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Abstract

Background: Many tropical marine m acroalgae  are reported  from all th ree  ocean  basins, th o u g h  th ese  very wide 
d istributions m ay simply be  an  artifact resulting from in ad e q u a te  tax o n o m y  th a t  fails to  take  into a cco u n t  cryptic diversity. 
Alternatively, pantropical d is tr ibutions challenge  th e  belief of limited intrinsic dispersal capacity  o f  m arine s e a w ee d s  and  th e  
effectiveness o f  th e  north -sou th  or ien ted  c on tinen ts  as dispersal barriers. We a im ed  to  re-assess th e  distribution o f  tw o  
allegedly circumtropical b rown algae, Dictyota ciliolata a n d  D. crenulata, and  in terpret  th e  realized geograph ica l  range  of 
t h e  respective species  in relation to  their  therm al to le rance  and  major tec ton ic  an d  climatic even ts  during th e  Cenozoic.

M ethodology/Principal Findings: Species delimitation was based  on  184 chloroplast  e n c o d e d  psbk  sequ en ces ,  using a 
Generalized Mixed Yule Coalescen t  m e th o d .  Phylogenetic  relationships w ere  inferred by analyzing a six-gene da tase t.  
Divergence t im es w ere  e s t im a ted  using relaxed molecular  clock m e th o d s  and  published calibration data .  Distribution 
ranges o f  th e  species  w ere  inferred from DNA-confirmed records, c o m p le m e n te d  with credible  literature d a ta  and  
herbarium  vouchers.  T em p era tu re  to le rances o f  th e  species  w ere  d e te rm in ed  by correlating distribution records with local 
SST values. We found  considerab le  conflict b e tw ee n  traditional and  DNA-based species  definitions. Dictyota crenulata 
consists o f  several p seudocryptic  species,  which have restricted distr ibutions in th e  Atlantic Ocean an d  Pacific Central 
America. In contrast ,  th e  pantropical distribution o f  D. ciliolata is confirm ed a n d  linked to  its significantly w ider  t e m p e ra tu re  
to lerance.

Conclusions/Significance: Tectonically driven re a r ran g em en ts  o f  physical barriers left an  unequivocal imprint on  th e  
curren t  diversity pa t te rns  o f  m arine m acroalgae,  as w itnessed  by th e  D. crenulata-comp\ex. The nearly c ircumglobal tropical 
d istribution o f  D. ciliolata, however,  d e m o n s tr a te s  th a t  th e  north -sou th  o r ien ted  c on tinen ts  d o  no t  p re sen t  ab so lu te  
dispersal barriers for species characterized by wide t e m p e ra tu re  tolerances.

C ita tion : Tronholm A, Leliaert F, Sansón M, Afonso-Carrillo J, Tyberghein L, e t al. (2012) Contrasting Geographical Distributions as a Result of Thermal Tolerance 
and Long-Distance Dispersal in Two Allegedly Widespread Tropical Brown Algae. PLoS ONE 7(1): e30813. doi:10.1371/journal.pone.0030813

E dito r: Keith A. Crandall, Brigham Young University, United States of America

R eceived September 20, 2011; A ccep ted  December 21, 2011; P u b lish ed  January 26, 2012

C op y rig h t: © 2012 Tronholm e t al. This is an open-access article distributed under the  terms of the  Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the  original author and source are credited.

F und ing : AT was funded through a PhD fellowship from the Canarian Agency for Research, Innovation and Information Society (ACIISI). Funding was provided 
by the Research Foundation-Flanders (FWO, research grant G.0142.05 and postdoctoral fellowships to  FL and HV). LT is funded by the  Institute for the  Promotion 
of Innovation by Science and Technology in Flanders (IWT), and received support from the  King Leopold III Fund for Nature Exploration and Conservation. The 
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the  manuscript.

C o m p e tin g  In te re s ts : The authors have declared that no competing interests exist.

* E-mail: olivier.declerck@ugent.be

Introduction

G eographical distributions an d  range sizes o f species typically 
result from  the com plex interplay o f ecological an d  historical 
factors. T h e  com bined effect o f  an  organism ’s ability to disperse 
and  the strength o f dispersal barriers will, am ongst o ther factors, 
greatly influence the realized distribution o f a  species. T he 
apparen t lack o f dispersal barriers com bined w ith high dispersal 
capacities has often been  invoked to explain wide distribution 
ranges o f m any m arine species [1,2]. H ow ever, even am ong 
m arine organism s distribution ranges vary widely as do their 
intrinsic dispersal capacities. K in lan  & G aines [3], using isolation- 
by-distance slopes, determ ined that propagule dispersal varies at 
least over five orders o f m agnitude am ong m arine organisms.

C om pared  to m arine invertebrates an d  fish, m acroalgae are 
considered poor dispersers. Even though m anifest evidence for 
long distance dispersal exists, these events are p robably  relatively 
uncom m on [4—7]. C ongruent with lim ited dispersal capacities, 
accum ulating  m olecular da ta  provide evidence for the prevalence 
o f geographically restricted cryptic species in m any allegedly 
globally distributed seaweeds e.g. [8-10],

For tropical m arine coastal organism s the closure o f  the 
circum tropical T ethyan  seaway and  the N orth-South  orientation 
o f the African and  A m erican continents together w ith a  steepening 
o f the sea surface tem perature  gradient from  the equator to the 
poles since the late Eocene [11] resulted in m ajor dispersal 
barriers. Sea surface tem perature  is know n to play a  pivotal role in 
determ ining the range and  position o f distributions o f  m acroalgae,
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and  m arine organisms in general e.g. [12-15]. T em pera tu re  limits 
for survival, grow th a n d /o r  reproduction  correlate well w ith the 
geographic ranges o f seaweeds [16]. M ost species display a  ra ther 
narrow  therm al tolerance range w hich is reflected in restricted 
latitudinal distributions [17-19]. For tropical species this implies a 
serious constrain t on  dispersal betw een oceanic basins. A lterna­
tively, and  avoiding cold w ater dispersal barriers, interoceanic 
dispersal m ay succeed th rough  the Suez an d  P anam a C anal, 
provided th a t the species cope with the osmotic stress resulting 
from  the hyper- o r hyposaline conditions th a t characterize these 
canals. Despite the ap p aren t strength o f the barriers th a t separate 
the m ajor ocean basins, unequivocal m olecular evidence for 
w idespread circum tropical algal distributions has been presented  
for some seaweeds, including Caulerpa species [20-21], the Boodlea- 
com plex [22] and  the red  alga Murrayella periclados [23]. These 
distributions challenge the belief o f  lim ited intrinsic dispersal 
capacity an d  the effectiveness o f the north-south  orientated  
continents as dispersal barriers for tropical m arine seaweeds.

In  this study we address the genetic differentiation and  
distribution patterns o f Dictyota, a  p rom inen t genus in tropical to 
w arm -tem perate oceans. W e focus on Dictyota species w ith dentate 
m argins, w hich are generally reported  under the nam es D. ciliolata 
and  D. crenulata. Dictyota ciliolata, originally described from  the 
C aribbean  Sea, is regarded as an  illustrative species with a 
pantropical distribution [24-29]. Dictyota crenulata, originally 
described from  southern Pacific M exico, closely resembles D. 
ciliolata bu t differs in  the abundance and  shape o f the m arginal 
teeth. In  D. crenulata the m argins are set w ith num erous triangular­
shaped teeth  th a t are regularly spaced; while in D . ciliolata tee th  are 
m uch less ab u n d an t and  irregularly spaced or absent altogether. 
Like D. ciliolata, D . crenulata has been assum ed to be broadly 
distributed in the tropics, a lthough its occurrence in the Indo-W est 
Pacific has been  questioned [27]. In  the C aribbean  Sea the species 
is frequently reported  as D. jamaicensis Taylor, a  taxon w hich is 
considered synonym ous with D. crenulata [30].

Since these very wide distributions m ay simply be an  artifact 
resulting from  inadequate taxonom y w hich faffs to take into 
account cryptic diversity we aim  to: 1. delim it species using a 
sequence-based algorithm ic m ethodology based on  a  dataset o f 
184 chloroplast encoded psbA  sequences o f Dictyota representatives;
2. re in terp re t geographical distributions o f the respective species;
3. assess how tem perature  tolerance an d  the closure o f the 
T ethyan  seaway in the C enozoic have shaped the curren t ranges 
and  diversity patterns using a  phylogenetic approach. T em p era ­
ture tolerances o f the species were determ ined by correlating 
distribution records with sea surface tem peratu re  data.

Materials and M ethods

Taxon sa m p lin g  a n d  DNA s e q u e n c in g
W e sam pled an  extensive num ber o f specimens of Dictyota 

ciliolata, D . crenulata and  o ther Dictyota species collected worldwide 
(see T able  SI in Supporting  Inform ation). M orphological species 
identification was based on regional floras and  a  recent taxonom ic 
treatise o f the genus [24,27,30-32]. T o tal genom ic D N A  was 
extracted from  silica gel preserved m aterial using a  standard  
C TA B -extraction m ethod and  subsequent purification w ith a 
W izard® D N A  C lean-U p System (Prom ega Inc., M adison, W I, 
USA) as outlined in De Clerck et al. [33]. T h e  plastid-encoded 
psbA  (photosystem II reaction  center pro tein  D l)  and  rbch 
(RuBisCO large subunit) genes were am plified and  sequenced as 
outlined by De Clerck e t al. [33] and  H w ang et al. [34], 
M itochondrial coxi, coxi and  nad 1 genes were am plified and  
sequenced according to T ronholm  et al. [35]. T h e  pro tein  coding

sequences were aligned by  eye using M E G A  5 [36]. A com plete 
list o f specimens used in the m olecular analyses is detailed in Table 
SI in Supporting  Inform ation.

S pec ies  de l im ita t io n
Species w ere delim ited using a psbA  dataset o f 184 unique 

Dictyota sequences. W e used an  algorithm ic approach  developed by 
Pons e t al. [37] and  M onaghan  et al. [38]. T h e  m ethod, using a 
G eneralized M ixed Yule Coalescent (GM YC) m odel aims to 
detect the transition betw een m icro- and  m acroevolutionary 
patterns using an  ultram etric  tree and  hence define the species 
boundary . A m axim um  likelihood approach  is used to optim ize 
the shift in b ranch ing  rates in an  ultram etric  gene tree from 
interspecific branches (Yule model) to intraspecific branches 
(neutral coalescent). T o  obtain  an  ultram etric  tree, a  Bayesian 
phylogenetic analysis, using one sequence for each haplotype, was 
conducted  in BEA ST v l.5 .3  [39] under a  G T R +  I+ G  m odel with 
an  uncorrelated  lognorm al (UCLN) relaxed m olecular clock 
m odel [40] and  using a coalescence tree prior. T w o M arkov 
C hain  M onte C arlo (M CM C) analyses were ru n  for 10 million 
generations, sam pling every 1000th generation. T h e  ou tpu t was 
diagnosed for convergence using T racer v . l .5, an d  sum m ary 
statistics and  trees w ere generated  using the last five million 
generations with T reeA nno tato r v l.5 .3  [41]. G M Y C  analyses 
were perform ed under single- and  m ultiple-threshold m odels [38], 
using the SPLIT S package for R  (h t tp : / /  r-forge.r-project.org / 
pro jects/sp lits/). Inter- an d  intraspecific uncorrected  p-distances 
were calculated in M E G A  5 [36].

P hy lo g en e t ic  ana lyses
A m ultigene phylogenetic analysis was based on a da ta  m atrix  o f 

35 Dictyota species and  6 genes (rbcL, psbA, nad 1, coxi, cox3, LSU 
rDN A; see T able  S2 in Supporting  Inform ation). T h e  35 Dictyota 
species correspond to separately evolving lineages derived from  the 
G M Y C analyses perform ed on the psbA  data  set. T h e  dictyotalean 
genera Canistrocarpus, Dictyopteris, Dilophus, Padina, Rugulopteryx, 
Scoresbyella an d  Spatoglossum were used as outgroup. M odel selection 
and  partition ing  strategy follow T ronho lm  et al. [35]. T he 
Bayesian inform ation criterion (BIC) was used as the selection 
criterion. T h e  guide tree used during  the entire p rocedure  was 
obtained by m axim um - likelihood (ML) analysis o f the u nparti­
tioned concatenated  alignm ent using a J C + T 8 m odel. All 
subsequent likelihood optim izations an d  BIC calculations were 
carried  ou t with T reefinder [42]. T h e  partition ing  strategy plus 
m odel com bination  th a t received the lowest BIC score was used in 
the phylogenetic analyses. M axim um  likelihood (ML) searches 
were carried  ou t w ith T reefinder [42] using seven partitions [LSU 
rD N A  (one partition); plastid and  m itochondrial genes partitioned 
according to codon position (2x3  partitions)], and  a  G T R  m odel 
with gam m a distribution an d  four ra te  categories (G TR +I+G ) per 
partition. B ranch support was calculated by  non-param etric  
bootstrapping (1000 replicates). Bayesian phylogenetic inference 
(Bí) was carried  ou t w ith M rBayes 3.1.2 [43] using the same 
partitions an d  models, an d  default priors. Tw o parallel runs, each 
consisting o f four increm entally heated  chains were ru n  for 15 
million generations, sam pling every 1000th generation. C onver­
gence of log-likelihoods and  p a ram ete r values was assessed in 
T racer v l.5  [41]. A burn in  sample o f 1000 trees was rem oved 
before constructing the m ajority  rule consensus tree.

T im e-ca l ib ra ted  p h y lo g e n y
A cautious a ttem pt is m ade to establish a  tim e-fram e of 

diversification in Dictyota by inferring a chronogram  based on the 
same m ultigene alignm ent in BEAST. In  the absence of reliable
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Dictyota fossils, two nodes in the tree were constrained in geological 
tim e based on  a  previously published brow n algal tim e-calibrated 
phylogeny [44]. T h e  split betw een Padina and  the Dictyota- 
Dictyopteris clade was constrained at 99 .6 -129  M a, an d  the split 
betw een the latter two genera was constrained a t 68 .8-113.5  M a, 
bo th  w ith uniform  priors. T he analysis was perform ed under a 
G T R +  I+G  m odel with an  uncorrelated  lognorm al (UCLN) 
relaxed m olecular clock m odel, using a uniform  tree prior. Four 
independent runs o f 20 m illion generations each were run  
sam pling every 10000th generation. C onvergence an d  stationarity 
o f  the chains were evaluated in T racer v l.5 . T he m ajority rule 
consensus tree was based on 7200 trees sam pled across a  large part 
o f  the four runs.

T herm al to le ra n c e
T herm al preferences and  tolerance limits were estim ated by 

p lotting distribution records on geographic inform ation system 
(GIS) m aps o f environm ental variables. W e used B io-O R A C LE 
[45], a  dataset providing m arine environm ental inform ation for 
global-scale applications, to extract sea surface tem perature  (SST) 
da ta  (m inim um, m axim um  an d  mean). O ccurrence records are 
prim arily  based on recently collected specimens for w hich the 
identification has been confirm ed by D N A  sequence inform ation. 
T hese records are com plem ented w ith verified literature da ta  and  
herbarium  specimens that were carefully re-exam ined by the first 
and  last au thor. R ecent collections h ad  accurate coordinates 
recorded w ith a  global positioning device. O lder collections with 
detailed locality inform ation w ere georeferenced (latitude and  
longitude) using Google E arth  (h ttp ://ea rth .g o o g le .co m ).

T o  define the species’ therm al biology we pooled the realistic 
geographical distribution o f the species w ith their respective 
tem peratu re  tolerances. T h e  ‘m axim um  therm al tolerance range’ 
was calculated as the largest difference betw een the m axim um  and  
the m inim um  sea surface tem perature  based on the species’ 
occurrence records, as these represent the m ost ecologically 
realistic m easure o f a  species’ tolerance o f high and  low 
tem peratures.

Results

S pec ies  de l im ita t io n
W e analysed b ranch  length dynam ics in the ultram etric  psbA  

tree to delim it species. T he likelihood o f the G M Y C  m odel was 
significantly h igher than  th a t o f the null m odel o f uniform  
(coalescent) b ranch ing  rates (Table 1). ETsing the single-threshold 
G M Y C , the dep th  (T) from  the b ran ch  tips a t w hich the transition 
occurred  was 0.00469 substitutions pe r site. T h e  m odel estimates 
39 putative species, w ith a  confidence interval ranging from  34 to 
43. T h e  m ultiple-threshold m odel detected  the same num ber o f 
putative species, a lthough with a m arkedly b ro ad er confidence 
interval, from  21 to 39. Dictyota ciliolata an d  D. crenulata were 
resolved in five G M Y C lineages under bo th  models (Fig. 1). 
Dictyota crenulata consists o f four G M Y C lineages: one Pacific 
C entra l A m erican lineage, two M acaronesian  lineages an d  one 
am phi-A tlantic lineage. Several non-den tate  Dictyota species, 
Dictyota cf. caribaea, D. cymatophila, D. implexa, D. mertensii and  D. 
sandvicensis, also fall w ithin this D. crenulata clade. In  contrast to D. 
crenulata, all specimens identified as D. ciliolata form  a  single GM YC 
lineage, w hich also includes the m orphologically allied D. 
menstrualis an d  D. plectens. Sequence divergence, calculated as 
uncorrected  /»-distances (see Figure SI in Supporting  Inform ation), 
w ithin these putative species ranged  from  com plete identity to 
0.8%  with 95% of the values equal o r low er th an  0.7% . Distances 
am ong species ranged from  1% to 10.2%.

T a b le  1 . Lineage branch ing  pa t te rn  fit to  single- a n d  multiple  
th resho ld  variants o f  th e  GMYC model.

M odel T Ngmyc Cl Lo Lgmyc LR

single 0.00469 39 34-43 1649.088 1671.926 45.67581*

multiple - 39 21-39 1649.088 1674.306 50.43415*

T, threshold genetic distance from the  branch tips where transition occurred 
(presented for single-threshold models).
N g m y o  number of putative species as the sum of sequence clusters and singletons, 
Cl, confidence intervals as solutions within 2 log-likelihood units of the maximum 
likelihood.
L0, likelihood for null model (the same for single and multiple threshold model 
comparisons.
Lgmyo likelihood for GMYC model.
LR, significance of the  likelihood ratio evaluated using a chi-square test with 3 
degrees of freedom to  compare GMYC and null models.
*p <  0.001.
doi:10.1371 /journal.pone.0030813.t001

P hy lo g en e t ic  ana lyses
T h e  concatenated  alignm ent o f six genes consisted o f 54 species 

and  5487 n t (LSET rD N A =  1290 bp; /«¿A  = 885 bp; rbcL= 1293; 
rovi = 645 bp; ro.\3 = 657 bp; nad 1 = 717 bp). T he m atrix  was 77% 
filled (see T able  S2 in Supporting  Inform ation). M L and  Bí 
yielded virtually identical tree topologies an d  the nodes w ithin the 
clades o f interest (D. ciliolata and  D. crenulata clade) w ere well 
supported. T h e  phylogenetic tree obtained from  the M L analysis 
(lnZ= —45960.04), w ith indication o f M L bootstrap  values and  Bí 
posterior probabilities, is shown in Figure S2 in Supporting 
Inform ation. T h e  D. ciliolata an d  D. crenulata clades do not form  a 
m onophyletic assemblage. T h e  D. ciliolata clade is sister to D. 
coriacea and  D. acutiloba w ith m oderate  support, while the D. 
crenulata clade is sister to D. pinnatifida and  D. spiralis.

A n Eocene origin o f  the genus Dictyota was inferred, 46 (95% 
H PD : 35-57) M a (Fig. 2). T h e  backbone o f the genus Dictyota is 
characterized  by  a radiation  o f lineages w hich received no support. 
T h e  D. crenulata com plex m ay have gradually diverged from  the 
late O ligocene onw ards (23, 95%  H PD : 18-32 Ma), w ith the most 
recent divergence recovered betw een D. crenulatafio an d  D. 
crenulatafii (2.6, 95% H PD : 2 .2 -5 .8  Ma). D. ciliolata m ay have 
diverged from  D. coriacea ca. 14 M a.

G e o g ra p h ica l  d is tr ibu tion
W e determ ined the geographical distribution o f the species on 

the basis o f  D N A -confirm ed records, com plem ented w ith credible 
literature da ta  and  re-exam ined herbarium  specimens. Dictyota 
ciliolata is broadly  distributed in the tropical to subtropical Atlantic 
and  Indo-W est Pacific. T h e  northernm ost D N A -confirm ed record  
is located  in N orth  C arolina and  the southernm ost in C arnac 
Island in W estern Australia. G enuine D. crenulata (D. crenulatafil) is 
restricted to the Pacific coast o f C entral Am erica, from  C osta R ica 
to Baja California. Non-Pacific specimens m orphologically 
identified as D. crenulata, resolved as three  separate species, which 
are all confined to the Atlantic O cean. Dictyota crenulatafi-2 occurs 
in the C anary  Islands, M adeira  and  C ape V erde. Dictyota 
crenulatafio has an  am phi-A tlantic distribution occurring  in the 
C aribbean  Sea, B erm uda and  C ape V erde Islands. D. crenulatafi4 
is only known from  the C anary  Islands. T h e  non-den tate  m em bers 
o f the D. crenulata clade, D. implexa, Dictyota cf. caribaea, D. mertensii, 
D. cymatophila and  D. sandvicensis show similar geographically 
confined distributions, w ith only D. implexa having an  am phi- 
A tlantic distribution (Fig. 3).
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F igu re 1. U ltram etric tr e e  o f  D ic ty o ta  b a se d  o n  a B ay esia n  a n a ly sis  o f  1 8 4  p s b A  s e q u e n c e  d a ta . D ivergence  tim es  w e re  e s tim a te d  u n d e r a 
re laxed  m o lecu lar clock  using  an  u n c o rre la te d  lo g n o rm al (UCLN) m o d e l in BEAST. T he d o t te d  vertical line in d ica tes  th e  m ax im um  likelihood tra n sitio n  
p o in t o f  th e  sw itch  in b ra n ch in g  ra tes, as  e s tim a te d  by  a g e n era l m ixed Y ule-coalescen t (GMYC) m odel. T he GMYC analysis w as  p e rfo rm ed  using  a 
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F igu re 2 . T im e-ca libra ted  p h y lo g e n y . H ighest d en sity  p ro b ab ility  (95% HPD) in tervals  a re  p ro v id ed  fo r e ac h  n o d e  as well as th e  p o s te r io r 
p robab ilities , s ta rs  re p re s e n t s tro n g  s u p p o r t  (p .p .> 0 .95 ). 
do i:10 .1371/jo u rn a l.p o n e .0 0 3 0 8 1 3 .g 0 0 2

S pec ies  d is tr ibu t ion  ra n g e s  a n d  th e rm a l  to le ra n c e
Dictyota species varied widely in their latitudinal as well as 

longitudinal range (Table 2). M ean  values o f therm al tolerance 
ranged  from  21. TCI in D. implexa to 28.5"C in Dictyota cf. caribaea. 
Differences in m axim um  and  m inim um  values o f SST  betw een 
species were m ore p ronounced, w hich were also shown by these 
two species (31UC in Dictyota cf. caribaea and  1 7 .T C  in D. implexa). 
Significant correlations were detected betw een m axim um  therm al 
tolerance range (UC) and  latitudinal range (R~ = 0.751), and

longitudinal range (R~ = 0.828), i.e. species w ith the highest 
therm al tolerance showed b ro ad er latitudinal an d  longitudinal 
ranges (e.g. D. implexa and  D. ciliolata) (Fig. 4).

Discussion

S pec ies  b o u n d a r i e s  a n d  g e o g ra p h ic  r a n g e
M olecular screening o f geographically disparate populations o f 

a  com m on tropical Dictyota species, D. crenulata, revealed a com plex
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D. ciliolata

D. crenulata #■

25-1 (19 1-32.2) Ma |

D. sandvicensis
D. m erteril

F igu re 3 . D istr ib u tion  m a p s. D istribu tion  o f th e  sp ec ie s  b e lo n g in g  to  D. ciliolata  (a) an d  th e  D. c ren u la ta -co m p \ex  (b -d )  w ith  su p e rim p o sitio n  o f
p h y lo g e n e tic  re la tionsh ips.
do i:10 .1371/jo u rn a l.p o n e .0 0 3 0 8 1 3 .g 0 0 3

o f m ultiple pseudocryptic species, w hich also include several o ther 
species. In  contrast, results indicated that the w idespread tropical 
species D. ciliolata consists o f a  single species. T h e  contrasting 
results for D. crenulata and  D. ciliolata illustrate the difficulties related 
to using m orphology as an  estim ator o f species diversity in 
structurally simple organisms. This is especially evident w hen these 
organism s are also characterized by  a  considerable degree of 
m orphological plasticity, as is the case in  Dictyota. Species 
delineation can  therefore be best achieved by the analyses o f 
gene sequence data. In  this study we apply an  algorithm ic species 
delineation approach  to redefine species boundaries. Both the 
original G M Y C  m odel developed by Pons et al. [37] and  the 
m odified version that allows for a  variable transition from 
coalescent to spéciation am ong lineages [38] converge on  the 
same num ber o f  independently  evolving lineages and  the 
specimens a ttribu ted  to the respective lineages were fully 
congruent in bo th  analyses. Values o f uncorrected  interspecific 
distances fall com pletely w ithin the range o f distances reported  in 
the literature for the psbA  gene in Dictyotales [46-48] and  lend 
further support to the application o f G M Y C  m odeling to delineate 
independently  evolving lineages. Dictyota crenulata illustrates well 
how m isconceptions about species boundaries im pact on our 
understand ing  of distributions an d  historical biogeography of 
tropical seaweeds. O nce properly  delineated, the taxa m aking up 
the D. crenulata-da.de have m uch m ore restricted geographic 
ranges, being  exclusively confined to either the A tlantic o r the 
E astern  Pacific O cean.

C ontrary  to Dictyota crenulata, w here geographically disparate 
populations segregate as distinct evolutionary lineages, results 
showed that the w idespread tropical species D. ciliolata constitutes a 
single evolutionary lineage. This lineage also includes specimens 
traditionally a ttribu ted  to D. menstrualis and  D. plectens from  the 
w arm  tem perate w estern A tlantic (North Carolina) an d  south-east 
Pacific (Lord H ow e Island), respectively. T h e  D. ciliolata clade 
comprises four subclades segregating according to geographical 
origin: an  Indo-Pacific subclade contain ing  specimens from 
Indonesia as well as East Africa, a  subclade with specimens from 
the Philippines, an  Atlantic subclade w ith species from  b o th  sides 
o f the A tlantic, an d  a clade uniting  the specimens identified as D. 
plectens together w ith one specim en from  East Africa. T h e  fact that 
samples o f D. ciliolata, D. menstrualis an d  D. plectens, regardless o f 
geographic origin, do no t represent separately evolving units is 
highly relevant given the observation o f Lohse [49] who 
dem onstra ted  that the G eneral m ixed-Yule coalescent m odel has 
a  tendency to overestim ate species num bers, especially when 
sam pling o f intraspecific variation is low or uneven. W ith our 
m oderate taxon sam pling (20 specimens sequenced and  12 unique 
haplotypes) and  given the vast geographic range o f D. ciliolata it is 
highly unlikely that the entire genetic variation o f the species was 
adequately sam pled. Nevertheless, G M Y C m odel does not 
consider these subclades as separately evolving. This leads us to 
believe that D. ciliolata (incl. D. menstrualis an d  D. plectens) m aintains 
genetic cohesion over geographic scales spanning several ocean 
basins.
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T ab le  2. Sum m ary  of g e o g rap h ic range an d  Sea Surface T em p era tu re  (SST) for each  species.

S pecies n Lat ra n g e  (°) Lon ra n g e  (°) M ax (°C) M ean (°C) Min (°C) M ax ra n g e  (°C)

Dictyota cf. caribaea 3 3.6 3.3 31.0 28.5 26.1 6.6

Dictyota ciliolata 305 66.8 308.5 29.9 27.5 24.9 21.1

Dictyota crenulata#1 25 21.1 30.9 29.4 25.9 22.6 16.3

Dictyota crenulata# 2 18 18.1 11.2 26.2 23.6 21.5 9.5

Dictyota crenulata# 3 64 23.0 73.2 29.6 27.7 25.9 11.5

Dictyota crenulata# 4 14 1.1 2.9 23.8 21.2 18.9 6.1

Dictyota cymatophila 13 0.9 2.3 23.8 21.3 18.9 5.9

Dictyota implexa 111 36.3 116.4 25.9 21.1 17.1 22.3

Dictyota mertensii 15 4.9 15.3 30.2 27.9 26.3 8.3

Dictyota sandvicensis 13 0.4 0.5 27.1 25.7 24.4 3.4

n = number of records.
Lat range = latitudinal range.
Lon range = longitudinal range.
Max = mean of the  maximum SST.
Mean = mean SST.
Min = mean of the minimum SST.
Max range = range between the maximum and the  minimum SST values. 
doi:10.1371 /journal.pone.0030813.t002
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F igu re 4 . C orrelation  b e tw e e n  m axim u m  therm al to le r a n c e  
r a n g e  (°C) an d  lo g -tra n sfo rm ed  la titu d in al r a n g e  (A), an d  lo g -  
tra n sfo rm ed  lo n g itu d in a l ra n g e  (B). The co rre la tio n  coeffic ien t (R2) 
is sh o w n  fo r e ac h  case . S ym bols re p re s e n t individual sp e c ie s ' as  follow s: 
D ictyota  cf. caribaea  (car), D ictyota ciliolata  (cil), D ictyota c renu la ta# 1  
(c re l), D ictyota c ren u la ta fi2  (cre2), D ictyota c renu la ta# 3  (cre3), D ictyota  
crenu la ta# 4  (cre4), D ictyota cym a toph ila  (cym), D ictyota im plexa  (imp), 
D ictyota m ertensii (mer), D ictyota sandvicensis  (san). 
do i:10 .1371/jo u rn a l.p o n e .0 0 3 0 8 1 3 .g 0 0 4

Diversification a n d  historical b io g e o g r a p h y
T he paucity o f fossil records has im peded the estimation of 

divergence time estimates in brown algae. Silberfeld et al. [44] 
presented the first time-calibrated phylogeny of the Phaeophyceae, 
which was based on a  multigene dataset constrained with three fossil 
calibration points. T he chronogram  presented in this study is based 
on these divergence estimates for the Dictyotales and m ay be treated 
as a  first attem pt to assess the evolutionary history of the genus 
Dictyota. Therefore, and given the limited num ber of fossil constraints, 
the divergence estimates presented here need to be interpreted with 
care. T he origin o f the genus Dictyota is inferred to be ca. 40 M a (95% 
H PD : 31-52 Ma). Initial diversification appeared to be very rapid, 
with several lineages emerging nearly simultaneously.

T h e  D. crenulata clade seems to have diverged gradually  from  
the late O ligocene onw ards (> 2 5  M a) w ith the  m ost recent 
inferred divergence d a ted  a t ca. 3 M a. T h e  early splits in the 
Eastern-Pacific-A tlantic clade (EPA-clade) show no obvious 
signature o f a  vicariant event across the C entra l A m erican 
Isthm us. T h e  pu tative  earliest diverging lineages, D. spiralis and  
D. pinnatifida have an  exclusively Atlantic distribution  an d  Pacific 
-  A tlantic sister relationships a re  to be  found only betw een D. 
crcnutatafi I — I), im p le x a /c re n u la ta an d  Dictyota cf. caribaea — D. 
sandvicensis. T h e  diversification estim ates o f these sister lineages 
p redate  the effective closure o f  the T rop ical A m erican  Seaway 
(3.1 M a). Sim ilar observations have been  reported  for m any 
m arine  organism s including seaweeds [50-53]. A lthough we 
canno t rule ou t th a t o u r m olecular clock analysis overestim ates 
divergence times, it is likely th a t the final closure o f the P anam a 
Isthm us was no t the initial cause of divergence betw een 
populations. T h e  uplift o f the P an am a Isthm us was a  com plex 
process th a t took place over at least 12 M a before com pletion at 
ca. 3 M a [54,55], and  the final closure o f the land  bridge m ay 
have acted  as b a rrie r reinforcem ent after divergence h ad  been 
initiated  by oceanographic events [50-52]. M oreover, the 
eventual uplift o f the P an am a Isthm us was followed by m ajor 
extinctions in the w estern Atlantic [56], w hich can  lead  to 
overestim ation o f divergence times since trans-isthm ian species 
pairs m ay no t be true sisters [50,52].
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S péc ia t ion  a n d  d ispersa l  in t h e  A tlantic  O cea n
Diversification in the Atlantic O cean  m ost likely involved 

repeated  peripatric  spéciation events th a t took place in the 
M iocene and  Pliocene epochs. Peripatric spéciation involves 
founder events resulting from  long distance dispersal o f  a  small 
num ber o f individuals and  subsequent genetic differentiation of the 
established population  [57]. For this m ode o f spéciation to qualify 
as founder spéciation, depends on  the frequency an d  tem poral 
variation of dispersal events. Paulay & M eyer [2] argue th a t if 
dispersal is very ra re  a t all times founder spéciation is favored, 
while long-term  tem poral variation  o f dispersal favors vicariance. 
Because o f the vast distance th a t separates the W estern from  the 
E astern  A tlantic and  the lack o f in term ediate suitable substrate, 
one w ould intuitively favor founder spéciation w hen considering 
species pairs on  bo th  sides o f the A tlantic. T h e  presence of two 
am phi-A tlantic species, D . implexa and  D . crenulatwj^'i, however, 
illustrates ongoing dispersal and  connectivity across the A tlantic 
O cean. A lthough D N A -confirm ed da ta  for m arine benthic  algae 
are scarce, similar distribution patterns o f am phi-A tlantic species 
o f  the green algal genera Cladophoropsis [58,22] and  Halimeda 
[59,60] m ay be indicative for relatively high gene flow across the 
Atlantic O cean  and  give m ore credibility to vicariant spéciation. 
M ore detailed studies applying m ore variable m arkers and  
including greater taxon sam pling could shed im portan t insights 
on  the phylogeographic structure o f these algae, quantify gene flow 
and  directionality across the ocean basin.

Dispersal a n d  th e rm a l  to le ra n c e
T h e  b road  geographical range sizes o f D. ciliolata and  some species 

in the D. crenulata clade suggest high dispersal potential. This is in 
contrast w ith m any other attached seaweed species that have m ore 
restricted geographical ranges, either as a  consequence of narrow  
ecological tolerance resulting in habitat unsuitability (phenotype- 
environm ent mismatches) or effective dispersal lim itation [19,7,53]. 
An effective way for Dictyota to disperse m ight be  by small thallus 
fragments or microthalli that are able to drift in the w ater column, 
re-attach and grow successfully a t new  sites [61]. In  addition, fertile 
thallus fragments m ay drop propagules on arrival [4,6,22].

T h e  asym m etrical biogeographies o f Dictyota ciliolata and  the 
segregated D. crenulata species are congruen t with the widely 
accepted view th a t therm al tolerance is an  im portan t factor in 
determ ining latitudinal range size o f m arine  as well as terrestrial 
organism s [13-15,62,63]. W hile D. ciliolata has been  successful in 
expanding its range th roughout the tropical to w arm -tem perate 
Atlantic and  Indo-W est Pacific, the segregated D. crenulata species 
have m ore restricted distributions th a t are separated to partly 
overlapping w ithin a  single ocean basin (Atlantic o r E astern Pacific 
Oceans). O u r da ta  suggest th a t the biogeographical asym m etry 
betw een D. ciliolata and  the species in the D . crenulata clade can  best 
be explained by differences in therm al tolerance range, enabling  or 
restricting dispersal over cold-w ater barriers.

Sea surface tem perature along the south-west African coast 
steeply declined by the appearance o f the Benguela upwelling 
system in the late M iocene [64]. A long with this cold-water barrier, 
the form ation o f the Levant in the early M iocene [65] and  the 
M essinian Salinity Crisis in the late M iocene resulted in  a  strong 
dispersal barrie r for tropical m arine organisms betw een the Atlantic 
and  Indo-W est Pacific. T h e  nearly circum tropical distribution o f D. 
ciliolata likely results from  its tolerance towards relatively low 
m inim um  tem peratures, allowing it to cross southern Africa’s cold- 
w ater barrier, followed by  successful dispersal and  establishm ent 
th roughout the A tlantic and  Indo-W est Pacific Oceans.

A lthough the cold w ater Benguela upwelling system first 
appeared  in the M iocene, it d id  no t becom e a  perm an en t feature

until the late Pliocene [66,67], bu t even in recent times, eddies o f 
the w arm  Agulhas cu rren t (‘Agulhas rings’) pass into the tropical 
South A tlantic, possibly allowing for occasional m igration o f 
m arine tropical organism s from  the Ind ian  O cean  to the A tlantic 
[13,68]. A nother possible corridor for recent dispersal betw een the 
A tlantic an d  the Indo-W est Pacific is the Suez C anal, which 
opened in the m id 1800s. Several studies have provided evidence 
for colonization o f species from  the R ed  Sea to the M editerranean  
Sea (Lessepsian migration), w ith scarcely any evidence of dispersal 
in the opposite direction [69]. Dictyota ciliolata occurs in the R ed  
Sea, b u t its absence from  the M edite rranean  Sea [35] makes 
Lessepsian m igration less plausible. Despite high dispersal 
potential, D. ciliolata is absent from  the eastern Pacific O cean. 
T rans-Pacific dispersal o f coastal organism s is lim ited by the vast 
expanse of the eastern Pacific O cean, an d  only a few species occur 
on  bo th  sides o f this eastern Pacific B arrier [70,71]. T h e  East 
Pacific also likely acts as a  strong b a rrie r for Dictyota species with 
tropical affinities. T h e  isolated H aw aiian  occurrence o f D. 
sandvicensis, w hich diverged from  the Atlantic species pa ir D. 
crenulata^'i an d  D. crenulata-j^A ca. 8 M a, is m ore difficult to explain 
b u t m ay have resulted from  a  peripatric  spéciation event. As has 
been  suggested for several groups o f m arine organisms, the eastern 
Pacific B arrier acts as a  hap h azard  filter allowing sporadic 
dispersal events th a t are separated by  periods o f tim e long enough 
to cause spéciation.

Supporting Information

Figure SI Estim ates o f  evolutionary divergence (uncorrected p- 
distances) betw een psbA  sequences, using unique haplotypes only. 
R aw  da ta  available upon  request.
(EPS)

Figure S2 M ultigene phylogeny. Phylogenetic hypothesis 
(InL = —45960.04) obtained by m axim um  likelihood inference o f 
a  dataset containing six genes (partial L SU  rD N A , rbch, psbA, coxi, 
coxi and  nad 1). N um bers a t the nodes indicate M L bootstrap 
values followed by posterior probabilities; values below  respec­
tively 50 and  0.7 are no t shown.
(EPS)

T ab le  SI Specim ens used in the m olecular analyses with 
indication o f collecting data. In  the first colum n, (# ) indicates 
specimens used for the species delim itation analyses and  (O) 
indicates the specimens used for the m ultigene phylogenetic 
analyses.
(PDF)

T ab le  S2 G enbank accession num bers o f the sequences used in 
the concatenated  alignm ent, including strain num bers and  
sequence length.
(PDF)

A cknow ledgm ents
We thank Sofie D ’hondt for her assistance with the molecular work. We 
thank Michael W ynne from the University of Michigan H erbarium  
(MICH), and A. Neto and K. León-Cisneros from the H erbarium  AZB 
(Azores) for providing us with material. We are most grateful to our 
colleagues who collected specimens for us (see Table SI in Supporting 
Information).

Author Contributions
Conceived and designed the experiments: AT O D C  FL MS JA-C. 
Analyzed the data: AT FL LT  H V  O D C . W rote the paper: AT FL ODC. 
Verified the data for taxonomic consistency: A T ODC.

PLoS ONE I w w w .p lo so n e .o rg 8 January 2012 | V o lu m e  7 | Issue 1 | e30813

http://www.plosone.org


B iog e o gra p h y  and Therm al To lerance in Dictyota

References
1. P a lu m b i S R  (1994) G en etic -d iv erg en ce , rep ro d u c tiv e  iso la tion , a n d  m arin e  

spécia tion . A n n u  R e v  E co l Syst 25: 5 4 7 -5 7 2 .
2. P au lay  G , M ey er C  (2002) D iversification  in  th e  tro p ica l Pacific: C o m p ariso n s  

b e tw e en  m a rin e  a n d  te rre s tr ia l system s a n d  th e  im p o rta n c e  o f  fo u n d e r  
spécia tion . In te g r C o m p  B iol 42: 9 2 2 -9 3 4 .

3. K in lan  BP, G aines S D  (2003) P ro p ag u le  d ispersal in  m ar in e  a n d  te rres tria l 
en v iro n m en ts : A  c o m m u n ity  p erspective. Ecology 84: 2007—2020.

4. v a n  d e n  H o e k  C  (1987) T h e  possible significance o f  lo n g -ran g e  d ispersal for the  
b io g eo g rap h y  o f  seaw eeds. H e lg o lä n d e r M e ere su n  41: 261—272.

5. S antelices B (1990) P a tte rn s  o f  rep ro d u c tio n , d ispersal a n d  re c ru itm e n t in 
seaw eeds. O c e a n o g r  M a r  Biol 28: 17 7 -2 7 6 .

6. N o r to n  T A  (1992) D ispersal b y  m acro a lg ae . B rit P h y c o lJ  27: 2 9 3 -3 0 1 .
7. K in lan  BP, G aines SD , L este r SE  (2005) P ro p a g u le  d ispersal a n d  th e  scales o f 

m arin e  c o m m u n ity  p rocess. D ivers D is trib  11: 139—148.
8. K o o is tra  W , C o p p e ja n s  E G G , P ay ri C  (2002) M o lecu lar  system atics, h isto rical 

ecology, a n d  p h y lo g eo g rap h y  o f  Halimeda (B ryopsidales). M o l P h y lo g en et Evol 
24: 1 2 1 -1 3 8 .

9. D e  C le rck  O , G av io  B, F re d ericq  S, B á rb a ra  I, C o p p e ja n s  E  (2005) System atics 
o f  Grateloupia filicina  (H a ly m en iaceae , R h o d o p h y ta ), b a sed  o n  rbch sequence  
analyses a n d  m o rp h o lo g ica l ev idence , in c lu d in g  the  re in s ta te m e n t o f  G. minima 
a n d  th e  d escrip tio n  o f  G. capensis sp. nov. J  P hyco l 41: 391—4-10.

10. M aggs C A , V e rb ru g g en  H , D e  C lerck  O  (2007) M o lecu lar  system atics o f  red  
algae: B u ild ing  fu tu re  stru c tu res  o n  firm  fo u n d atio n s. In : B ro d ie J ,  Lewis J ,  eds. 
U n rav e llin g  th e  algae: T h e  p ast, p resen t, a n d  fu tu re  o f  algal system atics T ay lo r 
a n d  F rancis, p p  103—121.

11. Bijl P K , S c h o u ten  S, Sluijs A, R e ic h a r t  G -J, Z ach o s J G , e t  al. (2009) E arly  
p a la e o g e n e  te m p e ra tu re  evo lu tio n  o f  th e  so u thw est P acific O c e a n . N a tu re  461: 
7 7 6 -7 7 9 .

12. Setchell W A  (1915) T h e  law  o f  te m p e ra tu re  c o n n e c te d  w ith  th e  d istr ib u tio n  o f 
th e  m arin e  algae. A n n  M issouri B o t G a rd  2: 287—305.

13. Briggs J C  (1974) M a rin e  zoogeo g rap h y . N ew  Y ork: M c G ra w  H ill. 475  p.
14. v a n  d e n  H o e k  C  (1982) T h e  d istr ib u tio n  o f  b e n th ic  m arin e  a lgae  in  re la tio n  to 

th e  te m p e ra tu re  reg u la tio n  o f  th e ir  life h istories. B io lJ  L in n  Soc 18: 81—144.
15. C la rk e  A  (2009) T e m p e ra tu re  a n d  m arin e  m acroeco logy . In: W itm a n J D ,  R o y  K , 

eds. M a rin e  m acroeco logy . C h icago : U n iversity  o f  C h icag o  Press, p p  250—278.
16. B re e m a n  A M , O h  Y S , H w a n g  M S , v a n  d e n  H o e k  G (2002) E v o lu d o n  o f 

te m p e ra tu re  responses in  th e  Cladophora vagabunda co m p lex  a n d  th e  C. albida/ 
sericea co m p lex  (C h lo rophy ta). E u r  J  P hyco l 37: 45—58.

17. P ielou  E C  (1977) L a titu d in a l spans o f  seaw eed  species a n d  th e ir  p a tte rn s  o f 
o verlap . J  B iogeogr 4: 299—311.

18. S antelices B (1980) P h y to g eo g rap h ic  c h a ra c te r iza tio n  o f  th e  te m p e ra te  co ast o f 
P acific S o u th -A m erica . P hyco log ia  19: 1—12.

19. S antelices B, M a rq u e t  P  (1998) Seaw eeds, la titu d in a l diversity  p a tte rn s , a n d  
R a p o p o r t i  rule. D ivers D istrib  4: 71—75.

20. F a rn a  P, W ysor B, K o o is tra  W , Z uccare llo  G G  (2002) M o lecu lar  p h y lo g en y  o f 
th e  genus Caulerpa (C au lerpa les, C h lo ro p h y ta )  in fe rred  f ro m  c h lo ro p las t tufa 
gene. J  P hyco l 38: 1040-1 0 5 0 .

21. S tam  W T , O lsen  J L ,  Z alesk i SF, M u rra y  SN , B row n K R , e t al. (2006) A  forensic  
a n d  phy lo g en e tic  survey  o f  Caulerpa species (C au lerpa les, C h lo ro p h y ta )  fro m  the 
F lo rid a  coast, lo ca l a q u a riu m  shops, a n d  e-com m erce : E stab lish ing  a  p ro ac tiv e  
b aselin e  fo r early  d e tec tio n . J  P hyco l 42: 1 1 1 3 -1 1 2 4 .

22. L e liae rt F, V e rb ru g g en  H , W ysor B, D e  C le rck  O  (2009) D N A  tax o n o m y  in 
m orp h o lo g ica lly  p lastic  taxa: A lg o rith m ic  species d e lim ita tio n  in  th e  Boodlea 
co m p lex  (C h lo ro p h y ta : C lad o p h o ra les). M o l P h y lo g en et E vol 53: 122—133.

23. Z u ccare llo  G C , S a n d e rco ck  B, W est J A  (2002) D iversity  w ith in  re d  algal species: 
V a r ia t io n  in  w orld -w ide  sam ples o f  Spyridia filamentosa (C eram iaceae) a n d  
Murrayella periclados (R h o d o m elaceae) using  D N A  m ark e rs  a n d  b ree d in g  studies. 
E u r  J  P hyco l 37: 4 0 3 -4 1 7 .

24. T a y lo r  W R  (1960) M a rin e  a lgae  o f  th e  easte rn  tro p ica l a n d  su b tro p ica l coasts o f 
th e  A m ericas. A n n  A rb o r: U n iversity  o f  M ich ig an  Press. 870  p .

25. S ch n e id e r C W S JS  (1991) S eaw eeds o f  th e  so u th eas te rn  U n ited  S tates. D u rh a m : 
D u k e  U n iversity  Press. 5 8 9  p.

26. Silva P C , B asson P W , M o e  R L  (1996) C a ta lo g u e  o f  th e  b e n th ic  m arin e  a lgae  o f 
th e  In d ia n  O c e a n . Berkeley: U n iversity  o f  C a lifo rn ia  Press. 1259 p.

27. D e  C lerck  O  (2003) T h e  gen u s Dictyota in  th e  In d ia n  O c e a n . M eise: N a tio n a l 
B o tan ic  G a rd e n  o f  B elgium . 205 p.

28. J o h n  D M , P ru d ’h o m m e  v a n  R e in e  W F , L aw son  G W , K o s te rm a n s  T B , P rice  J H  
(2004) A  tax o n o m ic  a n d  g eo g rap h ica l ca ta lo g u e  o f  th e  seaw eeds o f  th e  w estern  
co ast o f  A frica a n d  a d ja c e n t islands. N o v a  H ed w ig ia , B eiheft 127: 139.

29. P e d ro ch e  PF , Silva P C , A g u ilar R osas L E , D re c k m a n n  K M , A g u ilar R osas R  
(2008) C a tá lo g o  d e  las algas b e n tó n icas  de l Pacífico de  M éx ico  ii. P h aeo p h y co ta . 
Berkeley: U n iv e rs id ad  A u tó n o m a  M e tro p o litan a  a n d  U n iversity  o f  C alifo rn ia .

30. W ysor B, D e  C lerck  O  (2003) A n  u p d a te d  a n d  a n n o ta te d  list o f  m arin e  b ro w n  
a lgae  (Phaeophyceae) o f  th e  C a r ib b e a n  co ast o f  th e  rep u b lic  o f  P a n a m a . B o t 
M a r  46: 15 1 -1 6 0 .

31. A b b o tt IA , H u ism a n  J M  (2004) M a rin e  g reen  a n d  b ro w n  a lgae  o f  th e  H a w a iian  
Islands. H o n o lu lu H aw aii: B ishop M u seu m  Press. 260 p.

32. K ra f t  G T  (2009) M a rin e  b e n th ic  a lgae  o f  L o rd  H o w e  Islan d  a n d  th e  so u th e rn  
G re a t  B arrie r  R eef, 2. B row n algae. M elb o u rn e : A B R S  & C S IR O  Publish ing .
364 p.

33. D e  C le rck  O , L e lia e rt F , V e rb ru g g en  H , L a n e  C E , D e  P au la  J C ,  e t  al. (2006) A  
revised  classification o f  th e  D ic ty o teae  (D ictyotales, P h aeo p h y ceae) b a sed  o n  rbch 
a n d  26 s rib o so m al D N A  seq u en ce  analyses. J  P hyco l 42: 1271—1288.

34. H w a n g  I-K , L ee W J, K im  H -S , D e  C le rck  O  (2009) T a x o n o m ic  rea p p ra isa l o f  
Dilophus okamurae (D ictyotales, P h aeo p h y ta )  f ro m  th e  w estern  Pacific O cean . 
P hyco log ia  48: 1-12 .

35. T ro n h o lm  A, S teen  F , T y b e rg h e in  L , L e liae rt F , V e rb ru g g en  H , e t  al. (2010) 
Species d e lim ita tio n , tax o n o m y  a n d  b io g eo g ra p h y  o f  Dictyota in  E u ro p e  
(D ictyotales, P h aeophyceae). J  P hyco l 46: 1 3 0 1 -1 3 2 1 .

36. T a m u ra  K , P e terso n  D , P e terso n  N , S tech er G , N e i M , e t  al. (2011) M E G A 5: 
M o le c u la r  E v o lu tio n a ry  G e n e tic s  A n aly sis  u s in g  M a x im u m  L ik e lih o o d , 
E v o lu tio n a ry  D is tance , a n d  M a x im u m  P arsim o n y  M eth o d s. M o l Biol E vol 28: 
2 7 3 1 -2 7 3 9 .

37. P ons J ,  B a rrac lo u g h  T G , G o m e z -Z u rita  J ,  C a rd o so  A , D u ra n  D P , e t al. (2006) 
S eq u en ce-b ased  species d e lim ita tio n  for th e  D N A  tax o n o m y  o f  u n d escrib ed  
insects. Syst Biol 55: 5 9 5 -6 0 9 .

38. M o n a g h a n  M T , W ild  R , E llio t M , F u jisaw a T ,  Balke M , e t al. (2009) 
A c ce le ra ted  species in v en to ry  o n  M ad ag a sc a r using  co a lescen t-b ased  m odels o f  
species d e linea tion . Syst B iol 58: 298—311.

39. D ru m m o n d  A , R a m b a u t  A  (2007) B E A S T : B ayesian  ev o lu tio n ary  analysis by  
sa m p lin g  trees. B M C  E vol B iol 7: 214.

40 . D ru m m o n d  A J, H o  S Y W , P h illip s  M J, R a m b a u t  A  (2006) R e la x e d  
p hy logene tics a n d  d a tin g  w ith  confidence. P L oS  Biol 4: e88.

41. R a m b a u t  A , D ru m m o n d  A J (2007) T ra c e r  v l .4 ,  A v ailab le  f ro m  h t tp : / / b e a s t . 
b io .e d .a c .u k /T ra c e r .

42. J o b b  G , V o n  H aese le r  A , S trim m e r K  (2004) T reefin d er: A  p o w erfu l g rap h ica l 
analysis e n v iro n m en t fo r m o lecu la r  phy logenetics. B M C  E vol Biol 4: 18.

43. R o n q u is t F, H u e lsen b eck  J P  (2003) M rB ayes 3: B ayesian  p h y lo g en e tic  in ference 
u n d e r  m ix ed  m odels. B io in fo rm atics 19: 1572—1574.

44. S ilberfe ld  T , L eigh  J W , V erb ru g g en  H , G ru a u d  G , D e  R ev iers B, e t  al. (2010) A  
m u lti-lo cu s  t im e -c a lib ra te d  p h y lo g en y  o f  th e  b ro w n  a lg ae  (H e te ro k o n ta , 
P haeophyceae): In v estig a tin g  th e  ev o lu tio n ary  n a tu re  o f  th e  “ B ro w n  A lgal 
G ro w n  R a d ia tio n ” . M o l P h y lo g en e t E vol 56: 6 5 9 -6 7 4 .

45. T y b e rg h e in  L, V e rb ru g g en  H , P au ly  K , T ro u p in  C , M in e u r  F , e t al. (2011) Bio- 
O R A C L E : a  g lobal en v iro n m en ta l d a ta se t for m arin e  species d istrib u tio n  
m odeling . G lo b a l E co l B iogeogr. D O I:  0.111 l / j .  1 4 6 6 -8 2 3 8 .2 0 1 1.00656.x . 
D a ta se t av ailab le  a t  h t tp : //w w w .b io -o ra c le .u g e n t.b e / .

46. H w a n g  IK , K im  H S , L ee W J (2004a) C o n firm a d o n  o n  tax o n o m ic  s ta tus o f  
Spatoglossum pacificum  Y en d o  (D ictyo taceae , P haeo p h y ceae ) b a sed  o n  m o rp h o lo g y  
a n d  p las tid  p ro te in  co d in g  récL, psaA . a n d  p sb A  g ene  sequences. A lgae 19: 
1 6 1 -1 7 4 .

47. H w a n g  IK , K im  H S , L ee  W J (2004b) E v id en ce  for tax o n o m ic  sta tus o f  
Pachydictyon coriaceum (H olm es) O k a m u ra  (D ictyotales, P h aeo p h y ceae) b a sed  o n  
m o rp h o lo g y  a n d  p la sd d  p ro te in  co d in g  rbch. psaA . a n d  psbA  g ene  sequences. 
A lgae 19: 17 5 -1 9 0 .

48. T ro n h o lm  A  (2010) Species d e lin e a d o n  in  Dictyota (Phaeophyceae), a  c o m b in ed  
m o lecu lar, m o rp h o lo g ica l a n d  ecological a p p ro a c h . P h D  T hesis, U n iversity  o f  
L a  L ag u n a , L a  L ag u n a .

49. L ohse K  (2009) C a n  m tD N A  b a rc o d e s  b e  used  to d e lim it species? A  resp o n se  to 
P ons e t al. (2006). Syst B iol 58: 4 3 9 -4 4 1 .

50. M a rk o  PB  (2002) Fossil ca lib ra tio n  o f  m o lecu la r  clocks a n d  th e  d ivergence  dm es 
o f  g em in a te  species p a irs  sep a ra te d  b y  the  Isth m u s o f  P a n a m a . M o l Biol E vol 19: 
2 0 0 5 -2 0 2 1 .

51. F rey  M A , V erm eij G J (2008) M o lecu lar  p hy logen ies a n d  h isto rica l b io g eo g rap h y  
o f  a  c irc u m tro p ic a l g ro u p  o f  gastro p o d s (genus: Nerita)'. Im p lica tio n s  fo r reg io n a l 
diversity  p a tte rn s  in  th e  m arin e  tropics. M o l P h y lo g en et E vol 48: 1067—1086.

52. M a la q u ias  M A , R e id  D G  (2009) T e th y a n  v ica rian ce , re lictua lism  a n d  spéciation: 
E v idence  fro m  a  g lobal m o lecu la r  ph y lo g en y  o f  th e  o p is th o b ran c h  genus Bulla. 

J  B iogeogr 36: 1 7 6 0 -1 7 7 7 .
53. V e rb ru g g en  H , T y b e rg h e in  L, P au ly  K , V a n  N ieu w en h u y se  K , V laem in ck  C , 

e t  al. (2009) M acro eco lo g y  m eets m acro ev o lu tio n : E v o lu tio n a ry  n ich e  dynam ics 
in  th e  m arin e  g reen  a lg a  Halimeda. G lo b al E co l B iogeogr 18: 393—405.

54. C o a tes  A G , O b a n d o  J A  (1996) T h e  geologic ev idence  o f  th e  C e n tra l  A m erican  
Isthm us. In : J a c k so n  B C , B u d d  A F , C o a te s  A G , eds. E v o lu tio n  a n d  en v iro n m en t 
in  tro p ica l A m erica . C h icago : U n iversity  o f  C h icag o  Press, p p  21—56.

55. Lessios H A  (2008) T h e  g re a t  A m e ric a n  schism : D iv e rg en ce  o f  m ar in e  organ ism s 
a fte r  th e  rise o f  th e  C e n tra l  A m e ric a n  Isthm us. A n n  R e v  E co l E vol Syst 39: 
6 3 -9 1 .

56. O ’d e a  A , J a c k so n  J B C , F o r tu n a to  H , S m ith  J G , G ro z  L D , e t  al. (2007) 
E n v iro n m e n ta l c h a n g e  p rec e d e d  C a r ib b e a n  ex tin c tio n  b y  2 m illion years. PN A S 
104: 5 5 0 1 -5 5 0 6 .

57. C o y n e  J A , O r r  H A  (2004) S péc ia tion . S u n d erlan d : S in au er A ssociates. 545  p.
58. V a n  D e r S tra te  H J, Boele-B os SA, O ls e n J L ,  V a n  D e  Z a n d e  L , S tam  W T  (2002) 

P h y lo g eo g rap h ic  studies in  th e  tro p ica l seaw eed  Cladophoropsis membranacea 
(C h lo ro p h y ta , U lvophyceae) rev ea l a  c ry p tic  species com plex . J  P hyco l 38: 
5 7 2 -5 8 2 .

59. V e rb ru g g en  H , D e  G lerck  O , Schils T ,  K o o is tra  W , C o p p e ja n s  E  (2005) 
E v o lu tio n  a n d  p h y lo g eo g rap h y  o f  Halimeda section  Halimeda (B ryopsidales, 
C h lo ro p h y ta ) . M o l P h y lo g en et E vol 37: 7 8 9 -8 0 3 .

60. V e rb ru g g en  H , D e  G lerck  O , N ’Y e u rt A D R , S p a ld in g  H , V ro o m  PS (2006) 
P hy logeny  a n d  tax o n o m y  o f  Halimeda incrassata, in c lu d in g  descrip tions o f  H .

PLoS ONE I w w w .p lo so n e .o rg January 2012 | V o lu m e  7 | Issue 1 | e30813

http://beast
http://www.bio-oracle.ugent.be/
http://www.plosone.org


B iog e o gra p h y  and Therm al To lerance in Dictyota

kanaloana a n d  H . heteromorpha spp. no v  {Bryopsidales, C h lo ro p h y ta ). E u r  J  P hycol
41: 3 3 7 -3 6 2 .

61. H e r re n  L W , W alte rs  LJ, B each  K S  (2006) F ra g m e n t g e n e ra tio n , survival, a n d  
a tta c h m e n t o f  Dictyota spp. a t  co n ch  re e f  in  th e  F lo rid a  K eys, U S A . C o ra l Reefs
25: 2 8 7 -2 9 5 .

62. G a s to n  K J  (2003) T h e  s tru c tu re  a n d  d y n am ics  o f  g eo g rap h ic  ranges. U K : 
O x fo rd  U n iversity  Press. 276 p.

63. C alosi P , B ilton  D T , Sp icer J I ,  V o tie r  SC , A tfie ld  A  (2010) W h a t  d e te rm in es  a 
species’ g e o g ra p h ic a l ran g e?  T h e rm a l b io logy  a n d  la titu d in a l ran g e  size 
rela tio n sh ip s  in  E u ro p e a n  d iv ing  b eed es  {C oleoptera: D ytiscidae). J  A n im  E col 
79: 1 9 4 -2 0 4 .

64. M a rlo w J R , L an g e  C B , W efe r G , R osell-M ele  A  {2000) U p w e lling  in tensifica tion  
as p a r t  o f  th e  P liocene-P le istocene  clim ate  tran sitio n . Science 290: 228 8 —2291.

65. R ö g l F , S te in in g er F F  {1984) N eo g en e  p a ra te th y s , M e d ite rra n e a n  a n d  In d o - 
P acific seaw ays. In : B ren ch ley  P , ed. Fossils a n d  c lim ate . C h ich este r: J o h n  W iley  
& Sons, p p  171-200 .

66. S h a n n o n  L V  {1985) T h e  B enguela  ecosystem  .1. E v o lu tio n  o f  th e  B enguela, 
p hysica l fea tu res  a n d  p rocesses. O c e a n o g r  M a r  Biol 23: 105—182.

67. M c C a rtn e y  M A , K e lle r  G , Lessios H A  {2000) D ispersa l b a rr ie rs  in  tro p ical 
o cean s  a n d  sp écia tio n  in  A d a n tic  a n d  easte rn  P acific sea  u rch in s  o f  th e  genus 
Echinometra. M o l E co l 9: 1 3 9 1 -1 4 0 0 .

68. P ee te rs  F JC , A ch eso n  R , B ru m m e r G JA , d e  R u ijte r  W P M , S ch n e id e r R R , e t  al. 
{2004) V igorous e x ch an g e  b e tw een  th e  In d ia n  a n d  A d a n tic  o cean s  a t  th e  e n d  o f  
th e  p a s t  five g lacia l p eriods. N a tu re  430: 6 6 1 —665.

69. P o r  F D  {1971) O n e  h u n d re d  years o f  S u ez -C an al — A  c e n tu ry  o f  L essepsian  
m igra tion : re tro sp e c t a n d  view poin ts. Syst Z o o l 20: 138—159.

70. Briggs J C  {1961) E ast Pacific b a rr ie r  a n d  d istr ib u d o n  o f  m arin e  sh o re  fishes. 
E v o lu tio n  15: 5 4 5 -5 5 4 .

71. Lessios H A , R o b e r tso n  D R  {2006) C ro ssin g  th e  im passable: G en e tic  co nnections 
in  20 re e f  fishes across th e  ea ste rn  pacific  b a rr ie r . P ro c  R  Soc L o n d  B B iol Sei 
273: 2 2 0 1 -2 2 0 8 .

PLoS ONE I w w w .p lo so n e .o rg 1 0 January 2012 | V o lu m e  7 | Issue 1 | e30813

http://www.plosone.org

