376, pl. XXXI: figs 5-7; C. racemosa var. occi-
dentalis (J. Agardh) Bgrgesen 1907: 379, figs 28, 29;

C. racemosa var. imbricata (Kjellman) Eubank 1946:
423, fig. 2w; C. racemosa var. peltata (Lamouroux)
Eubank 1946 421-422, fig. 2, rs; C. racemosa var.
turbinata (J. Agardh) Eubank 1946: 420421, fig. 20;
C. racemosa f. occidentalis (J. Agardh) Nizamuddin
1964: 207, figs. 5, ba, pl. 2b

Selected illustrations: as Fucus chemnitzia: Esper 1800:
127, Pl. LXXXVIII, figs. 1, 4-6; Turner 1811-1819: pl.
200. As C. chemnitzia Svedelius 1906: 129, figs. 26-30;
As C. racemosa var. chemniizia: Weber-van Bosse 1898,
Pl. 31, figs. 5-8; Reinke 1899: 38, fig. 57. As C. racemo-
sa var. turbinata: Eubank 1946: 420, fig. 2, o—q; Price
2011: 181, fig. 9E. As C. peltata: Lamouroux 1809b,
Pl 3 fig. 2, a—b; Weber-van Bosse 1898 P1. 31, fig. 9. As
C. racemosa var. peliata: Coppejans and Prud’homme
van Reine 1992: 697 fig. 16, A-B; Littler and Littler
2000: 373, Kraft 2007: 185, fig. 68G. As C. racemosa
var. laetevirens: Coppejans and Prud’homme van Re-
ine 1992: 695, fig. 16, A—C; Kraft 2007: 185, fig. 68F;
Price 2011: 182, fig. 10C. As C. racemosa var. occidental-
is: Bgrgesen 1907: 379, figs. 28-29; Taylor 1960: 696,
fig. 6; Littler and Littler 2000: 371. As C. imbricata:
Coppejans et al. 2009: 106-107, fig. 81.

Remarks: Specimens in this lineage were morpho-
logically identified as C. racemosa vars. turbinata, laete-
virens, and occidentalis, C. imbricata and C. peltata.
Comparative morphological observations of these
taxa show a continuous morphological gradient
between them. When regarding this lineage as an
independent species, the earliest available name is
C. chemnitzia (Esper) J.V. Lamouroux, based on
F. chemnitzia Esper, a species described from south-
ern India by Esper in 1800, but which is currently
considered a heterotypic synonym of C. racemosa var.
turbinata (Price 2011). A sequence from a specimen
(HEC15952, from Sri Lanka; Fig. 8D) that was
almost identical to the type specimen of C. chem-
nitzia (Fig. 8E) clustered with sequences of C. race-
mosa  vars. laetevirens, occidentalis, turbinata,
C. imbricata, and C. peltata (Figs. 3 and 4; Fig. S1),
giving further support to the use of the C. chemnitzia
name for this lineage.

There is considerable historical precedence for
our proposed taxonomy, with many studies suggest-
ing that these taxa were environmentally induced
forms of the same entity (Peterson 1972, Ohba and
Enomoto 1987, Coppejans and Prud’homme van
Reine 1992, de Senerpont Domis et al. 2003, Price
2011). Furthermore, C. peltata was treated as a vari-
ety of C. chemnitzia by Turner (1811-1819: 8), a
move that, according to Turner, even Lamouroux
acknowledged “may probably be the case.” Central to
this debate was the uncertain placement of C. pelta-
ta, with some authors accepting it as distinct from
C. racemosa (e.g., Silva et al. 1996, Littler and Littler
2000, Price 2011), while others have treated it at
various infraspecific levels within C. racemosa (e.g.,
Weber-van Bosse 1898, Coppejans and Prud’homme
van Reine 1992, Huisman 2000), while still others
accepted both C. peltata and C. racemosa var. peltata
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Eubank (Kraft 2007). This debate is further con-
founded by the presumed loss of the C. peltata type
specimen, and thus our concept of the species is by
necessity based on Lamouroux’s (1809b) illustra-
tions (Fig. 2B) and description (Lamouroux 1809a).
Although it has been suggested that Lamouroux
wrongly interpreted the stolon branches as erect
axes (Price 2011: 179), our observations of material
from the same region as the probable type locality
(Antilles Islands) suggest that Lamouroux was
indeed depicting erect assimilators bearing radially
arranged peltate ramuli.

However, clarifying the concept of C. peltata has
minimal impact on establishing an accurate taxon-
omy, as by far the greatest confusion stems from the
occurrence of peltate ramuli in three other species
within the C. racemosa—peltata complex (viz. C. macro-
disca, C. megadisca sp. nov. and C. nummularia). For-
tunately, these taxa can be distinguished from
C. chemnitzia by their much larger peltate disks
(C. macrodisca and C. megadisca) and branching pat-
tern (C. nummularia). Furthermore, C. chemnitzia is
pantropically distributed, whereas C. macrodisca,
C. megadisca, and C. nummularia appear to be
restricted to the central Indo-Pacific region.

It should be noted that there remains some
confusion over the type locality of C. peltata, as
although Lamouroux (1809a) gave “Antilles” as its
(type) locality, in the paper where C. peltata is illus-
trated (1809b), he did not name any locality, only
“ded. Thuillier.” Later, Lamouroux (1813) cited “Oris
Amer. Merid. Orient.” and in 1823 he cited “cotes occi-
dentales de UAfrique.” Until the type specimen is
located, we suggest that the eldest listed locality, the
Antilles Islands, should be regarded as the probable
type locality of C. peltata.

Interestingly, our C. chemnilzia sensu stricto speci-
men (HEC 15952) would have been identified as
C. imbricata based on the description of Coppejans
et al. (2009). However, on the basis of observations
of a large number of specimens including type spec-
imens, we concluded that C. chemniizia and C. imbri-
cata were the same entity. Furthermore, Coppejans
et al. (2009) also suggested that C. imbricata speci-
mens from Sri Lanka closely resembled C. chemnitzia
(as C. racemosa var. chemnilzia (Esper) Weber-van
Bosse. As such, we are confident of listing C. imbri-
cala as a heterotypic synonym of C. chemnitzia.

Lastly, it should be noted that there were three
C. chemnilzia lineages supported as distinct species
in the GMYC analyses of the (ufA data set. However,
as these lineages had poor BP and PP support and
their relationships varied between the {(ufA and
rbcL./concatenated data sets, we do not recognize
them as separate taxa, but suggest that further work
be undertaken to better resolve and understand
these relationships.

Lineage 7. Caulerpa nummularia Harvey ex. ].
Agardh 1873: 38 (Figs. 1F and 9, A and B).

Type locality: Friendly Islands, Tonga; Nukahiva,
Marquesas Islands.

Syntypes: Herb. Agardh 16809, 16811 (in part), in
LD; BM; 287054, in NSW; DSC01032, in TCD. Note:
as type material was never designated by J. Agardh,
the specimen marked 77 Friendly Isl. C. nummularia
in TCD (TCD 0011105) is designated here as the
lectotype (reproduced in Fig. 9B).

Distribution: Tropical Pacific.

DNA barcode: JN817685, Heron Island, Great Bar-
rier Reef, Australia, voucher: AD-A91369 (Figs. 1F
and 9A).

Heterotypic synonyms: C. peltata var. exigua Weber-
van Bosse 1898: 377, pl. XXXI, fig. 11 (Fig. S6B);
C. peltata var. stellata (Harvey ex J. Agardh) Weber-
van Bosse 1898: 377 (Fig. S6C).

Selected illustrations: as C. nummularia: Abbott and
Huisman 2000: 121, fig. 44A. As C. peltata var.
exigua: Weber-van Bosse 1898, Pl. 31 fig. 11; Littler
and Littler 2003: 225, Kraft 2007: 173, fig. 64, D-E.

Remarks: Many authors have overlooked C. num-
mularia, treating it as a heterotypic synonym of
C. peltata (Coppejans and Prud’homme van Reine
1992, Price 2011). However, as mentioned previ-
ously, the illustration of C. peltata by Lamouroux
(1809b) clearly depicts a specimen with erect assimi-
lators bearing radially arranged peltate ramuli. This
morphology differs greatly from the original diagno-
sis of C. nummularia by J. Agardh (1873) who,
although considering C. nummularia to be closely
related to C. peltata, described the ramuli as shield
like, 4-5 mm in diameter with crenulated margins
and peltate branches arising from the margin of
the ramulus below. The distinction between C. num-
mularia and C. peltata, as well as other C. racemosa—
peltata taxa, is supported by our molecular data
including sequences from close to the type locality
(KF256098, Fiji), and thus C. nummularia warrants
recognition as an independent species, a view also
held by Cribb and Cribb (1985), South and Skelton
(2003), Abbott and Huisman (2004), Hodgson
et al. (2004), N’Yeurt and Payri (2004), and Skelton
and South (2007). Many of these authors distin-
guished C. nummularia from C. peltata var. exigua
(Fig. S6B), a variety originally described from
Samoa and the Cook Islands, by secondary ramuli
arising from the center of the disk of subtending
ramuli in the latter. However, Abbott and Huisman
(2004), as well as Kraft (2007), when commenting
on C. nummularia and C. peltata var. exigua respec-
tively, noted that secondary peltate ramuli arose
either from the margin or from the center of the
ramulus below, thus also removing the distinction
between the C. pellata varieties exigua and stellata.
This casts some doubt on the independence of
C. peltata var. exigua and C. peltata var. stellata from
C. nummularia, a view also shared by Price (2011).
On the basis of this, the close proximity of their
type localities and the variability observed in mate-
rial from various regions, we synonymize both C. pel-
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lata var. exigua and C. pellata var. stellata with
C. nummularia.

Lineage 8: Caulerpa megadisca Belton & Gurgel sp.
nov. (Fig. 9E).

Diagnosis: Thallus medium to dark green, low
growing, spreading laterally to 50 cm; stolon
smooth, 1-2 mm in diameter, sparsely branched;
rhizoidal system well developed with rhizoidal pil-
lars, 1.5-8 cm long, 0.8-1.5 mm wide, branching to
slender apices; individual assimilators consisting of a
single peltate disk attached to stolon by a terete
stalk, 3-6 mm long, 0.5-1.0 mm wide, expanding
abruptly into a circular, flat disk; disk fleshy to thin
(8) 10-15 (20) mm wide, margin of disk entire.

Holotypus: AD-A90107a, in AD. Collected by
CF.D. Gurgel and RRM. Dixon, February 17,
2009 at 11 m depth from Lizard Island, Australia
(Fig. 9E).

Holotype DNA barcode: JN817657 (collection details
as above).

Type locality: North Direction Island, Lizard Island
group, Queensland, Australia.

Etymology: This species is named after the large
peltate disks born directly from the stolon.

Distribution: northeastern Australia, New Caledo-
nia and Fiji, but most likely also in the Indonesian
region (based on various samples in L).

Specimens examined: AD-A90107 b-d, North Direc-
tion Island, Lizard Island group, Queensland, Aus-
tralia, at 11 m depth, collected by C.F.D. Gurgel
and RR.M. Dixon, February 17, 2009; AD-A926009,
“Bommie Bay,” North-side of Lizard Island, Queens-
land, Australia, at 12 m depth, collected by G.S. Bel-
ton and M.H.K. Marklund, September 07, 2010;
DML40342, Yaukuvelailai Island, Fiji. Collected by
M.M. Littler, D.M. Littler and B.L. Brooks, March
09, 1996.

Habitat: Plants were found growing over sandy
substrata and coral rubble at 5-12 m depth.

Selected illustrations: as C. peltata: Kraft 2007: 173,
fig. 64A.

Remarks: C. megadisca can be distinguished from
C. macrodisca by its single large peltate disk assimila-
tor and much thinner stolon (Fig. 9, C and E;
Table 1). Based on these morphological observa-
tions, as well as molecular data that distinguished
C. megadisca from C. macrodisca and other Caulerpa
species (Figs. 3 and 4), its status as a distinct species
is fully warranted.

Lineage 9. Caulerpa macrodisca Decaisne 1842: 336
(Fig. 9, C and D). .

Type locality and specimen: lles Anambas (Anambas
Islands), Indonesia; lectotype illustration: Decaisne
[1846 (1846-1864), pl. 1, fig. 1], designated by Price
(2011, p. 190).

Distribution: Central Indo-Pacific.

DNA barcode: FM956053, Thousand Islands, Java
Sea, Indonesia, voucher: L. 0509359 (Fig. 9C).

Homotypic ~ synonyms: ~ C. racemosa  (Forsskal) J.
Agardh var. macrodisca (Decaisne) Weber-van Bosse
1898: 376, pl. XXXI, fig. 10. C. peltata ]J.V.
Lamouroux var. macrodisca (Decaisne) Weber-van
Bosse 1898: 376, XXVIII.

Selected illustrations: as  C. macrodisca: Decaisne
1846-1864; PL. 1. fig. 1; Reinke 1899: fig. 61. As
C. racemosa ecad peltata-macrodisca: Coppejans and
Prud’homme van Reine 1992: 697, fig. 17C.

Remarks: As C. macrodisca could be easily identified
and distinguished from other C. racemosa—peltata
complex taxa by molecular data and its large peltate
ramuli arranged around an upright axis, its recogni-
tion as an independent species is fully justified.
Most of our specimens (Fig. 9C) closely resembled
the lectotype illustration (Fig. 9D); however, there
was some variation, with the ramuli of some speci-
mens (AD-A88056) having a gradual widening
toward the peltate disk and others (PERTH
08292663) being slightly mushroom-like. This latter
morphology is in agreement with a remark by
Weber-van Bosse (1898, p. 253) who noted that after
only a few minutes outside the water, the fresh
ramuli become flaccid and these ramuli take differ-
ent flattened forms. However, in comparison to
C. chemnitzia specimens, the widening was always
quite abrupt and the disk (including those that were
slightly mushroom shaped) was always larger,
6-10 mm in diameter.

Lineage 11: Caulerpa racemosa (Forrskal) J. Agardh
1873: 35-36 (Figs. 1A and 10, A-C)

Basionym: Fucus racemosus Forsskal 1775: 191.

Type locality and specimen: Suez, Egypt; Herb. For-
sskal No. 845 at C.

Distribution: Pantropical.

DNA barcode: JN817665, Kimberley, northwestern
Australia, voucher: PERTH 08292728 (Fig. 10A).

Heterotypic - synonyms: Fucus clavifer Turner 1807-
1808: 126-127, pl. 57 nom. illeg. (Fucus clavifer Turner
is a later homonym of Fucus clavifer Forsskal 1775, cur-
rently Laurencia wuvifera (Forsskal) Bgrgesen);
Fucus wvifer Turner 1817: 81-82, pl. 230, nom. illeg.
(Fucus uvifer Turner is a later homonym of Fucus uvif-
er Forsskal 1775); C. uvifera C. Agardh 1817: xxiii;
Chauvinia clavifera (C. Agardh) Bory de Saint-Vincent
1826-1829: 207, ; Chauvinia clavifera var. wvifera
(C. Agardh) Kiutzing 1849, C. racemosa var. clavifera
(C. Agardh) Weber-van Bosse 1898: 361-362, pl
XXXIII: figs. 1-3; C. racemosa var. mucronata L.N. de
Senerpont Domis in de Senerpont Domis et al. 2003:
1035, fig. 2.

Selected illustrations: as C. racemosa: Littler and Lit-
tler 2003: 227, Price 2011: 176, fig. 8B. As Fucus wvif-
er. Turner 1811-1819: Pl 230. As C. wvifera:
Svedelius 1906: 122, fig. 15. As C. racemosa var. clavif-
era: Weber-van Bosse 1898, P1. 33, figs. 1, 4-5.

Remarks: Although it has been widely accepted that
C. racemosa exhibits considerable morphological vari-
ation, the majority of specimens from this lineage in
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the present study were comparatively uniform and
could usually be distinguished from other C. racemo-
sa—peltata taxa by their more or less pyriform ramuli
that abruptly expanded above a short, stalk-like proxi-
mal region whose length was not greater than the
diameter of the distal region. However, our results
show C. racemosa var. mucronata (Fig. 10C) to cluster
with C. racemosa specimens in both the (ufA and rbcL
trees (Figs. 3 and 4) proving that C. racemosa can dis-
play quite substantial morphological variation, sup-
porting the findings of Peterson (1972), Calvert
(1976) and de Senerpont Domis et al. (2003).

We could not detect any clear morphological or
genetic boundary between C. racemosa and specimens
identified as C. racemosa var. macrophysa. It is there-
fore quite likely that C. racemosa var. macrophysa
should be synonymized with C. racemosa. Unfortu-
nately, the type specimen of C. racemosa var. macro-
physa is presumed lost and no physical comparisons
with the type specimen of C. racemosa could be made.
However, the illustration of C. racemosa var. macro-
physa (as Chauvinia macrophysa Sonder ex Kutzing) by
Kiitzing 1857: Tab. 15, fig. II; reproduced as our
Fig. 10D) was detailed, clear, and accurate enough to
help distinguish this morphotype and secure a cor-
rect identification of the specimens herein assigned
to this taxon (e.g., Fig. 10B). But as we were unable
to obtain sequences from the Pacific coast of Central
America (= type locality), we suggest further work be
undertaken before this synonymy is adopted.

Observations of the type material of C. racemosa
var. wvifera (as Fucus wvifer Turner nom. illeg.
BM000569472, Fig. S7 in the Supporting Informa-
tion) and C. racemosa var. clavifera Weber-van Bosse
(as Fucus clavifer Turner BM000569148, Fig. S8 in
the Supporting Information), both originally
described from the Red Sea (also the type locality
for C. racemosa) and currently regarded as synonyms
of C. racemosa, led us to conclude that their synon-
ymy with C. racemosa, as proposed by Papenfuss and
Egerod (1957), was most likely correct.

We thank G. Saunders and K. Dixon for many specimens and
sequences used in this study, and for valuable comments on
earlier versions of the manuscript; T. Sauvage for providing
access to vouchers as well as many valuable discussions; E.
Coppejans, H. Verbruggen, B. Brooks, D. Littler, M. Littler,
C. Schneider, T. Popolizio, C. Lane, E. Verheij, R. Dixon, G.
Kraft, L. Kraft, and G. Filloramo for help with specimen col-
lections, providing samples and/or sequences; S. D’hondt, M.
Marklund, D. McDevit and T. Moore generated some of the
molecular data. The (Schure) Beijerinck Popping Fund and
the TREUB maatschappij, the Royal Dutch Academy of Sci-
ences, provided research funds to WFPVR and SGAD. Micro-
nesia Conservation Trust to WFPVR. JMH acknowledges
fieldwork support by Woodside Energy Ltd and the Western
Australian Museum. The present research was funded by the
Australian Research Council (LLP0991083) to CFDG, the
Australian Census of Coral Reef Life to GSB and CFDG, the
Australian Biological Resources Study to CFDG and JMH;
Canadian Barcode of Life Network from Genome Canada
through the Ontario Genomics Institute, the Natural Sciences

and Engineering Research Council of Canada, and other
sponsors listed at www.BOLNET.ca to G. Saunders. Additional
support was provided by the Canada Research Chair Program
as well as infrastructure support from the Canada Foundation
for Innovation and New Brunswick Innovation, Alinytjara Wi-
lurara Natural Resources Management Board, Wildlife Con-
servation Fund (2009/10 #1458), the State Herbarium of SA,
the WA Herbarium and the Sir Mark Mitchell Foundation.
Finally, we acknowledge the assistance of staff at the British
Museum (BM), Leiden (L), Lund (LD), National Herbarium
of Victoria (MEL), Muséum National d’Histoire Naturelle
(PC), and Trinity College Dublin (TCD).

Abbott, I. A. & Huisman, J. M. 2004. Marine Green and Brown Algae
of the Hawaiian Islands. Bishop Museum Press, Honolulu, 259

PPp-

Agardh, C. A. 1817. Synopsis algarum Scandinaviae, adjecta dispositi-
one universali algarum. Berling, Lund, XL + 135 pp.

Agardh, C. A. 1823. Species algarum rite cognitae, cum synonymis,
differentiis specificis et descriptionibus succinctis 1. Berling,
Lund, 169-398.

Agardh, J. G. 1837. Novae species algarum, quas in itinere ad oras
maris rubri collegit Eduardus Ruppell cum observationibus
nonnullis in species rariores antea cognitas. Mus. Senckenberg.
2:169-74.

Agardh, J. G. 1873. Till algernes systematik. Nya Bidrag. Lunds
Univ. Arsskr. 9:1-71.

Amat, J. N., Cardigos, F. & Santos, R. S. 2008. The recent north-
ern introduction of the seaweed Caulerpa webbiana (Cauler-
pales, Chlorophyta) in Faial, Azores Islands (North-Eastern
Adantic). Aquat. Invasions 3:417-22.

Barraclough, T. G., Hughes, M., Ashford-Hodges, N. & Fujisawa,
T. 2009. Inferring evolutionarily significant units of bacterial
diversity from broad environmental surveys of single-locus
data. Biol. Lett. 5:425-8.

Bock, C., Proschild, T. & Krienitz, L. 2011. Updating the genus
Dictyosphaerium and description of Mucidosphaerium gen. nov.
(Trebouxiophyceae) based on morphological and molecular
data. J. Phycol. 47:638-52.

Borgesen, F. 1907. An ecological and systematic account of the
Caulerpas of the Danish West Indies. K. Danske Vidensk. Selsk.
Skrifter, Ser. 7 Naturvid. og Math. Afd. 4:337-92.

Bory de Saint-Vincent, J. B. G. M. 1826-1829. Cryptogamie. In
Duperrey, L. I. [Ed.] Voyage autour du monde: exécuté par ordre
du roi, sur la corvetle de Sa Majeste, La Coquille pendant les
annees. Atlas Bertrand, Paris, pp. 97-201, 201-85.

Calvert, H. E. 1976. Culture studies on some Florida species of
Caulerpa: morphological responses to reduced illumination.
Br. Phycol. J. 11:203-14.

Calvert, H. E., Dawes, C. J. & Borowitzka, M. A. 1976. Phyloge-
netic relationships of Caulerpa (Chlorophyta) based compara-
tive chloroplast ultrastructure. J. Phycol. 12:149-62.

Coppejans, E., Leliaert, F., Dargent, O., Gunasekara, R. & De
Clerck, O. 2009. Sri Lankan seaweeds. Methodologies and
field guide to the dominant species. ABC Taxa 6:1-265.

Coppejans, E. & Prud’homme van Reine, W. F. 1992. Seaweeds of
the Snellius-II expedition (E. Indonesia): the genus Caulerpa
(Chlorophyta-Caulerpales). Bull. Séanc. Acad. Sci. Outre-Mer.
37:667-712.

Cribb, A. B. & Cribb, J. W. 1985. Plant life of the Great Barrier Reef
and adjacent shores. University of Queensland Press, Brisbane,
294 pp.

De Clerck, O., Guiry, M. D., Leliaert, F., Samyn, Y. & Verbruggen,
H. 2013. Algal taxonomy: a road to nowhere? J. Phycol.
49:215-25.

Decaisne, J. 1842. Essais sur une classification des algues et des
polypiers calciferes de Lamouroux. Ann. Sci. Nat. Bot. sér. 2
17:297-381, pls 14-17.

Decaisne, J. 1846-1864. Botanique. /n Du Petit-Thouars, A. [Ed.]
Voyage autour du monde sur la frégate la Vénus. Théodore Mor-
gand, Paris; Atlas de botanique. 1846. Gide et Cie, Paris, pp.
297-381.



52 GARETH S.

Dijoux, L., Verbruggen, H., Mattio, L., Duong, N. & Payri, C.
2012. Diversity of Halimeda (Bryopsidales, Chlorophyta) in
New Caledonia: a combined morphological and molecular
study. J. Phycol. 48:1465-81.

Drummond, A. J., Ho, S. Y. W., Phillips, M. J. & Rambaut, A.
2006. Relaxed phylogenetics and dating with confidence.
PLoS Biol. 4:e88.

Drummond, A. J. & Rambaut, A. 2007. BEAST: Bayesian evolu-
tionary analysis by sampling trees. BMC Evol. Biol. 7:214.
Esper, E. ]J. C. 1800. Icones fucorum cum characteribus systematicis,
synonimis auctorum et descriptionibus novarum specierum. Vol. 1

Part 4. Raspe, Nurnberg, pp. 167-217, Tab. 88-111.

Esselstyn, J. A., Evans, B. ]J., Sedlock, J. L., Khan, F. A. A. & Hea-
ney, L. R. 2012. Single-locus species delimitation: a test of
the mixed Yule-coalescent model, with an empirical applica-
tion to Philippine round-leaf bats. Proc. R. Soc. Lond. B Biol.
Sei. 279:3678-86.

Eubank, L. L. 1946. Hawaiian representatives of the genus Caul-
erpa. Univ. Calif. Publ. Bot. 18:409-31.

Evans, K. M. & Mann, D. G. 2009. A proposed protocol for no-
menclaturally effective DNA barcoding of microalgae. Phycolo-
gia 48:70-4.

Fama, P., Wysor, B., Kooistra, W. H. C. F. & Zuccarello, G. C.
2002. Molecular phylogeny of the genus Caulerpa (Cauler-
pales, Chlorophyta) inferred from chloroplast tufA gene.
J- Phycol. 38:1040-50.

Forsskal, P. 1775. Flora Aegyptiaca-Arabica...Post mortem auctoris edidit
Carsten  Niebuhr. Copenhagen Havniae. 32+CXXVI+219 [-
220] pp., frontispiece [map].

Fritsch, F. E. 1965. The Structure and Reproduction of the Algae, vol 1.
Cambridge University Press, London, 791 pp.

Guiry, M. D. & Guiry, G. M. 2013. AlgaeBase. World-wide elec-
tronic publication, National University of Ireland, Galway.
Available at: http://www.algaebase.org (accessed September
4, 2013).

Hindeler, K., Wigele, H., Wahrmund, U. T. E., Riidinger, M. &
Knoop, V. 2010. Slugs’ last meals: molecular identification of
sequestered chloroplasts from different algal origins in Saco-
glossa (Opisthobranchia, Gastropoda). Mol. FEvol. Resources
10:968-78.

Hanyuda, T., Arai, S. & Ueda, K. 2000. Variability in the rbcl. in-
trons of Caulerpean algae (Chlorophyta, Ulvophyceae).
J- Plant. Res. 113:403-13.

Harvey, W. H. 1858. Phycologia Australica: 1. Lovell Reeve & Co,
London, pp. i—xi + v-viii, Plates I-LX.

Hodgson, L. M., Pham Huu, Tri, Lewmanomont, K. & McDer-
mid, K. J. 2004. Annotated checklist of species of Caulerpa
and Caulerpella (Bryopsidales, Caulerpaceae) from Vietnam,
Thailand and the Hawaiian Islands. /n Abbott, I. A. &
McDermid, K. J. [Eds.] Taxonomy of Economic Seaweeds: With
Reference to Some Pacific and Caribbean Species, Vol. IX. Univer-
sity of Hawaii Sea Grant College Program, Honolulu, Hawaii,
pp- 21-38.

Holmgren, P. K., Holmgren, N. H. & Barnett, L. C. 1990. Index
Herbariorum. Part I: The Herbaria of the World, 8th edn. New
York Botanical Garden, New York, 693 pp.

Hughey, J. R. & Gabrielson, P. W. 2012. Comment on “Acquiring
DNA sequence data from dried archival red algae (Florideo-
phyceae) for the purpose of applying available names to con-
temporary genetic species: a critical assessment. Bolany
90:191-203.

Huisman, J. M. 2000. Marine Plants of Australia. University of
Western Australia Press, Nedlands, 300 pp.

Jongma, D. N., Campo, D., Dattolo, E., D’Esposito, D., Duchi, A,,
Grewe, P., Huisman, J., Verlaque, M., Yokes, M. B. & Procac-
cini, G. 2013. Identity and origin of a slender Caulerpa taxifo-
lia strain introduced into the Mediterranean Sea. Bot. Mar.
56:27-39.

Jousson, O., Pawlowski, J., Zaninetti, F., Zechman, W., Dini, F., Di
Guiseppe, G., Woodfield, R., Millar, A. & Meinesz, A. 2000.
Invasive alga reaches California. Nature 408:157-8.

Klein, J. & Verlaque, M. 2008. The Caulerpa racemosa invasion: a
critical review. Mar. Pollut. Bull. 56:205-25.

BELTON ET AL.

Kraft, G. T. 2007. Algae of Australia: Marine Benthic Algae of Lord
Howe Island and the Southern Great Barrier Reef. 1 Green algae.
CSIRO Publishing, Melbourne, Australia, 347 pp.

Kiitzing, F. T. 1849. Species Algarum. F.A. Brockhaus, Liepzig, 922

pPpP-

Kiitzing, F. T. 1857. Tabulae Phycologicae Vol. VII. Nordenhausen,
pp- i-ii, 1-40, 100 pls.

Lam, D. W. & Zechman, F. W. 2006. Phylogenetic analyses of the
Bryopsidales (Ulvophyceae, Chlorophyta) based on RUBI-
SCO large subunit gene sequences. J. Phycol. 42:669-78.

Lamouroux, J. V. F. 1809a. Observations sur la physiologie des al-
gues marines, et description de cinq nouveaux genres de
cette famille. Nouwv. Bull. Sci. Soc. Philom. Paris 1:330-8, pl. 6.

Lamouroux, J. V. F. 1809b. Mémoire sur les Caulerpes, nouveau
genre de la famille des algues marines. /. de Bot. 2:136-46,
pl. 2, 3.

Lamouroux, J. V. F. 1813. Essai sur les genres de la famille des
Thalassiophytes non articulées. Ann. Mus. Hist. Nat., Paris
20:21-47, 115-39, 267-93, pl. 7-13.

Lamouroux, J. V. F. 1823. CAULERPE - Caulerpa, p. 280-282, in:
Audouin, J.V., Bourdon, I., Brongniart, A., de Candolle, A.P.
& Bory de Saint Vincent, ].B.G.G.M. and many others (Eds)
Dictionnaire classique d’histoire naturelle, Part 3, CAD-CHI,
592 pp.

Lapointe, B. E., Barile, P. J., Wynne, M. J. & Yentsch, C. S. 2005.
Reciprocal invasion: native Caulerpa ollivieri in the Bahamas
supported by human nitrogen enrichment. Aquat. Invaders
16:3-5.

Larkin, M. A., Blackshields, G., Brown, N. P., Chenna, R., McGett-
igan, P. A., McWilliam, H., Valentin, F. et al. 2007. Clustal W
and Clustal X version 2.0. Bioinformatics 23:2947-8.

Leliaert, F., Verbruggen, H., Wysor, B. & De Clerck, O. 2009.
DNA taxonomy in morphologically plastic taxa: algorithmic
species delimitation in the Boodlea complex (Chlorophyta:Si-
phonocladales). Mol. Biol. Evol. 53:122.

Littler, D. S. & Littler, M. M. 2000. Caribbean Reef Plants. An Identi-
fication Guide to the Reef Plants of the Caribbean, Bahamas, Flor-
ida and Gulf of Mexico. Offshore Graphics Inc, Washington,
D.C., USA, 542 pp.

Littler, D. S. & Littler, M. M. 2003. South Pacific Reef Plants. A
Divers Guide to the Plant Life of South Pacific Coral Reefs. Off-
shore Graphics Inc, Washington, D.C., USA, 331 pp.

Lohse, K. 2009. Can mtDNA barcodes be used to delimit species?
A response to Pons et al. (2006). Syst. Biol. 58:439-41.

Maeda, T., Hirose, E., Chikaraishi, Y., Kawato, M., Takishita, K.,
Yoshida, T., Verbruggen, H. et al. 2012. Algivore or photo-
troph?  Plakobranchus ocellatus (Gastropoda) continuously
acquires kleptoplasts and nutrition from multiple algal spe-
cies in nature. PLoS ONE 7:¢42024.

Mann, D. 2010. Discovering diatom species: is a long history of
disagreements about species-level taxonomy now at an end?.
Plant Ecol. Evol. 143:251-64.

Meinesz, A. & Hesse, B. 1991. Introduction et invasion de I’algue
tropicale Caulerpa taxifolia en Méditerranée nord-occidentale.
Oceanologia Acta 14:415-26.

Monaghan, M. T., Wild, R., Elliot, M., Fujisawa, T., Balke, M.,
Inward, D. J. G., Lees, D. C., Ranaivosolo, R., Eggleton, P.,
Barraclough, T. G. & Vogler, A. P. 2009. Accelerated species
inventory on Madagascar using coalescent-based models of
species delineation. Syst. Biol. 58:298-311.

Montagne, J. P. F. C. 1842. Prodromus Generum Specierumque Phycea-
rum Novarum in itinere ad Polum Antarcticum. Apud Gide,
Paris, 16 pp.

Murphy, N. P., Adams, M., Guzik, M. T. & Austin, A. D. 2013.
Extraordinary micro-endemism in Australian desert spring
amphipods. Mol. Phylogenet. Evol. 66:645-53.

Murray, G. 1887. Catalogue of Ceylon algae in the herbarium of
the British Museum. Annals and Magazine of Natural History,
Series 5(20):21-44.

Nizamuddin, M. 1964. Studies on the genus Caulerpa from Kar-
achi. Bot. Mar. 6:204-23.

N’Yeurt, A. D. R. & Payri, C. E. 2004. A preliminary annotated
checklist of the marine algae and seagrasses of the Wallis



CAULERPA RACEMOSA-PELTATA COMPLEX 53

Islands (French Overseas Territory of Wallis and Futuna),
South Pacific. Aust. Syst. Bot. 17:367-97.

Ohba, H. & Enomoto, S. 1987. Culture studies on Caulerpa (Caul-
erpales, Chlorophyceae). II. Morphological variation of
C. racemosa var. laelevirens under various culture conditions.
Jpn. J. Phycol. 35:178-88.

Papadopoulou, A., Anastasiou, I., Spagopoulou, F., Stalimerou,
M., Terzopoulou, S., Legakis, A. & Vogler, A. P. 2011. Test-
ing the species-genetic diversity correlation in the Aegean
archipelago: toward a haplotype-based macroecology? Am.
Nat. 178:241-55.

Papenfuss, G. F. & Egerod, L. E. 1957. Notes on South African
marine Chlorophyceae. Phytomorphology 7:82-93.

Payo, D. A,, Leliaert, F., Verbruggen, H., D’hondt, S., Calumpong,
H. P. & De Clerck, O. 2013. Extensive cryptic species diversity
and fine-scale endemism in the marine red alga Portieria in
the Philippines. Proc. R. Soc. Lond. B 280:20122660.

Pedroche, F. F., Silva, P. C., Aguilar-Rosas, L. E., Dreckmann, K.
M. & Aguilar-Rosas, R. 2005. Catdlogo de las algas marinas
bentonicas del Pacifico de México. 1. Chlorophycota. Universidad
Auténoma de Baja California, Ensenada, México, 146 pp.

Pérez-Estrada, C. J., Rodriguez-Estrella, R., Palacios-Salgado, D. S.
& Paz-Garcia, D. A. 2013. Initial spread of the invasive green
alga Caulerpa verticillata over coral reef communities in the
Gulf of California. Coral Reefs 3:865.

Peterson, R. D. 1972. Effect of light intensity on the morphology
and productivity of Caulerpa racemosa. Micronesica 8:63-86.
Pons, J., Barraclough, T. G., Gomez—Zurita, ]., Cardoso, A.,
Duran, D. P., Hazell, S., Kamoun, S., Sumlin, W. D. & Vo-
gler, A. P. 2006. Sequence-based species delimitation for the
DNA taxonomy of undescribed insects. Syst. Biol. 55:595-609.

Posada, D. 2008. jModelTest: phylogenetic model averaging. Mol.
Biol. Evol. 25:1253-6.

Price, I. R. 2011. A taxonomic revision of the marine green algal
genera Caulerpa and Caulerpella (Chlorophyta, Caulerpaceae)
in northern (tropical and subtropical) Australia. Aust. Syst.
Bot. 24:137-213.

Rambaut, A. & Drummond, A. J. 2007. Tracer, Version 1.4. Avail-
able at: http://beast.bio.ed.ac.uk/Tracer.

Reid, N. M. & Carstens, B. C. 2012. Phylogenetic estimation error
can decrease the accuracy of species delimitation: a Bayesian
implementation of the general mixed Yule-coalescent model.
BMC Evol. Biol. 12:196.

Reinke, J. 1899. Ueber Caulerpa. Ein Beitrag zur Biologie der Me-
eres-Organismen. Wissenschaftliche Meeresuntersuchungen, Abtei-
lung Kiel. 5:1-96.

Saunders, G. W. 2008. A DNA barcode examination of the red
algal family Dumontiaceae in Canadian waters reveals sub-
stantial cryptic species diversity. 1. The foliose Dilsea—Neodilsea
complex and Weeksia. Botany 86:773-89.

Saunders, G. W. & Kucera, H. 2010. An evaluation of rbcL., tufA,
UPA, LSU and ITS as DNA barcode markers for the marine
green macroalgae. Cryptog. Algol. 31:487-528.

Saunders, G. W. & McDevit, D. C. 2012. Acquiring DNA sequence
data from dried archival red algae (Floridophyceae) for the
purpose of applying available names to contemporary
genetic species: a critical assessment. Botany 90:191-203.

Sauvage, T., Payri, C., Draisma, S. G. A., Prud’homme van Reine,
W. F., Verbruggen, H., Belton, G. S., Gurgel, C. F. D., Gab-
riel, D., Sherwood, A. R. & Fredericq, S. 2013. Molecular
diversity of the Caulerpa racemosa-peltata complex (Caulerpa-
ceae, Caulerpales) in New Caledonia, with new Australasian
records for the variety cylindracea. Phycologia 52:6-13.

de Senerpont Domis, L. N., Fama, P., Bartlett, A. J., Prud’homme
van Reine, W. F., Spinosa, C. E. & Trono, G. C. Jr 2003.
Defining taxon boundaries in members of the morphologi-
cally and genetically plastic genus Caulerpa (Caulerpales,
Chlorophyta). J. Phycol. 39:1019-37.

Setchell, W. A. & Gardner, N. L. 1930. Marine algae of the Revil-
lagigedo Islands Expedition in 1925. Proc. Calif. Acad. Sci.
19:109-215.

Silberfeld, T., Bittner, L., Fernandez-Garcia, C., Cruaud, C., Rous-
seau, F., de Reviers, B., Leliaert, F., Payri, C. E. & De Clerck,

O. 2013. Species diversity, phylogeny and large scale biogeo-
graphic patterns of the genus Padina (Phaeophyceae, Dictyo-
tales). . Phycol. 49:130-42.

Silva, P. C., Basson, P. W. & Moe, R. L. 1996. Catalogue of the Ben-
thic Marine Algae of the Indian Ocean. University of California
Press, Berkeley and Los Angeles, California, 1260 pp.

Skelton, P. A. & South, G. R. 2007. The benthic marine algae of
the Somoan Archipelago, South Pacific, with emphasis on
the Apia District. Nova Hedwigia Beih. 132:1-350.

Sonder, G. 1845. Nova algarum genera et species, quas in itinere
ad oras occidentales Novae Hollandiae, collegit L. Priess.
Ph. Dr. Bot. Zeitung (Berlin) 3:49-57.

South, G. R. & Skelton, P. A. 2003. Revisions and additions to
Caulerpa (Chlorophyta, Caulerpaceae) from the Fiji Islands,
South Pacific. Aust. Syst. Bot. 16:539—-48.

Stam, W. T., Olsen, J. L., Zaleski, S. F., Murray, S. N., Brown, K. R.
& Walters, L. J. 2006. A forensic and phylogenetic survey of
Caulerpa species (Caulerpales, Chlorophyta) from the Florida
coast, local aquarium shops, and e-commerce: establishing a
proactive baseline for early detection. J. Phycol. 42:1113-24.

Stamatakis, A., Hoover, P. & Rougemont, J. 2008. A rapid boot-
strap algorithm for the RAxXML web servers. Syst. Biol.
57:758-71.

Svedelius, N. 1906. Reports on the marine algae of Ceylon. No. 1.
Ecological and systematic studies of the Ceylon species of
Caulerpa. Ceylon Mar. Biol. Rep. 4:81-144.

Tautz, D., Arctander, P., Minelli, A., Thomas, R. H. & Vogler, A.
P. 2003. A plea for DNA taxonomy. Trends Ecol. Evol. 18:70—4.

Taylor, W. R. 1960. Marine Algae of the Eastern Tropical and Subtropi-
cal Coasts of the Americas. University of Michigan Press, Ann
Arbor, Michigan, 870 pp.

Trevisan, V. B. A. 1849. Caulerpearum sciagraphia. Linnaea
22:129-44.

Tronholm, A., Leliaert, F., Sansén, M., Alfonso-Carrillo, J.,
Tyberghein, L., Verbruggen, H. & De Clerck, O. 2012. Con-
trasting geographical distributions as a result of thermal tol-
erance and long-distance dispersal in two allegedly
widespread tropical brown algae. PLoS ONE 7:¢30813.

Tronholm, A,, Steen, F., Tyberghein, L., Leliaert, F., Verbruggen,
H., Ribera Siguan, M. A. & De Clerck, O. 2010. Species
delimitation, taxonomy and biogeography of Dictyota in Eur-
ope (Dictyotales, Phaeophyceae). J. Phycol. 46:1301-21.

Turner, D. 1807-1808. Fuci sive plantarum fucorum generi a botanicis
ascriptaum icones descriptiones et historia. Vol. 1. Printed by ]J.
McCreery, London, for J. & A Arch, booksellers, 164 pp, pl.
1-71.

Turner, D. 1811-1819. Fuci sive plantarum fucorum generi a botanicis
ascriptaum icones descriptiones et historia. Vol. 4. Printed by J.
McCreery, London, for J. & A Arch, booksellers, 153 pp, pl.
197-258.

Verbruggen, H., De Clerck, O., Kooistra, W. H. C. F. & Coppe-
jans, E. 2005. Molecular and morphometric data pinpoint
species boundaries in Halimeda section Rhipsalis (Bryopsi-
dales, Chlorophyta). /. Phycol. 41:606-21.

Verbruggen, H., Leliaert, F., Maggs, C. A., Shimada, S., Schils, T,
Provan, J., Booth, D. et al. 2007. Species boundaries and phy-
logenetic relationships within the green algal genus Codium
(Bryopsidales) based on plastid DNA sequences. Mol. Phyloge-
net. Evol. 44:240-54.

Verbruggen, H., Ashworth, M., LoDuca, S. T., Vlaeminck, C., Coc-
quyt, E., Sauvage, T., Zechman, F. W., Littler, D. S., Littler,
M. M., Leliaert, F. & De Clerck, O. 2009a. A multi-locus
time-calibrated phylogeny of the siphonous green algae. Mol.
Phylogenet. Evol. 50:642-53.

Verlaque, M., Durand, C., Huisman, J. M., Boudouresque, C.-F. &
Le Parco, Y. 2003. On the identity and origin of the Mediter-
ranean invasive Caulerpa racemosa (Caulerpales, Chlorophyta).
Eur. J. Phycol. 38:325-39.

Weber-van Bosse, A. 1898. Monographie des Caulerpes. Ann.
Jardin Bot. Buitenzorg. 15:243-401, pl. XX-XXXIV.

Weber-van Bosse, A. 1913. Liste de algues du Siboga. 1. Myxophyceae,
Chlorophyceae, Phacophyceae avec le concours de M. Th. Reinbold.
Vol. 59a, E/J. Brill, Leiden, 186 pp, pls. I-V.



54 GARETH S. BELTON ET AL.

Womersley, H. B. S. 1956. A critical survey of the marine algae of
southern Australia. 1. Chlorophyta. Aust. J. Mar. Freshwater
Res. 7:343-83.

Womersley, H. B. S. 1984. The marine benthic flora of southern Aus-
tralia. Part I. Government Printer, Adelaide, South Australia,
329 pp.

Womersley, H. B. S. 2003. The marine benthic flora of southern Austra-
lia - Part IIID Ceramiales - Delesseriaceae, Sarcomeniaceae, Rhodomel-
aceae. Government Printer, Adelaide, South Australia, 533 pp.

Wynne, M. J., Verbruggen, H. & Angel, D. L. 2009. The recognition
of Caulerpa integerrima (Zanardini) comb. et stat. nov. (Bryopsi-
dales, Chlorophyta) from the Red Sea. Phycologia 48:291-301.

Zanardini, G. 1858. Plantarum in mari Rubro hucusque collecta-
rum enumerato (juvante A. Figari). Memoirie del Reale Istituto
Veneto di Scienze, Lettere ed Arti. 7:209-309.

Zuccarello, G. C.,Yoon, H. S., Kim, H. J., Sun, L., Loiseaux, de Goér
& West, A. J. 2011. Molecular phylogeny of the upright Erythro-
peltidales (Compsopogonophyceae, Rhodophyta): multiple
cryptic lineages of Erythrotrichia carnea. J. Phycol. 47:627-37.

Supporting Information

Additional Supporting Information may be
found in the online version of this article at the
publisher’s web site:

Figure S1. Bayesian inference results derived
from the combined /ufA and rbc. DNA sequence
data set (38 taxa, 1,771 nt) for Caulerpa. Num-
bered lineages correspond to those of Figure 3.
Values at internal nodes are BI posterior probabil-
ities (PP) and ML bootstrap percentages (BP),
respectively. PP values below 0.5 and BS values
below 50 are not shown. The scale is 0.02
expected changes per site.

Figure S2. Phylogram of taxa belonging to
Caulerpa based on Bayesian relaxed molecular
clock analyses of the same (ufA data set as Fig-
ure 3. Caulerpa racemosa-peltata complex taxa are
in boldface. Lineage 6 (C. chemnilzia) represents
three GMYC lineages and Lineage 4 (C. macra)
represents two “long branches and high support”
lineages. Numbers at branch nodes correspond to
BI posterior probabilities (PP) and ML bootstrap
percentages (BP). PP values below 0.5 and BS val-
ues below 50 are not shown. The scale is 0.03
expected changes per site.

Figure S3. (A) Type specimen of Caulerpa race-
mosa var. gracilis (Zanardini) Weber-van Bosse
from Tor, Sinai Peninsula, Egypt (originally
described as C. clavifera var. gracilis Zanardini),
currently regarded as a heterotypic synonym of
C. racemosa var. lamourouxii f. requienii (Montagne)
Webervan Bosse. Specimen TCD0011042. (B)
Type specimen of Caulerpa clavifera var. nudiuscula
Zanardini (given as nudicaulis), from Red Sea,
Egypt. This taxon is currently regarded as a het-
erotypic synonym of C. racemosa var. lamourouxii f.
requienii (Montagne) Weber-van Bosse. Specimen
TCDO0011044. Both scale bars = 40 mm.

Figure S4. (A) Type specimen of Caulerpa race-
mosa var. laetevirens (Montagne) Weber-van Bosse

from Toud Island, Torres Strait, Australia
(MA10323 in PC, originally described as C. laetevi-
rens Montagne but now regarded as C. chemnitzia
(Esper) J. V. Lamouroux). (B) Specimen of Caul-
erpa racemosa var. occidentalis (J. Agardh) Bgrgesen
(originally described as C. chemnilzia var. occiden-
talis J. Agardh, but now regarded as C. chemnitzia
(Esper) J. V. Lamouroux) from a folder in Her-
barium Agardh (LD) labeled: “syntypes of f occiden-
talis’.  Specimen collected from Vera Cruz
(16789). Scale bars: A = 50 mm; B = 40 mm.

Figure S5. Syntype specimen of Caulerpa imbri-
cata G. Murray from Sri Lanka, now regarded as a
heterotypic synonym of C. chemnitzia (Esper) J. V.
Lamouroux. Specimen: BM000569448.

Figure S6. (A) A supposed lectotype specimen
of Caulerpa racemosa var. turbinata (J. Agardh)
Eubank from the Red Sea, Egypt (originally
described as C. clavifera var. turbinata J. Agardh,
but now regarded as C. chemnitzia (Esper) J. V.
Lamouroux). As ]J. Agardh did not annotate
which specimens he used when describing new
taxa, we cannot be sure that this is the true lecto-
type specimen (specimens 16753a from LD). (B)
Syntype specimen of C. peltata var. exigua Weber-
van Bosse (BMO000841593) collected from the
Cooks Islands. (C) One of the syntype specimens
of C. peltata var. stellata (Harvey ex J]. Agardh)
Weber-van Bosse (BM001044725) collected from
Tonga. Scale bar: A = 20 mm; C = 30 mm.

Figure S7. Holotype specimen of Caulerpa race-
mosa var. wvifera (Turner) Weber-van Bosse (as
Fucus wvifer Turner nom. illeg.) from the Red Sea,
currently regarded as a heterotypic synonym of
C. racemosa  (Forsskal) J. Agardh. Specimen:
BM000569472. Scale bar = 50 mm.

Figure S8. Holotype specimen of Caulerpa race-
mosa var. clavifera Weber-van Bosse (as Fucus clavif-
er Turner) from the Red Sea, currently regarded
as a heterotypic synonym of C. racemosa (Forsskal)
J. Agardh. Specimen: BM000569148.

Table S1. GenBank accessions, herbarium
accessions and collection details of newly
sequenced Caulerpa specimens.

Table S2. GenBank sequences used in the fufA
and 7rbcL. alignments. Updated names are only
provided for taxa previously assigned to the Caul-
erpa racemosa—C. peltata complex.

Table S3. Nomenclature details of taxa dis-
cussed in the present study.

Appendix S1. References used to morphologi-
cally identify newly collected specimens.
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