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Coral taxonomy has entered a historical phase where nomenclatorial uncertainty is rapidly increasing. The 
fundam ental cause is m andatory adherence to historical monographs th a t lack essential information of all sorts, 
and also to type specimens, if they exist a t all, th a t are commonly unrecognizable fragm ents or are uncharacteristic 
of the species they are believed to represent. Historical problems, including incorrect subsequent type species 
designations, also create uncertainty for m any well-established genera. The advent of in situ  studies in the 1970s 
revealed these issues; now molecular technology is again changing the taxonomic landscape. The competing 
methodologies involved m ust be seen in context if they are to avoid becoming an additional basis for continuing 
nomenclatorial instability. To prevent this happening, the International Commission on Zoological Nomenclature 
(ICZN) will need to focus on rules th a t consolidate well-established nomenclature and allow for the designation of 
new type specimens th a t are unambiguous, and which include both skeletal m aterial and soft tissue for molecular 
study. Taxonomic and biogeographic findings have now become linked, w ith molecular methodologies providing the 
capacity to re-visit past taxonomic decisions, and to extend both taxonomy and biogeography into the realm  of 
evolutionary theory. It is proposed th a t most species will ultim ately be seen as operational taxonomic units th a t 
are hum an ra th e r than  natu ra l constructs, which in consequence will always have fuzzy morphological, genetic, 
and distribution boundaries. The pathw ay ahead calls for the integration of morphological and molecular 
taxonomies, and for website delivery of information th a t crosses current discipline boundaries.
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As m ost users of coral taxonom y appreciate, this 
notoriously subjective science has gone through three 
historical phases: (1) studies of collections m ade 
during  early  expeditions of discovery; (2) reef-based 
studies using scuba; and (3) m olecular studies. These 
phases are each linked to such different methodol­
ogies and perceptions th a t they  have little  in  common; 
however, they do have a common goal, which is to 
classify corals according to a concept of n a tu ra l order. 
To elucidate th is history, two of the  world’s best-
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known species Pocillopora dam icornis (Linnaeus, 
1758) and Porites lobata D ana, 1846 are  used as 
examples.

THE TYRANNY OF THE PAST
Corals, more th a n  any other group of m arine inver­
tebrates, w ith  the possible exception of molluscs, were 
the m ost sought-after undersea collectables of early  
expeditions of discovery to the  tropical world. This was 
because of the  close association of corals w ith  coral 
reefs, considered then  as now to be am ongst the  most
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exotic n a tu ra l wonders on earth . I t w as also because 
corals could be easily collected in  large quan tities and 
stowed in  the  holds of ships w ithout need of fu rther 
care. Furtherm ore, corals m ade excellent m useum  
exhibits, especially w hen painted  gaudy colours to 
supposedly resem ble th e ir living appearance.

H istoric collections

W ith few exceptions, corals were collected or pu r­
chased because individual specimens appeared to 
be new or unusual, ra th e r th an  because they  were 
represen tative of a population or a taxonomic group. 
They were also collected from shallow hab ita ts  such 
as reef flats, places w here branching and plate-like 
colonies usually  develop unusual grow th forms. These 
collections thus introduced a sam pling bias th a t has 
plagued taxonomic studies ever since, and resu lted  in 
a proliferation of type specimens th a t do not clearly 
represen t the  species they  are in tended to define.

By such m eans, for over 200 years, corals were 
accum ulated in  g reat quan tity  in  m useum s across 
Europe and the USA, collections considered valuable 
contributions to N atu ra l History, especially w hen 
m ade the subject of monographs, of w hich a g reat 
m any w ere published. In historical perspective these 
publications were usually  works of a r t  as m uch as 
science, seen for example in  the  unsurpassed  artw ork 
of M üller (1775), Ellis & Solander (1786), S tutchbury  
(1830), de Blainville (1834), M ichelin (1840), Milne 
Edw ards & H aim e (1848, 1850), D ana (1846), Haime 
& Milne Edw ards (1857), D uchassaing & M ichelotti 
(1860), Agassiz (1880), or Haeckel (1876), w here 
au thors sought to im press a w ider scientific commu­
nity  as m uch as docum ent the  taxonomic characters 
of corals. Thus, despite th e ir s ta tu s  as being among 
the m ost scholarly m onographs of th e ir tim e, the 
species descriptions they contain are usually  unhelp­
ful, for they  lack details of morphology (especially 
about how one species m ight be d istinguished from 
another), hab ita t, and even location. For th is reason, 
m odern taxonom ists m ust rely on type specimens and 
illustra tions ra th e r  th an  descriptions to determ ine 
the actual iden tity  of the  species being described.

In  recent years, historic collections, and the  studies 
m ade of them , have become the bane of coral tax ­
onomy, for they  tie m odern studies to an  an tiquated  
past via ru les of nom enclature th a t m ay have little 
intrinsic value, and instead  have an  endless capacity 
to m ain ta in  uncertainty, even where, as far as the 
actual corals are concerned, there  is none.

Type specim ens

Coral taxonom ists of the  rem ote past were not divers, 
and therefore had  no idea how species actually

appeared in  natu re , including varia tion  in  their 
shape, colour, and abundance. If  a specimen looked 
different enough it w as proclaimed a new species and 
given a nam e; there  was no concept of w hat species 
actually  were. At th is tim e also, corals were swapped 
or borrowed among n a tu ra lis ts  or m useum s for the 
price of a postage stam p, perhaps to be re tu rned  later, 
perhaps not. Inevitably m any specimens w ere lost or 
now appear to be lost because they were given a new 
label and incorporated into another collection, com­
monly w ithout any indication of th e ir original source. 
W ith some exceptions, type specimens were not con­
sidered as essential as they  are today, nor were dif­
ferent categories of types recognized. M any rem ained 
unm arked, la te r to be revealed as a type specimen 
on the  basis of the  handw riting  on th e ir label or a 
particu lar form of notation  used by an  individual 
author. I t is also likely th a t m any type specimens now 
believed lost never existed, as they were no more th an  
in teresting  specimens selected for illustration  and 
description, th en  re tu rned  to a general collection once 
th a t job w as done.

Although historic type specimens are given equal 
s ta tu s  today, some are deserving of a special s ta tu s  
w hereas others are not. For example, Jam es Dana, 
the m ost as tu te  coral taxonom ist of the  19th century, 
was particu larly  precise about his specimens and 
accurate in  his descriptions, bu t not so A. E. Verrili 
who, following in  D ana’s footsteps, designated type 
specimens from barely recognizable fragm ents, which 
he deposited in  different m useum s (Verrili, 1864). 
Some of Verrill’s types found in  the  M useum  of 
Com parative Zoology, H arvard  University, and the 
Sm ithsonian Institu tion  today were clearly taken  
from different colonies th a t actually  belong to 
different species, w ith  some bearing a reference to 
Dana, and others not. A more general problem was 
the casual trea tm en t of type specimens by some 
m useum s. M any types have been supposedly lost, 
th en  found, or declared to be types w hen they  are 
not. For example, in  the mid-1970s the P aris M useum 
proudly displayed the  historic type specimens of 
Lam arck and his contem poraries, bu t not those of 
subsequent authors, notably Milne Edw ards and 
Haime, m any of which w ere kept in  general collec­
tions. The p resen t author, helped w hen tim e perm it­
ted by the m useum ’s coral palaeontologist, Jean- 
P ierre Chevalier, a ttached  explanatory notes to w hat 
w ere probably some of Milne E dw ards’ and H aim e’s 
type specimens th a t had  been presum ed lost. This is 
not ju s t  a m atte r of historical anecdote, nor confined 
to the  Paris M useum: curation  of type specimens 
directly affect today’s taxonomic decisions, and helps 
to ensure th a t problems of the  past are  kept alive 
and continue to destabilize species nom enclature. 
This issue is fu rther pursued below.
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Type species
The value of type species, the species on which genera 
are  based, seems obvious; however, in  practice, using 
type species as a basis for taxonomic decisions 
is seldom a useful process because they  are usually  
am ong the  first-described species of a genus, and 
represen t a distillation  of the  sorts of historical prob­
lems ju s t described. Any coral taxonom ist choosing to 
update  the  type species docum ented by Vaughan & 
Wells (1943) and Wells (1956) is in  for surprises. 
For example, the  type species of genus Leptoseris 
is Leptoseris fragilis  Milne Edw ards & Haim e, 1849, 
about w hich so little  is known th a t it was not 
re-described in  D inesen’s (1980) revision of th a t 
genus, nor included in  Veron (2000a). At least 
L. fragilis  is alm ost certain ly  a Leptoseris, bu t the 
iden tity  of the  type species of o ther genera is less 
certain . For example, the  type species of M ontastraea  
is Astrea guettardi de Blainville, 1830, a long-lost 
Miocene fossil, debatably from France or Italy, th a t is 
unidentifiable.

Such cases have been ignored in  accordance w ith 
the  old adage ‘let sleeping dogs lie’, bu t th is  can leave 
genera prone to a takeover. For example, the  type 
species of Favia  Oken, 1815 is supposedly the  A tlantic 
species Favia fragum  (Esper, 1797), designated the 
type species by Verrili (1901). This is another example 
of Verrill’s propensity for m istakes, as F. fragum  is 
unlikely to be a Favia  a t all, although th a t is w hat it 
has always been called because of its type-species 
sta tu s. I t is widely believed th a t the only solution 
to such a historical error is to give all o ther Favia  
species (except the  close ally of F. fragum , Favia  
gravida  Verrili, 1868) a different generic nam e, as 
Budd e ta l. (2012) have recently done (see ‘Ockham ’s 
razo r’ below). In  fact, all Oken’s genera (including 
Favia, bu t also Acropora, Galaxea, M ussa, M ycedium, 
Pectinia, and Turbinaria) are technically invalid 
or ‘unavailable’ in  the  language of the In ternational 
Commission on Zoological N om enclature (ICZN 
Commission, 1956), unless rescued by subsequent 
designations because Oken did not adhere to binom ial 
nom enclature. In the  particu lar case of Favia  
one m ay well ask: should an  obscure 200-year-old 
publication, supposedly corrected by a 100-year-old 
m istake, m atte r w hen the nam e Favia  has now been 
used unam biguously in  over a thousand  publications? 
Obviously not, especially as subsequent designations 
are  m atte rs  of opinion, w hich m ay not accord w ith  the 
views of o ther taxonom ists, or indeed w ith  those of 
the  original au thor of the  genus.

In  total, and irrespective of the  rules, 20 genera 
{Astrangia, Balanophyllia, Colpophyllia, Coscinaraea, 
Diploria, Goniopora, Leptoria, Leptoseris, M eandrina, 
M ontastraea, Oculina, Pavona, Podabacia, 
Polyphyllia, Porites, Seriatopora, Solenastrea,

Stephanocoenia, Ti'achyphyllia, and Turbinaria) have 
unrecognizable type species, and as it curren tly  
stands the  validity  of all these nam es lack certa in ty  
for one historical reason or another. N evertheless, the 
stability  of generic nam es has been perfectly adequate 
w ithout type species and the  baggage th a t goes w ith 
them . Even Acropora, the  best known of all coral 
genera, was only validated  by the ICZN in 1963.

In  fact, despite common beliefs, the  ICZN offers 
alternatives to nam e-changing, including ratification 
of existing nam es, w here older nam es take  priority, 
and the designation of new type species.

Type genera of families have even less relevance 
to the  real world, and are  generally  subsequent des­
ignations ignored by m ost authors.

International commission  on
ZOOLOGICAL NOMENCLATURE 

Today we are left w ith  a taxonomic legacy from 
the past th a t has more to do w ith  hum an history 
th a n  taxonomy. This is particu larly  unfortunate  
in  the case of corals bu t it is far from unique to 
them . In order to pu t zoological nom enclature into 
some sem blance of order, the  ICZN (which produces 
and periodically updates the In ternational Code o f  
Zoological Nom enclature) w as founded in  1895 and, 
funded by a charitable tru s t, has since done m uch to 
tidy-up general taxonomic problems as well as spe­
cific details re levant to individual publications or 
taxa.

The original prem ise of the  ICZN was th a t taxo­
nomic decisions should reduce uncertainty, not 
increase it, a critical goal th a t is now often overlooked 
by taxonom ists, and sometimes even by the ICZN 
itself. As a paralegal organization it is fitting th a t the 
ICZN should be concerned w ith  regulation; however, it 
is critical th a t its m em bership m ain ta ins focus 
on the  real needs of a rapidly changing taxonomic -  
and technological -  landscape. For example, following 
years of ‘highly charged debate’ the ICZN has only 
recently allowed descriptions of new taxa  to be pub­
lished electronically, and even today there  are basic 
issues concerning the use of Latin. This was once a 
language firmly entrenched in  the  in ternational law, 
religion, history, astronomy, anatomy, and taxonomy of 
the  w estern  world, bu t it is no longer, and yet the ICZN 
still requires th a t the  ru les of L atin  declension take 
priority  over nam es th a t an  unw ary taxonom ist m ight 
create, even to the  point th a t a species nam e m ust be 
changed to m atch the  gender of its genus should th is  be 
changed. This is a guaran teed  recipe for disorder in  an  
age of electronic inform ation searches. The simple 
alternative, placing the needs of stability  and inform a­
tion technology above th a t of L atin  gram m ar, would 
simply be to re ta in  original spellings.
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As far as corals are  concerned, the emergence 
of m olecular taxonomy based on living tissue and 
not skeletons renders all bu t some of the  most 
recent holotypes (th a t have living tissue preserved) 
inadequate for fu tu re  taxonomic and biogeographic 
studies (see ‘W here m olecular taxonomy and biogeog­
raphy  m eet’ below). R egulatory changes to address 
th is issue need to be in  place, the  principle being th a t 
some faunal groups have specific nom enclatorial 
requirem ents th a t do not arise elsewhere.

Equally  im portan t is the need for the  ICZN to pu t 
an  end to the nam e-gam es commonly being played 
w ith  corals, as these are relicts of history  and have 
nothing to do w ith  the corals them selves.

N a m e -g a m e s

Because of historical inheritance, even the best- 
known species nam es are vulnerable to change 
because of the  w idespread belief th a t the  oldest nam e 
m ust be the one accepted, despite the  fact th a t these 
are often the  least certain. For example, Wallace 
(1999) changed the nam e Acropora formosa  (Dana, 
1846), probably the  m ost widely and reliably cited of 
all Acropora species, to Acropora m uricata  (Linnaeus, 
1758) on the basis of one doubtful draw ing (which 
could be one of several staghorn Acroporas), evoking 
nom enclatorial priority  as the reason for doing so. In 
th is case the motive was presum ably to provide a 
neotype for A. m uricata, the  type species of Acropora; 
however, another problem th a t has g reater potential 
to proliferate is the creation of a new nam e because of 
the perceived m isidentification of an  old type speci­
men. For example, M adracis m irabilis  (Lyman, 1859), 
another widely known and reliably cited species, 
was renam ed M adracis auretenra  by Locke, Weil & 
Coates (2007) in  order to sort out a problem they 
believe occurred w ith  type specimens. Such views are 
seldom straightforw ard and m any are unique to indi­
vidual species, bu t in  the in terests  of keeping scien­
tific publications relevant and understandable  for 
non-taxonom ists, there  would again need to be very 
good reason to change a commonly used nam e th a t 
is unam biguous. The designation of a new holotype 
w here needed would be a simple way of re ta in ing  
such nam es.

Some recent au thors have re ta ined  nam es in 
curren t use by suppressing older nam es. For example, 
Benzoni e ta l.  (2010) re ta ined  the  nam e Psammocora  
nierstraszi Van der Horst, 1921, although she 
found th a t Psammocora verrilli Vaughan, 1907 had 
priority, a procedure allowed by ICZN article 23.9.3. 
Nom enclatorial stab ility  would be well served if  th is 
process was explicitly recommended or m andatory, 
ra th e r th an  discretionary.

It is tem pting to believe th a t these sorts of issues 
will eventually  sort them selves out; however, th is 
is unlikely. Of the estim ated 2400 nom inal ex tan t 
zooxanthellate coral species in  existence, 15% have no 
taxonomic records and those th a t do have taxonomic 
records have the ir nam es imbedded in  the  vagaries 
of nom enclatorial history. This leaves a large num ber 
of species exposed to nam e changes on the  grounds of 
nom enclatorial priority. In  m any cases there  are good 
reasons for changing nam es, corrections of m istakes 
being the m ain  one; however, some recent authors 
have not considered stability, and seem to be unaw are 
of any need to do so.

In  summary, it is hard  to avoid the conclusion tha t, 
unless rem edies are found, nam e-gam es th a t reduce 
certa in ty  will rem ain  a perm anent fixture of coral 
taxonomy, yet th is  would not be so if  established 
nam es were reta ined  w hen the ir identity  is clear, and 
w hen new type specimens (with soft tissue preserved) 
are used to augm ent, or replace, old holotypes. There 
are m any procedural problem s w ith  such a process; 
however, som ething like it will eventually  become 
necessary if  coral taxonomy is to avoid an  unending 
decline in  stability. Perhaps the finding of a solution 
will be a fu tu re  ta sk  of the  ICZN, advised by m em bers 
recruited  from the  ranks of m olecular biology. This 
subject is continued below after b rief consideration of 
the different methodologies used in  fossil and ex tan t 
coral taxonomy.

F o s s il s , t a p h o n o m y , a n d

MICROCRYSTALLINE STRUCTURE 

There is enorm ous intrinsic in te rest in  the  evolution­
ary  history  of corals, for corals are n a tu re ’s h istorians, 
revealing more about Mesozoic and Cenozoic m arine 
environm ents th a n  any other faunal group (Veron, 
2008). For these reasons the palaeontological lite ra ­
tu re , particu larly  th a t dealing w ith  Mesozoic corals, is 
extensive. The in ternational repository, Paleobiology 
D atabase, offers a wide range of theoretical nom inal 
taxa, including over 6000 species of Scleractinia. 
These do not have anything like the  taxonomic reli­
ability of ex tan t coral species, bu t a t the  generic level 
the database is highly inform ative. N evertheless 
there  are  lim its: our detailed knowledge of Palaeozoic 
corals (Rugosa and Tabulata), which have skele­
tons of calcite, is not m irrored by the Scleractinia, 
which have skeletons of aragonite. The processes 
of diagenesis, w here the  original aragonite of 
scleractinian skeletons is replaced by calcite, destroys 
skeletal detail, thereby lim iting our knowledge of 
skeletal struc tu res of fossils to discoveries w here 
a t least some surface s tructu re  and/or macro­
morphology has been preserved. The alternative  is to 
use the  technique of th in  sectioning of specimens
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in  which a t least some aragonite has been reta ined  
or w here diagenesis has been relatively benign 
(reviewed by S tolarski & Roniewicz, 2001). However, 
the  nom enclature and proposed relationships betw een 
extinct families based on such studies (see ‘Fam ily 
trees’ below) is the  subject of often fundam ental dis­
agreem ent, stem m ing from a reliance on techniques 
used to try  to overcome inform ation loss through 
fossilization (taphonomy) and a lternative in te rp re ta ­
tions of the  iden tity  of individual specimens or groups 
of specimens.

Thin sections and etching can also be used to 
study  the  m icrocrystalline s truc tu re  of ex tan t corals, 
especially applicable to families th a t have distinc­
tive wall, horizontal, or septal elem ents. However, 
skeletal m icrostructure (documented by Stolarski, 
2003 in  fossils) has yet to be investigated in  living 
corals in  anything like the  detail needed to underpin  
a taxonomic hierarchy, and indeed m icrostructure 
was not fundam ental to the  (prim arily fossil) compen­
dium s of Vaughan & Wells (1943), Wells (1956), or 
Chevalier & Beauvais (1987), see ‘Ockham ’s razor’ 
below.

Today, environm ent-correlated m icroskeletal vari­
ation rem ains unstudied, even a t the generic level, 
yet th is varia tion  is readily  seen in  m ost faviid and 
m ussid species. For example, Lobophyllia pachysepta  
Chevalier, 1975 and Sym phyllia  agaricia  Milne 
Edw ards & Haim e, 1849 both have thick, granulated , 
club-shaped tips to the ir septal dentations in  wave- 
ham m ered environm ents, grading to th in  smooth 
pointed dentations in  protected environm ents. 
Likewise, the  wall s truc tu re  of O ulophyllia crispa 
(Lamarck, 1816), for example, changes from being 
prim arily  septothecal to being prim arily  parathecal 
w ith  decreasing exposure to wave action. F u rth e r­
more, the ontogeny of skeletal elem ents has yet to 
be docum ented in  taxonomic detail, despite the  fact 
th a t grow th from early  postlarval stages (‘sp a t’) to 
adult colonies is routinely observed on settlem ent 
plates.

For good reasons, the  nam es of fossils have rarely  
been applied to ex tan t corals. Two of the th ree  species 
of the  M ontastraea annularis  group used in  the 
m olecular studies of Knowlton, Budd, and the ir asso­
ciates (originally in  Weil & Knowlton, 1994) are 
exceptions. Of these, M ontastraea faveolata  (Ellis & 
Solander, 1786) has a fossil holotype th a t has been 
so changed by diagenesis th a t it cannot reasonably 
be ascribed to a genus, let alone a species. Thus, for 
th is  well-studied coral, ne ither genus nor species are 
based on recognizable type specimens. In  principle, 
fossil type specimens, and the nam es th a t go w ith 
them , should be avoided for ex tan t corals, or a t least 
have type specimens of ex tan t corals nom inated for 
inclusion w ith  them .

THE REALITY OF THE REEF
Observing corals in  the ir n a tu ra l environm ent using 
scuba became a tool -  v irtually  a way of life -  used 
by coral taxonom ists from the early  1970s. At 
th a t tim e there  were th ree  schools th a t spanned the 
whole taxonomic spectrum . An Am erican school 
of geologists, stem m ing from Jam es D ana and pro­
gressing through T. W. Vaughan to John  Wells, was 
the prim ary  taxonomic inform ation source of the 
time. There was also the  Japanese  school of Yabe, 
Sugiyam a, and Eguchi, less well known bu t produc­
tive, which ended for the  m ost p a rt after the  Second 
World War. Finally, there  w as the Philippines school 
of F austino  (1927), followed by the  m any publications 
of Francisco Nemenzo and his associates, which were 
still cu rren t w hen in situ  studies had  become popular. 
All em braced the  sam e taxonomic history  described 
above, and all relied on the sam e principal mono­
graphs, especially the  seven volumes of the  Catalogue 
o f the M adreporian Corals in the B ritish M useum  
(Natural H istoiy) (Brook, 1893; B ernard, 1896, 1897, 
1903, 1905, 1906; M atthai, 1928) and a succession of 
Dutch publications, notably from the Rijksm useum . 
Despite the  use of the  sam e historical inform ation 
sources, the taxonomies of these th ree  schools had 
little  in  common except for the nam es they used, 
nam es th a t were commonly applied to completely 
different species. The reasons for th is appear to be: 
(1) an  alm ost to tal lack of inform ation exchange 
betw een contem poraneous authors, perhaps because 
th is was deemed to be a m a tte r best dealt w ith  in 
synonymies; (2) the Japanese  and Philippines schools 
tended to be in su la r in  the  face of the  Am ericans who 
had  the resources for foreign travel; and (3) the  study 
of type specimens in  foreign m useum s w as not 
accorded the  im portance th a t it now has.

Wells’ (1954) Recent corals o f the M arshall Islands  
was widely considered the  m ost au thorita tive  work of 
the  pre-scuba era, and underpins m ost taxonomic 
studies from th en  un til the  early  1970s.

S pec ies i n  s it u

Taxonomic studies using scuba commenced in  the 
early  1970s and im m ediately created m ajor conflicts 
w ith  v irtually  all aspects of the trad itional taxonomy 
of the  time. For example, Pocillopora damicornis, 
recorded in  over 50 taxonomic publications, and about 
twice th a t num ber of non-taxonomic research papers 
before 1970, was the  m ost commonly used species 
of experim ental research. The questions th a t n a tu ­
rally  arose were: (1) w hat actually  is Pocillopora 
dam icornis; (2) how could it be reliably distinguished 
from other Pocillopora species; and (3) w hat is its 
distribution? L innaeus’ original description (in ju s t  20
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F ig u r e  1. V ariation  of the  skele ta l s tru c tu re  of Pocillopora dam icorn is  from a w ide range of h ab ita ts , as illu s tra ted  by 
V eron and  P ichón (1976).

words of Latin) is not rem otely helpful, the  holotype is 
lost, and the type locality is impossibly vague (‘0 . 
Africano & Indico’). More im portantly, w hen (the p re­
sumed) Pocillopora dam icornis was seen in situ  it 
showed so much environm ent-correlated variation  
(Fig. 1) th a t the  taxonomic accounts of the  tim e left 
alm ost every issue unansw ered. The second question 
posed worse problems, for a perusal of the taxonomic 
lite ra tu re  of Pocillopora revealed little  else bu t dis­
agreem ent (Fig. 2).

In  situ  studies of corals offered m any solutions: 
(1) they  allowed species to be identified w ith  m uch 
g reater reliability; (2) they allowed comprehensive 
surveys to be undertaken; (3) they provided d istinct 
crite ria  by which closely related  species could be 
distinguished; and (4) they revealed how changes in 
skeletal morphology are  correlated w ith  the environ­
m ent. This work reinvigorated coral taxonomy and 
led to detailed studies of a t least one million speci­
m ens worldwide. Forty years on, in situ  studies are 
still evolving, providing a solid foundation for a wide 
range of research as well as overwhelm ing support for 
reef conservation.

T h e  ta x o n o m ic  h ie r a r c h y

Taxonomic h ierarchies are the  outcome of group­
ing species into genera and genera into families. 
A lthough it seems a sta tem en t of the  obvious, it is 
only possible to build a hierarchy from the  bottom up: 
genera m ust be founded on species and families on 
genera if  the h ierarchy is to accurately reflect w hat 
occurs in  na tu re . A perfect taxonomic h ierarchy of 
Scleractinia would be based on: (1) all species being 
taxonomically isolated units; and (2) every species 
included. In  the real world these conditions can never 
be met.

Ca t e g o r ie s  o f  s p e c ie s

Species th a t are sufficiently well known to be cur­
ren tly  used as operational taxonomic u n its  (Veron, 
2000a, and subsequent additions) can be a ttribu ted  
to one of the  following categories, according to their 
taxonomic history.

Very distinct species
Monospecific genera all have very distinctive species 
(Veron 2000a and subsequent additions).
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rugosa Gardiner, 1897 
symmetrica Thiel, 1932 
favosa  Ehrenberg, 1834 
hemprichii Khmzinger, 1879 
elegans Dana, 1846 
meandrina Dana, 1846 
verrucosa (Ellis & Solander), 1876 
danae Verrili, 1964 

aspera Verrili, 1868 
ligulata Dana, 1846 
plicata  Dana, 1846 
nobilis Verrili, 1864 
squarrosa Dana, 1846 
brevicornis Lamarck, 1816 
lobifera E. & H., 1860 
dalliconus (Linnaeus), 1758 
bulbosa Ehrenberg, 1834 
acuta Lamarck, 1816 
cespitosa Dana, 1846 
grandis Dana, 1846 
glomerata Gardiner, 1897 
coronata Gardiner, 1897 
elongata Dana, 1846 
eydouxi E. & H., 1860 
mondumanensis Vaughan, 1907 
setchelli Hoffmeister, 1929 
woodjonesi Vaughan, 1918 
paucistellata  Quelch, 1886 
suffriiicosa Verrili, 1864 
septata Gardiner, 1897 
pulchella  Bruggemann, 1879 
lacera Verrili, 1864 
clavaria Ehrenberg, 1834 
obtusata Gardiner, 1897 
subacuta E. & H.

II

I

F ig u r e  2 . Species o í Pocillopora and  th e ir  synonym s, as illu s tra ted  by V eron & Pichón (1976). x, species considered valid; 
• ,  synonym s, connected by a vertica l line.

Well-defined species
D espite the ir repu tation  for being taxonomically dif­
ficult, the  m ajority  of species th a t belong to most 
m ajor genera can be reliably identified w ith in  a geo­
graphic region because they  have one or more con­
spicuous characters th a t display little  variation.

Apparently well-defined species
M any species appear to be taxonomically stra ig h t­
forward, bu t are so variable th a t appearances m ight 
be deceptive. For example, Pavona m aldivensis 
(Gardiner, 1905) has such distinctive characters th a t 
it is readily  recognized over its Indo-Pacific-wide
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distribution  range; however, because it exhibits wide 
varia tion  in  m ost skeletal characters, th is conclusion 
aw aits confirm ation by m olecular study

Problematic species
Most of these species can be reliably identified by an 
expert in  a particu lar region, bu t less reliably over a 
wide geographic range. For example, Pocillopora 
damicornis can usually  be identified w ith  a high level 
of certa in ty  in  the  central Indo-Pacific, bu t th is  is 
progressively more problem atic in  more d istan t 
regions. This is not a lack of expertise on the p a rt of 
the taxonom ist, it is the outcome of reticu late p a tte rn  
form ation (see ‘The L ast F ro n tie r’ below).

Species complexes
M any species m ight appear to be taxonomically 
straightforw ard bu t are  not. For example, 
M ontastraea annularis  (Ellis & Solander, 1786), once 
considered a single species, w as found to be a complex 
of th ree  species, as m entioned above, by molecular 
studies (Knowlton et al., 1992; Weil & Knowlton, 
1994). These could have (and should have) been 
recognized from in situ  morphological studies, bu t 
were not. M any other old and well-known species, 
for exam ple Cyphastrea serailia  (Forskàl, 1775) and 
Lobophyllia hem prichii (Ehrenberg, 1834) are alm ost 
certainly species complexes of a sim ilar kind, yet have 
not been subdivided despite determ ined attem pts to 
do so. For th is  reason they  have extensive synonymies 
(Veron, Pichón & W ijsman-Best, 1977 and Veron & 
Pichón, 1980, respectively) th a t aw ait molecular 
confirmation.

Species based on a la c k  o f characters 
This seem ingly obtuse concept is probably common­
place in  a few genera. For example, m assive Porites 
species are identified on the basis of calice characters 
th a t m ay vary  so much th a t different corallites of the 
sam e colony have few if  any stru c tu ra l elem ents 
in  common (Fig. 3). This can partly  be controlled for 
w hen identifying Porites species; however, the concept 
th a t some species are  single en tities w ith  an  Indo- 
Pacific-wide d istribution  is prim arily  based on details 
of septa, characters th a t m ay not be adequate for such 
a purpose. In situ  studies have established reliable 
crite ria  for separating  Porites species w here they 
co-occur; however, such distinctions over wide geo­
graphic ranges aw ait confirm ation using molecular 
m ethods. These are likely to reveal an  a rray  of cryptic 
species, for exam ple Porites paschalensis  Vaughan, 
1906 from rem ote E aste r Island is usually  considered 
a junior synonym of Porites lobata Dana, 1846, which 
spans the en tire  Indo-Pacific. W hether th is is so or 
not is beyond any morphological study  to determ ine 
because Porites does not have adequate morphological 
characters to support such studies.

Subspecies  taxon levels

It was once commonplace for variations in  a well- 
studied species to be called ‘forma’, ‘varie ties’, or 
‘subspecies’, and given individual nam es in  the  belief 
th a t these were d istinct taxa. For example, V aughan 
(1907), in  11 pages of detailed description, divided 
Porites lobata in  Haw aii into ten  nam ed ‘form a’ and 
‘subform a’; however, if  Vaughan could have studied 
large colonies in situ  he would have found th a t dif-

F ig u r e  3. C orallite  v a ria tio n  w ith in  a single colony of Porites lutea. The corallites occur w ith in  300 m m  of each other, 
around  th e  lip of th e  base  of a  he lm et-shaped  colony. A fter V eron (1995).
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ferent p a rts  of the sam e colony commonly exhibit the 
characters of several of his forma. In principle, sub­
species taxon levels are artificial groupings, although 
m any coral species, as w ith  plants, have local or even 
w idespread populations th a t have distinctive colours 
as well as m inor morphological characteristics.

Cladograms, w hich indicate ever more divisions, 
are  likely to lead to a fu tu re  revival of subspecies 
taxon levels. These are of doubtful value in  the  con­
tex t of ever-changing morphological and geographic 
continua.

Most species exhibit environm ent-correlated vari­
ations, the individual components of which m ay use­
fully be term ed ‘ecomorphs’. Ecomorphs are  not a 
taxon level because they  are a rb itra ry  and merge 
w ith  each other w ith in  the  sam e species (as w ith 
Pocillopora damicornis, Fig. 1). Significantly, the  for­
m ation of ecomorphs m ay not en tire ly  resu lt from 
environm ent-correlated plasticity  in  grow th form, as 
there  m ay be significant selection of specific geno­
types in  colonies growing in  stressful or otherwise 
m arginal environm ents.

There is often an  unclear distinction betw een an 
ecomorph and a species. For example, colonies exposed 
to wave action in  Figure 1 m ight be an  ecomorph 
of Pocillopora dam icornis or alm ost equally the sepa­
ra te  species Pocillopora brevicornis Lam arck, 1816, 
depending on morphological details revealed by 
m olecular studies (see ‘M olecular taxonomic tools’ 
below).

G e o g r a p h ic  l im it a t io n s

Clearly, studies of intraspecific varia tion  along envi­
ronm ental gradients can be m ade in  any geographic 
region w here the  species occurs; however, m orpho­
logical studies to reveal how closely rela ted  species 
differ are obviously restric ted  to regions w here they 
co-occur, usually  places w here diversity  is high. For 
th is  reason, isolated locations have a high proportion of 
unresolved taxonomic problems a t species level th a t 
can only be studied by m olecular m ethods. For exam ­
ple, Veron et al. (1974) assum ed th a t the  Pocillopora 
specimens occurring a t the  Solitary Islands of high- 
la titude  eastern  A ustralia  were an  ab erran t form of 
Pocillopora dam icornis  restric ted  to the  extrem e envi­
ronm ent of th is location, w hereas m olecular m ethods 
have shown th is to be a d istinct species, Pocillopora 
aliciae Schmidt-Roach, M iller & A ndreakis, 2013a.

In  principle, studies of Indo-Pacific corals based on 
morphology are a t the ir most reliable in  regions of high 
diversity  (where a species and its close allies are most 
likely to co-occur), and are  least reliable in  rem ote 
regions (where they  are  unlikely to co-occur). In con­
tra s t, C aribbean species have a high level of uniform ity 
in  both occurrence and variability. Thus, resu lts  of

taxonomic studies in  one C aribbean country are  gen­
erally  applicable to o ther countries w ith in  the region.

M o r p h o m e t r i c s , c l a d is t ic s , a n d

PATTERN RECOGNITION 

The analysis of m easurem ents of corallite skeletal 
struc tu res -  m orphom etrics -  has been used to 
support taxonomic observations since the 1980s 
(Willis, 1985). The m ain  attractions of the  m ethod are 
in  the  nam e (which suggests objectivity), num erical 
rigour, and repeatability.

Cladistic or principal component analysis can 
greatly  enhance the value of m orphom etric data , pro­
vided th a t clade generation is not used to extend 
clade distinctions to levels beyond the  inform ation 
value of the  original data . In  practice, there  is an  
invisible line betw een cladistics used for d a ta  sorting 
and cladistics used for num erical taxonomy (Sokal & 
Sneath, 1968). The form er is the  preferred tool of 
d a ta  analysis today, w hereas the  la tte r  is generally 
considered a tool of last resort stem m ing from a 
tim e w hen species w ere believed to be reproductively 
isolated un its (reviewed by Veron, 1995), and even 
Willi H ennig h im self (Hennig, 1966) w arned th a t 
cladogram s can create false divisions w here there  has 
been hybridization betw een the  tax a  under study (see 
‘The la s t fron tier’ below).

As far as corals are concerned, m orphom etrics does 
not reveal differences betw een corallites th a t are not 
readily  seen by skilled observers (with hum ans being 
particu larly  adept a t p a tte rn  recognition), and the 
methodology has severe lim itations. For example, 
old corallites near the  base of m atu re  Pocillopora 
damicornis colonies usually  have more in  common 
w ith  basal corallites of o ther Pocillopora species th an  
they have w ith  peripheral corallites of the ir own 
colony. This is readily  seen a t a glance; however, 
m orphom etrics can no more accommodate it th an  it 
can m eaningfully accommodate varia tion  in  corallite 
morphologies am ong colonies from different environ­
m ents. In  theory th is level of varia tion  can be con­
trolled for by selecting corallites according to specified 
criteria  (such as distance from a branch tip); however, 
th is brings into question the value of using 
m orphom etrics in  the  first place. M assive Porites colo­
nies illu stra te  a sim ilar issue: corallites from the 
basal p a rts  of helm et-shaped colonies m ay have 
alm ost nothing in  common w ith  those on the upper 
surface (Fig. 3), som ething readily  observable bu t 
not readily  captured by morphom etrics. In general, 
m orphom etrics is only of value in  specific circum ­
stances, and even th en  is of dubious value as a 
stand-alone basis for taxonomic decisions.

P a tte rn  recognition com puter technology (as used 
in  facial or fingerprint recognition) is another m atter,
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for such program s have the  potential to rapidly  record 
unlim ited detail in  corallite variation. So far, pilot 
studies on skeletons ra th e r th a n  living colonies have 
not been published, bu t presum ably the methodology 
has enorm ous potential to link  morphology and 
m olecular data.

F ie l d  g u id e s

Field guides and electronic keys th a t illu stra te  
species and distinguish  betw een them  in situ  for p ar­
ticu lar regions are  an  effective in term ediary  betw een 
the complexities of taxonom y and the needs of non­
taxonom ists to identify corals. They are  also a valu­
able illustration  of the  rea lity  of ree f studies and of 
broad-scale geographic d istributions. Approxim ately 
tw enty  species-level field guides to corals have been 
published th a t usefully illu stra te  the  key identifying 
characters of living colonies in  the  region they cover. 
Like field guides to birds, they  are  designed to illus­
tra te  characters used in  recognition, and usually  do so 
more effectively th a n  taxonomic publications.

G e n e r a  a n d  b in o m ia l  n o m e n c l a t u r e

Most of the  common genera of corals are well defined 
to the point of being obvious; however, some are not. 
The concept of binom ial nom enclature requires th a t 
all species m ust be assigned to a genus, irrespective of 
w hether th is is a clear decision or a best guess. This 
sometimes forces taxonom ists to designate a genus 
w hen the  identity  of the  species is clear bu t the genus 
is not.

C a t e g o r ie s  o f  g e n e r a

Ju s t  as all species are  not taxonomically equal, 
genera based on morphological characters as opposed 
to m olecular characters (see ‘M olecular taxonomic 
tools’ below) can be a ttribu ted  to one or more of the 
following categories. Note th a t a genus m ay be well 
defined even w hen it contains doubtful species and 
vice versa.

Well-defined genera
Most coral species can be a ttrib u ted  to a genus w ith 
a high degree of certa in ty  and w ith  m inim al taxo­
nomic expertise. Of the  114 genera recognized by 
Veron (2000a) w ith  subsequent additions, 85 belong to 
th is category.

Well-defined genera with exceptions 
Some genera are m ostly well defined bu t contain 
uncerta in  species, w ith  the  uncerta in ties having 
m ultiple origins. These uncertain ties can be resolved, 
left as problems to aw ait fu rther study, or given a

new generic designation. For example, Echinomorpha  
nishihirai (Veron, 1990), Australogyra zelli (Veron 
e ta l., 1977), and Australom ussa rowleyensis (Veron, 
1985) were all removed from th e ir original genus 
following fu rther study.

Genera with uncertain boundaries 
The boundaries of some large genera are  linked to 
the ir taxonomic history, not because of an  adherence 
to the  past bu t because of a w ant of good reasons to 
m ake changes. For example, Favia  and Favites would 
be well-defined genera were it not for some species 
th a t have alm ost equal affiliation to both, a problem 
exacerbated by the  fact th a t environm ent-correlated 
varia tion  w ith in  these species (notably a tendency to 
have common walls in  high-energy environm ents and 
separate  w alls in  protected environm ents) span  both 
genera (Veron et al., 1977). This problem is particu ­
larly  common am ong faviids.

Genera o f convenience
Some species are  a ttrib u ted  to genera th a t are 
essentially  artificial because of the  requirem ent of 
binom ial nom enclature. Throughout the  history of 
coral taxonomy, genera have been used or discarded 
on points of technicality, w hich m ay or m ay not have 
a phylogenetic basis. For example, the  two species 
included in  Barabattoia, Barabattoia amicorum  
(Milne Edw ards & Haime, 1848) and Barabattoia  
laddi (Wells, 1954), have skeletal characters th a t 
exclude them  from both Favia  and M ontastraea. In  a 
sim ilar vein, Plesiastrea devantieri Veron, 2000 and 
Leptoseris yabei (Pillai & Scheer, 1976) are well- 
defined species bu t do not clearly belong to the  genus 
assigned them . M any such species aw ait fu rther 
study using m olecular methods.

Alternative genera
Most instances w here a lternative generic nam es are 
commonly used are the  resu lt of revisions of earlier 
decisions, for exam ple the separation  of Isopora from 
Acropora by Wallace et al. (2007). O ther a lternative 
generic designations are sometimes used because 
they  are recent changes to w ell-established genera 
th a t users m ay not be aw are of. For example, Galaxea 
horrescens (Dana, 1846) was a monospecific species 
of Acrhelia  un til newly discovered species clearly 
linked these genera together. A lternative generic des­
ignations are also used for the  C aribbean species 
Leptoseris (= Helioseris) cucullata  (Ellis & Solander, 
1786) and Isophyllia  (= Isophyllastrea) rigida  (Dana, 
1846), the  first because of sim ilarities w ith  Indo- 
Pacific Leptoseris, the  second because of sim ilarities 
w ith  Isophyllia sinuosa  (Ellis & Solander, 1786) 
(Veron, 2000a). These are again m atters  of opinion 
un til m olecular studies confirm one way or the  other.
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Similarly, solitary fungiids are commonly given a lte r­
native designations because of continuing changes to 
the  s ta tu s  of Cycloseris, Fungia, subgenera of Fungia, 
and Diaseris, pa rtly  reflecting the  different tre a t­
m ents of these genera by Veron & Pichón (1980), 
Hoeksem a (1989), and Veron (2000a), and partly  
a sequence of changes stem m ing from molecular 
studies, m ost recently by G ittenberger, Reijnen & 
Hoeksem a (2011).

Subgenera, once widely used for Fungia, Porites, 
and some m inor genera, are now out of use; however, 
they  are likely to be revived to reflect the  detailed 
resolution of the species clades generated  by molecu­
la r data.

F a m il ie s

The fam ily taxon level has not had  the  sam e level of 
in te rest in  ex tan t coral taxonom y as it has for fossils, 
w here families are more in  contention and there  are 
more of them . N evertheless, m olecular studies will 
change m any fam ily divisions based on morphology 
and greatly  increase the  to ta l num ber of families 
accepted.

C a t e g o r ie s  o f  f a m il ie s

Fam ilies, like genera and species, do not have 
equal taxonomic sta tus. The families grouped below 
(th a t exclude those alm ost entirely  dom inated by 
azooxanthellate taxa) are those determ ined from mor­
phology, except for the  new fam ily Coscinaraeidae 
Benzoni & Arrigoni, 2012 determ ined from a combi­
nation  of morphological and m olecular taxonomy, 
and the restoration  of th ree  monospecific families. 
M orphology-based families are com pared w ith  DNA 
phylogenies in  ‘Phylogenetic trees’ below.

Well-defined fam ilies
Nam e alternatives from rem ote past history 
aside, there  are  no morphological taxonomic issues 
w ith  the  following families: Acroporidae Verrili, 
1902; A gathiphylliidae Vaughan & Wells, 1943; 
C oscinaraeidae Benzoni & Arrigoni, 2012; 
Dendrophylliidae Gray, 1847; Euphylliidae Milne 
Edw ards, 1857; Fungiidae Dana, 1846; M erulinidae 
Verrili, 1866; Oculinidae Gray, 1847; O ulastrei- 
dae Vaughan, 1919; Pocilloporidae Gray, 1842; 
Rhizangiidae d’Orbigny, 1851; and Trachyphylliidae 
Verrili, 1901. A gathiphylliidae Vaughan & Wells, 1943 
(the family of Diploastrea heliopora), O ulastreidae 
Vaughan, 1919 (the fam ily of Oulastrea crispata), 
and Trachyphylliidae Verrili, 1901 (the family of 
Ti'achyphyllia geoffroyi) are monospecific families 
(J. E. N. Veron, unpubl. data). These families are  all

distinctive and, morphologically, the  m ultispecies 
families listed above appear to be monophyletic.

Potentially divisible fam ilies
The following families have a genus or a group of 
genera th a t are  trad itionally  included in  the family 
w ith  doubt: Agariciidae Gray, 1847; Astrocoeniidae 
Koby, 1890; M eandrinidae Gray, 1847; Pectiniidae 
Vaughan & Wells, 1943; Poritidae Gray, 1842; and 
S iderastreidae Vaughan & Wells, 1943. Of these, the 
inclusion of Alveopora in  the  Poritidae is of particu lar 
in te rest because Alveopora  species have greatly  
reduced skeletal development, so m uch so th a t the ir 
inclusion in  the  Scleractinia a t all w as once a subject 
of debate (Bernard, 1903). Perhaps a m inor m atter, 
all Alveopora have 12 tentacles, unlike its nearest 
genus, Goniopora, w hich have 24. Although these 
genera are  otherw ise sim ilar it is possible th a t this 
sim ilarity  is the  resu lt of convergent evolution. The 
Agariciidae curren tly  contain two doubtful genera, 
Coeloseris and Gardineroseris. Additionally, the 
inclusion of Psammocora  (formerly in  family 
T ham nasteriidae Vaughan & Wells, 1943) in  the 
S iderastreidae (by Veron & Pichón, 1980) is question­
able. Dichocoenia does not clearly belong to the 
M eandrinidae. Echinom orpha  and Pectinia are  unlike 
each other, and also differ from the o ther genera of 
the Pectiniidae. Stephanocoenia  does not clearly fit 
w ith in  the  Astrocoeniidae. Morphologically, these 
families m ay be monophyletic as they  stand  or m ay 
only be monophyletic w ith  specific deletions. I t is 
notew orthy th a t of the  genera noted in  th is group, five 
are monospecific and are candidates for th e ir own 
monospecific families.

Over-extended fam ilies
The Faviidae Gregory, 1900 and M ussidae O rtm ann, 
1890 are  large rela ted  families th a t have cores of 
closely re la ted  genera. These would m ake them  
broadly cohesive were it not for the  presence of doubt­
ful inclusions, especially Cladocora, Parasimplastrea, 
Solenastrea, and Moseleya in  the  Faviidae, and 
Blastom ussa, M icromussa, Acanthastrea, and 
M ussism ilia  in  the  M ussidae. M icromussa  and some 
species of Acanthastrea  are  so faviid-like th a t they  are 
only included in  the  M ussidae on questionable devel­
opm ent of m ussid-like sep ta  dentations and fleshy 
soft tissues. Morphologically, these families could be 
monophyletic as they  stand  or monophyletic w ith  the 
aforem entioned genera excluded; however, even w ith 
these exclusions, the  Faviidae would rem ain  very 
polymorphic. The inclusion of Heterocyathus in  the 
Caryophylliidae Gray, 1847 follows tradition . This is a 
very large azooxanthellate family th a t clearly con­
ta in s a wide spectrum  of unre la ted  genera.
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F ig u r e  4. The fam ily tree  of Sclerac tin ia  (W ells, 1956).

Fa m il y  t r e e s

Three fam ily trees have been published: those of Wells 
(1956; see Fig. 4), Roniewicz & Morycowa (1993), and 
Veron (1995) (revised in  Veron, 2000a; Fig. 5). All are 
based on skeletal s truc tu re  incorporating the  tax ­
onomy of m odern corals and an  in terp re ta tion  of the 
fossil record of the  time. The tree  of Roniewicz & 
Morycowa, reviewed by Stolarski & Roniewicz (2001), 
is largely derived from the  skeletal m icrostructure 
of fossils as seen in  th in  sections, w hereas the  revi­
sion of Veron (2000a) incorporated the  resu lts  of a 
m olecular study  (Veron et al., 1996). In  brief, there  is 
little  agreem ent betw een the tree  of Roniewicz & 
Morycowa (1993) and the  o ther two trees, w ith  differ­
ences arising  from the reliance on the methodology of 
th in  sections and the  focus on fossils. Differences

betw een Wells (1956) and Veron (1995, 2000a) reflect 
the sta te  of knowledge of the  fossil record of these 
widely different tim es, taxonomic revisions made 
during th is interval, and Wells’ belief th a t the 
Scleractinia originated in  the Middle Triassic as two 
separate  clades: one being the Suborder Astrocoeniia 
V aughan & Wells, 1943; the  o ther being all other 
families. The only change betw een the original and 
revised trees of Veron is in  the  position of the 
M erulinidae, m ade in  accordance w ith  the aforem en­
tioned m olecular study.

In  evaluating any family tree  it is im portan t to 
note th a t all genera m ust be included. If, for exam ­
ple, family M ussidae was represented only by 
Acanthastrea  in  one tree  and only by Sym phyllia  in 
another, the  resu lting  two trees would indicate very 
different affinities w ith  the  family Faviidae. The same
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applies to extinct families. In principle, family trees 
depend on the com prehensive coverage of all compo­
n en t taxa. This requirem ent decreases the  value of all 
fam ily trees; however, the final elucidation of the  
phylogeny of ex tan t Scleractinia is now exclusively in 
the  realm  of m olecular studies.

M o l e c u l a r  t e c h n o l o g y

M olecular studies m ade an  uncerta in  s ta r t in  the  late 
1980s using immunology and electrophoresis. This 
was accompanied by a protracted  search for suitable 
prim ers (at Jam es Cook University, A ustralia, and at
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the U niversity  of Hawaii) th a t worked for coral DNA. 
The first of these schools (using nuclear 28S  riboso- 
m al DNA) was used to fu rther investigate the family 
tree  of Veron (1995), as m entioned above; the  second 
(using 16S  m itochondrial DNA) resu lted  in  the 
phylogenetic tree  of Romano & Palum bi (1996). Both 
trees supported the in tegrity  of the trad itional fam i­
lies. Since then, differences betw een phylogenies 
indicated by morphology and m olecular tools have 
been highlighted, even dram atized. This raises some 
general issues.

1. The prim ary  focus of m ost morphologically based 
coral taxonomy is the  species level. G enera are 
brought into question, or not, depending on com­
prehensive species-level comparisons and because 
all species m ust be assigned to a genus (see ‘C at­
egories of species’ above). The family level is p ri­
m arily  used to group genera into a m eaningful 
order for publication (see ‘Categories of genera’ 
above). This is a bottom -up process. The resu lts 
of m olecular phylogeny are  generally  observed 
top-dow n, independently  of com prehensiveness. 
Thus it is hard ly  surprising  th a t the  two do not 
in term esh  w ithout conflict; however, the  level of 
conflict (with taxonomy as opposed to phylogeny) 
is commonly overstated, as m olecular studies 
tend  to extend morphological resu lts ra th e r th an  
contradict them .

2. The skill set of morphological taxonom ists is 
centred on coral biology, skeletal architecture, 
and the  taxonomic lite ra tu re . The skill se t of 
m olecular biologists is centred on m olecular tech­
nology. W ith several notable exceptions (see 
‘M olecular taxonomic tools’ below), these widely 
differing skills are  often not adequately com­
bined, leading to errors in  the  identification of 
m ateria l collected for molecular studies. This 
issue is m ost prevalent in  the Faviidae, w here 
m istakes are common even a t the  generic level. 
Significantly, m any species require both field and 
laboratory study  for definitive identification (see 
‘Species in s itu ’ above) som ething th a t, so far, 
species selected for phylogenetic studies seldom 
get. Equally im portantly, depositing voucher 
specimens in  m useum s is an  essential p a rt of all 
taxonomy, bu t an  opt-out if  used a substitu te  for 
solid original identification.

3. There is a significant range of conflicting resu lts 
am ong different publications th a t cannot be a ttr ib ­
u ted  to sam pling error, bu t m ay resu lt from differ­
en t methodologies and different sectors of the 
genome being studied. Most studies try  to address 
th is  by using both nuclear and m itochondrial 
DNA; however, some resu lts are so conflicting 
th a t they span  the  deepest division w ith in  the

Scleractinia, a clear indication th a t phylogenetic 
studies have a long way to go (see below).

4. The resu lts  of m olecular studies are usually  sub­
m itted  to G enBank and are then  retrievable via 
an  accession num ber. There is no control of da ta  
quality  in  th is process, thus allowing p ast errors 
stem m ing from methodology or sam pling to exist in 
perpetuity, and to become w idespread among those 
who use these data . For the m olecular biologist, 
using archived d a ta  from other studies is a norm al 
w ay of com paring new resu lts w ith  old, or for 
extending the  com prehensiveness of new data; 
however, for the  morphological taxonom ist, seeing 
the  resu lting  compilations can look like a new 
verification of w hat they  believed to be an  old 
m istake.

5. As w ith  m ost science, career and funding opportu­
nities are enhanced by resu lts th a t appear new or 
different, prom pting attention-seeking titles and 
also publications th a t are clearly prem ature.

P h y l o g e n e t ic  t r e e s

Despite periodic confusion, there  are basic differences 
betw een a fam ily tree  intended to illu stra te  the evo­
lu tionary  history  of the  Scleractinia a t the  family 
level and a phylogenetic tree, which is the  resu lt of a 
specific m olecular study. Although both aim  to illus­
tra te  phylogeny, the la tte r  is entirely  created from 
living tissue and is usually  restricted  to a particu lar 
group of taxa. The phylogenies of Veron e ta l. (1996) 
and Romano & Palum bi (1996) both indicate a deep 
division in  the Scleractinia, which the la tte r authors 
nicknam ed (som ewhat inappropriately) ‘robust’ and 
‘complex’ clades. At first sight these clades seem 
analogous to the  two groupings of Wells; however, the 
mix of families involved is completely different.

Since th a t tim e m any relevant studies have been 
published or attem pted, culm inating in  the p en e tra t­
ing study of Fukam i et al. (2008) using both nuclear 
and m itochondrial DNA from 127 species, 75 genera, 
and 17 families. They concluded th a t the  m ajority 
of taxa  a t suborder and fam ily levels are not 
monophyletic, which is hard ly  surprising  given the 
ranges of categories of the  families, genera, and species 
involved (see above); however, th is m otivated m any 
fu rther studies addressing the issue. In  th is  process, 
the fam ily divisions of Veron (2000a), which are  largely 
based on Vaughan & Wells (1943) and Wells (1956), are 
usually  referred to as ‘trad itional’, w hereas the  fam i­
lies derived from phylogenetic studies are commonly 
called ‘revolutionary’ or ‘the new order’.

Of the  th ree  categories of families noted above, 
Fukam i et al. affirm the  doubts of all families listed 
in  categories ‘2’ and ‘3’. Of category-‘l ’ families, only 
the D endrophylliidae rem ained unchanged; the
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Euphylliidae and Oculinidae were polyphyletic, bu t 
the  study appears to affirm the monophyletic s ta tu s  of 
core m em bers of the  o ther families. N evertheless, 
th e ir d a ta  include some ex traord inary  observations: 
(1) th a t Galaxea is not in  the Oculinidae bu t in  the 
Euphylliidae; (2) th a t Ctenella and one species of 
Pachyseris are also in  the  Euphylliidae; (3) th a t 
Cladocora and Solenastrea  are not in  the  Faviidae, 
bu t in  the Oculinidae; (4) th a t Pectinia  and M ycedium  
a re  not in  the  Pectiniidae, bu t in  the Faviidae; (5) 
th a t Oxypora and Echinophyllia  are also not in  the  
Pectiniidae, bu t in  the  M ussidae; (6) th a t Leptastrea, 
Psammocora, Coscinaraea, and Oulastrea are  all 
in  the  Fungiidae; (7) th a t Alveopora is not in  the 
Poritidae, bu t the Acroporidae; and (8) th a t Physogyra 
is not re la ted  to Plerogyra.

F ukam i et al. (2008) conclude th a t morphological 
characters ‘m ust be plagued by convergence’. With 
reference to details of the  genera involved, the 
p resen t au thor concludes th a t families of Scleractinia 
have not yet been well established by molecular 
m ethods (see ‘Ockham ’s razor’ below); however, 
the  aforem entioned ‘ex traord inary’ resu lts are  not 
dism issible as m istakes of unknow n origin, as most 
resu lts  of Fukam i et al.’s study accord w ith  generic- 
level morphological taxonomy, and some of the  most 
unlikely m olecular resu lts have independent support 
(for example, in  K itahara  et al., 2010). Independent 
support also extends to species level: for example, 
Benzoni et al. (2007), ahead of Fukam i et al.’s paper, 
flagged affiliations of Psammocora explanulata  Van 
der Horst, 1922 and Coscinaraea wellsi Veron & 
Pichón, 1980 w ith  the Fungiidae, and more recently 
her group have placed both species not ju s t in  the 
Fungiidae as new genera, bu t specifically in  the  genus 
Cycloseris (Benzoni e ta l., 2012).

O c k h a m ’s  r a z o r

Perhaps fuelled by the  resu lts  of Fukam i et al. ’s 
(2008) study and subsequent updates of it, Budd, 
Fukam i, Sm ith, and Knowlton have undertaken  to 
‘form ally revise the classification of Scleractinia 
assigned to the  suborder Faviina V aughan & Wells, 
1943’, of which the first part, fam ily M ussidae, has 
curren tly  been published (Budd et al., 2012). This 
study  essentially  aims to combine the  phylogenies 
of Fukam i et al. (2008) w ith  B udd’s work on the 
m icrocrystalline struc tu re  of Neogene Faviina. 
A lthough th is is a seem ingly unlikely combination, 
‘form al’ revisions (historically m eaning revisions 
w ithout discussion) by geologists have precedents: 
T. W. Vaughan and John  Wells were both geologists 
who created the  definitive taxonomic catalogues of 
th e ir time, prim arily  for fossil taxa. Later, Jean- 
P ierre  Chevalier and Louise Beauvais, also geologists,

did som ething sim ilar (Chevalier & Beauvais, 1987); 
however, the  am bit claim of a ‘formal revision’ 
w arran ts  consideration, especially as the  in ternal 
m icrostructure of skeletal elem ents does not define 
any family, genus, or species used in  the  taxonomy 
of ex tan t corals (see ‘Fossils, taphonomy, and 
m icrocrystalline s truc tu re ’ above). A first observation 
is th a t extensive nam e changing and the  creation of 
new nam es (foreshadowed by Fukam i et al., 2008) has 
been used in  place of an  argued revision of existing 
nam es (an issue referred  to in  ‘Type species’ above), in 
a process th a t enhances the  visibility of Caribbean 
taxa  (in itiated by Fukam i et al., 2004), which Budd 
et al. believe is essential for biodiversity and conser­
vation studies.

A lthough such a ‘revision’ is likely to be different if  
based on Red Sea corals and th e ir Tethyan ancestors, 
Budd et a l.’s observations are  of in te rest because 
they link  th in  sections, the  prim ary  methodology of 
generic-level fossil taxonomy, w ith  ex tan t corals. 
However, th e ir publication is not about fossils, nor 
only about families and genera: it extends to species, 
not because species are the  necessary en try  point of 
m olecular data , bu t as an  in tended species-level taxo­
nomic revision. In so doing the au thors adopted the 
species coverage of Veron (2000a) and ‘revise’ it 
th rough a lib rary  of historical generic designations 
(see ‘H istoric collections’ and ‘Type specim ens’ above), 
type-species issues (see ‘Type species’ above), and 
ICZN opinions (see discussion in  ‘In ternational Com­
m ission of Zoological N om enclature’ above), and 
then  m ade nam e changes to species reviewed via 
num erical taxonomy of m orphom etric d a ta  obtained 
from m useum  specimens (see ‘Fossils, taphonomy, 
and m icrocrystalline s truc tu re ’ and ‘M orphometrics, 
cladistics, and p a tte rn  recognition’ above). This 
process provides m any surprises. For example, the 
two Indo-Pacific species of Scolymia, Scolymia  
australis  (Milne Edw ards & Haim e, 1849 (returned to 
an  old genus Homophyllia) and Scolym ia vitiensis 
(Brüggem ann, 1877) (returned to an  old genus 
Parascolymia), are placed in  a new family along w ith 
Moseleya, M icromussa, and Oxypora (with Caribbean 
Scolym ia  having been placed in  another family w ith 
other Caribbean m ussids). For another curious Car­
ibbean example, the  moving of Isophyllastrea rigida  
(Dana, 1846) to the  previously monospecific genus 
Isophyllia  Milne Edw ards & Haim e, 1851 by Veron 
(2000a, referred  to above) is retained, although Budd 
et a l.’s molecular d a ta  indicate th a t th is  species and 
Isophyllia sinuosa  (Ellis & Solander, 1786) are ‘iden­
tical’. M any questions arise as to the  basis of such 
changes. For example, on w hat basis is Montigyra  
kenti M atthai, 1928 (known from a single specimen) 
classified w ith  Galaxea Oken, 1815? And has the 
grouping of the B razilian faviid Favia leptophylla
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Verrili, 1868 w ith  the B razilian  m ussid M ussism ilia  
O rtm ann, 1890 som ething to do w ith  the proposed 
exclusion of Indo-Pacific Favia  (re-nam ed Dipsastraea  
de Blainville, 1830) from the A tlantic? And does 
m icrocrystalline s truc tu re  support the inclusion of 
Hydnophora  and Caulastrea  in  the  sam e family, along 
w ith  Ti'achyphyllial W hat is m ost surprising  of all 
is th a t these sorts of revisions have apparen tly  
been m ade w ithout any original studies of living 
corals, except for the  th ree species of the  M ontastraea  
annularis group. In  effect th is study attem pts to link 
the morphological taxonomy and m indset of the  p re­
scuba e ra  to m olecular resu lts, bypassing m ost of the 
intervening biological literature: a heroic leap indeed.

An a lternative view is th a t DNA alone will u lti­
m ately determ ine the phylogeny of the  Scleractinia. 
C ertainly skeletogenesis needs to be studied in  living 
corals (see ‘Fossils, taphonomy, and m icrocrystalline 
stru c tu re ’ above) using both th in  sections and scan­
ning electron microscopy; however, th is should be 
undertaken  in  tandem  w ith  o ther m icrostructural 
studies, especially of nem atocysts and reproductive 
organs, in  order to bring  phylogenies determ ined by 
DNA into the realm  of micromorphology. Once com­
pleted, the m icrostructure of skeletons can th en  be 
used to fu rther enhance the  fossil record, w here struc­
tu ra l details, including th a t seen in  th in  sections, are 
adequately preserved.

At th is point in  tim e it can only be observed th a t 
m olecular and morphological phylogenies have not 
yet revealed basic conflict w ith  the taxonomy of m ost 
existing species (where species have actually  been 
studied, see below), bu t for others the differences th a t 
have arisen  range from the unlikely to the  apparen tly  
inexplicable. If  there  was a technical reason for the 
latter, experts in  th is  field would have spotted it long 
ago, ju s t as DNA contam ination is easily detected. 
There are, however, potential explanations: perhaps 
the holobiont bacterial and v iral soup th a t corals have 
always lived w ith  could have been involved in  the 
transfer of DNA betw een unre la ted  colonies a t some 
point in  the ir geological history. Alternatively, cross­
fertilization m ight have occurred in  corals a t a rem ote 
tim e w hen surviving families were not as separate  as 
they  are  now. For example, u ltra -ra re  hybridization 
m ay once have occurred betw een a Coscinaraea-like 
coral and a Cycloseris-like coral, producing a surviv­
ing hybrid of unknow n morphology bu t one tha t, 
th rough subsequent generations of introgression, 
re ta ined  the morphology of one of the  p aren t species. 
The physical stage of such a process is easy to envis­
age: long-distance dispersal leading to extrem e isola­
tion is commonplace in  corals, and introgression 
spanning geological in tervals can clearly be driven by 
continental boundary curren ts capable of tran sp o rt­
ing the genes of one p aren t species w hilst blocking

any re tu rn  pathw ay of the  hybrid. This is a m echa­
nism  th a t m ight explain the  inexplicable, however 
unlikely th a t explanation m ight in itially  appear to be. 
If  whole-genome studies can resolve such speculation, 
a good s ta rtin g  point would be the two species of 
Coscinaraea (Coscinaraea m arshae  Wells, 1962 and 
Coscinaraea m cneilli Wells, 1962) now confined to 
southern  A ustralia  by boundary currents. In princi­
pal, th is is an  aspect of the  driving m echanism  of 
reticu late evolution described below.

Aside from such speculation, it  should be noted th a t 
the sam e sorts of issues -  the  separation of molecular 
evolution from morphological evolution -  arise in 
o ther m ajor taxa, even in  extensively studied verte­
b ra tes w here morphological and m olecular taxonomy 
are in  basic conflict (Losos, H illis & Greene, 2012).

The tim e will certain ly  come for a complete 
reappraisal of coral taxonomy from top to bottom, and, 
critically, th is  will be based on en tire genome studies of 
all accessible species. Perhaps it m ight th en  be clear as 
to w hy Alveopora should be in  the Acroporidae or why 
Coscinaraea wellsi should be Cycloseris wellsi. If such 
phylogenies become unarguable  (which m ight involve 
the identification of dorm ant genes, an  exceedingly 
difficult undertaking), then  the identification of corals, 
which already has a repu tation  for being difficult for 
non-taxonom ists, will take some in teresting  turns; 
however, in  all cases the  overriding need is to reveal 
operational taxonomic un its th a t allow users of tax ­
onomy to get on w ith  th e ir studies.

M o l e c u l a r  t a x o n o m ic  t o o l s

A wide range of taxonomic questions can only be 
answ ered using m olecular m ethods, and it is certain  
th a t the  continuing proliferation of molecular studies 
will have a m ajor im pact on m ost aspects of coral 
taxonomy and biogeography. To date, molecular 
studies have been based on cu rren t morphological 
taxonomy, not for any scholarly reason, bu t for sam ­
pling purposes. These have yielded clades of m any 
sorts th a t, a t species level, go by various nam es, 
including ‘operational taxonomic u n its’, ‘evolutionar- 
ily significant u n its’, ‘morpho-groups’ and ‘cryptic 
species’, all of which ra ise  m any questions, such 
as ‘w hen is a species not a species’?, ‘w hat is the 
difference betw een a species and an ecomorph’? (see 
‘Subspecies taxon u n its’ above), and ‘is there  a clear 
difference betw een phenotypic plasticity  and geno­
typic division’?

In  principle, m olecular taxonomy (as opposed to 
phylogeny) is set to go through  th ree  developm ental 
phases.

1. U sing m olecular m arkers selected because they 
yield resu lts  (a ‘w hatever w orks’ approach). All bu t
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the  m ost recent studies to date are in  th is  category, 
and curiously m ost rely p artly  or wholly on 
m itochondrial DNA. M itochondrial DNA would 
not be expected to code for morphology, and would 
certainly not be expected to be more inform ative 
th a n  nuclear DNA; however, the  former frequently 
works w hen the la tte r  does not, and these studies 
appear to be valid.

2. Revisions of th is work using the en tire  genome. 
This technology, which is now available, should 
u ltim ately  provide answ ers for m ost questions 
raised  above, although there  will be inevitable 
conflicts arising from the  different evolutionary 
histories of different loci. This moves taxonomy 
into a field dom inated more by inform ation tech­
nology (to elucidate whole-genome structure) th an  
by m olecular technology.

3. A m olecular taxonomy w here sam ples are semi­
random ly selected in  the  field by techniques such 
as barcoding ra th e r  th a n  depending on specific 
field characters. This would bring the  principles 
and predictions of reticu late evolution into sharp  
focus (see ‘The last fron tier’ below).

Once again, Pocillopora damicornis can be used to 
illu stra te  progress and the p resen t s ta te  of knowl­
edge. In a detailed study of m itochondrial lineages, 
Schmidt-Roach et al. (2013b) found th a t Pocillopora 
dam icornis inferred from Veron & Pichon’s (1976) 
original study  (Fig. 6) forms a species complex, char­

acterized by high levels of p lasticity  w ith in  clades and 
cryptic points of differentiation betw een clades. Two 
ecomorphs of Veron & Pichón (1976) are ranked  as 
d istinct or possibly distinct species: Pocillopora 
brevicornis Lam arck, 1816 (the blue box, still ques­
tionable) and Pocillopora acuta  Lam arck, 1816 (the 
yellow box) (Schmidt-Roach e ta l., 2013b). The red 
box represen ts ab erran t Pocillopora verrucosa (Ellis 
& Solander, 1786), leaving only the green box as 
Pocillopora damicornis.

Significantly, Figure 6 is a compilation of m orpho­
logically unusual colonies (out of about 150 studied), 
so they  do not quantita tive ly  rep resen t w hat is 
seen in situ . Schmidt-Roach e ta l.  (in press) confirm 
th a t Pocillopora damicornis is a highly polymor­
phic species th a t is now reliably separated  from 
Pocillopora acuta, except in  colonies from very shel­
tered  hab ita ts  such as m angrove roots. At the  other 
extrem e, Pocillopora brevicornis (the correct nam e 
of which has yet to be confirmed) appears to be 
restricted  to upper reef slopes, w here it m ay also be 
difficult to d istinguish  from Pocillopora damicornis. 
On a broader geographic scale, Schmidt-Roach 
et al. (in press) have shown th a t there  is a la titu ­
dinal component to the  morphological p lasticity  of 
Pocillopora damicornis, so th a t colonies from the 
highest la titude  locations of both the east and w est 
coasts of A ustralia  have g rea ter genetic sim ilarity  
w ith  each other th an  w ith  the ir tropical counterparts. 
They also conclude th a t Pocillopora dam icornis  in

F ig u r e  6 . M orphological g rada tion  in  Pocillopora dam icornis  colonies as illu s tra ted  by V eron & Pichón (1976), th en  
re-classified by Schm idt-Roach e ta l .  (2013b) using  m olecular m ethods. The la t te r  study  revealed  th a t  th is  com pilation 
includes two cryptic species: Pocillopora brevicornis (the blue box) and  Pocillopora acuta  (the yellow box). These species 
a re  being re-described (Schm idt-R oach e ta l .,  in  press). N um bers a re  figure num bers in  th e  orig inal publication.
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the far-eastern  Pacific is genetically more ak in  to 
Pocillopora verrucosa (although I found these colonies 
to be clearly morphologically Pocillopora dam icornis) 
and, surprisingly, th a t H aw aiian Pocillopora 
molokensis Vaughan, 1907 is a probable synonym of 
Pocillopora verrucosa.

Almost certainly, cryptic species will also occur in 
association w ith  Pocillopora dam icom is-like  assem ­
blages in  o ther countries, and sim ilar associations 
will also occur w ith  Pocillopora verrucosa-\\k.e assem ­
blages and probably w ith  o ther Pocillopora species as 
well. This na tu ra lly  begs the  question: ‘how m any 
species of Scleractinia are m ainstream  and how m any 
are cryptic or yet to be discovered?’ and ‘will coral 
identification become so complex th a t it will become 
the exclusive dom ain of specialist taxonom ists?’

In  an  a ttem pt to address these questions, the ‘C at­
egories of species’ (listed under th is subheading 
above), groups ‘d’, ‘e’ and ‘f ’ (each indicating the  likely 
presence of cryptic species), combined am ount to 15% 
of all valid species (J. E. N. Veron, unpubl. data). If 
these m ask an  average of th ree  cryptic species each, 
there  would be about 970 species in  total. Of course 
th is num ber excludes species th a t are  so ra re  th a t 
they  have not yet been discovered, species th a t have 
been discovered bu t have unrecognizable descriptions, 
species th a t have been discovered bu t have not yet 
been described, and additional species th a t are  likely 
to be revealed from m olecular studies of geographic 
variation. This indicates th a t there  are a t least 1000 
zooxanthellate Scleractinia worldwide th a t are suffi­
ciently distinctive to be operational taxonomic units. 
If  so, m ost species should rem ain  identifiable from 
the ir morphology, although m any will require a high 
level of expertise.

THE LAST FRONTIER
This b rie f overview ends w ith  concepts describing 
evolutionary m echanism s and biogeographic p a tte rn  
formation, subjects th a t do not fit comfortably under 
the banner of ‘taxonom y’, bu t w hich nevertheless 
directly impinge on w hat species are taxonomically, 
and how they  are d istribu ted  geographically.

R e t ic u l a t e  e v o l u t io n

The concept of reticu late evolution has been variously 
dubbed the  sam e thing, more-or-less, as ‘introgression’, 
‘hybridization’, ‘vicariance’, ‘anti-D arw inian  heresy’, 
and ‘a sta tem ent of the  obvious’. I t is in  fact all of these 
th ings in  p a rt bu t none in  whole. Clearly, th is concept 
has different m eanings for different people, depending 
for the m ost p a rt on the ir field of speciality.

Since well before Darwin, species have been 
regarded as the fundam ental building blocks of

F ig u r e  7. A hypothetical view  of re ticu la te  evolutionary 
change w ith in  a  group of species belonging to a  single 
syngam eon, a fte r V eron (2000a). A t tim e 0 th e  group forms 
th ree  principal species, each of w hich is d is tinc t and 
w idely d ispersed by strong  ocean cu rren ts. A t tim e 1 th e  
group form s m any species th a t  a re  geographically  isolated 
because of w eak  ocean cu rren ts. A t tim e 2 th e  group forms 
four species th a t  a re  again  w idely d ispersed by strong 
cu rren ts. O ver th e  long geological in te rv a l to tim e 3 th e  
group h as been  repackaged  several tim es.

natu re , u n its  th a t can be nam ed, described, mapped, 
and studied. This is an  enduring concept th a t cer­
ta in ly  applies to corals, bu t w ith  qualifications th a t 
significantly impinge on species-level taxonom y and 
biogeography.

Figure 7 shows why reticu late  evolution is sharply  
contrasted w ith  the  D arw inian view. In  contrast to 
neo-Darwinism  (effectively D arw inian  evolution and 
genetics combined), which can be envisaged as an 
evolutionary tree  producing ever-finer branches, th is 
concept sees species as sem i-arb itrary  item s of genetic 
continua ra th e r  th a n  as units. These item s of con­
tin u a  have no tim e nor place of origin, for they  are 
being continually re-grouped w ith in  the ir syngameon 
(genetically isolated groups of potentially  in terbreed­
ing species) in  both space and tim e. Im portantly, 
reticu late evolution is under physical environm ental 
control, not biological control. Continual changes 
in  ocean surface curren ts create continually chang­
ing p a tte rn s  of larval dispersal, and consequently 
ever-changing p a tte rn s  of genetic connectivity. 
A lthough D arw inian  evolution would always occur
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sim ultaneously w ith  re ticu late  evolution, the  m echa­
nism s are  different. D arw inian evolution is driven 
by com petition betw een species resu lting  in  m orpho­
logical changes through n a tu ra l selection, w hereas 
re ticu late  evolution is driven by ocean currents 
resu lting  in  genetic changes via the  m aking and 
breaking  of genetic contact.

If  the characteristics of both types of evolution are 
com pared (Veron, 2000b), re ticu late  evolution may 
seem incom patible w ith  neo-Darwinism, yet there  is a 
point w here the  two concepts m eet w ithout conflict: 
the  point involves the  difference betw een a genetically 
isolated species and a syngameon. Species w hich are 
genetically isolated can evolve through D arw inian 
n a tu ra l selection because they can rem ain  genetically 
cohesive in  space and time; however, those th a t are  a 
p a rt of a syngam eon will not do likewise, because 
changes in  the  gene pool of a single species (through 
n a tu ra l competition) will become diluted when 
combined (through ocean cu rren t transport) w ith  the 
gene pools of o ther species. In  effect, there  is a sim ilar 
relationship  betw een a species and its paren t 
syngam eon as there  is betw een a population and its 
p a ren t species. Both are sim ilarly affected by chang­
ing p a tte rn s  of connectivity: changes dom inated by 
ra re  events.

In  taxonomy, a syngameon is an  invisible taxon level 
th a t can only be detected, in  any anim al or plant, 
by breeding experim ents or by the study of whole 
genomes of all component species. In  corals th a t have 
been artificially hybridized (Willis et al., 1997, 2006), 
p a ren t species can be very different from each other, 
and th e ir progeny m ight be sim ilar to one paren t or 
to ne ither paren t. M any fu rther complications may 
arise w ith  corals, including the possibility th a t some 
colonies are chim eras formed by the union of several 
original larvae, potentially  of different species, 
although th is is not an  evolutionary m echanism .

The taxonomic relevance of th is is th a t m ost species 
are  probably p a rt of a syngameon, w hich m eans th a t 
they  are  not stable genetic un its even though they 
m ay be sufficiently d istinguishable a t the presen t 
point in  tim e to form operational taxonomic units. 
Im portantly, the  more such species are studied the 
more in tractab le  th e ir taxonomic s ta tu s  will appear. 
W hen a species is p a rt of a syngameon, the question 
‘w hen is a species not a species’ has no clear answer, 
an  issue th a t creates both morphological and genetic 
fuzziness, especially in  species th a t have very large 
d istribu tion  ranges, and in  those th a t have geographi­
cally isolated components.

Reticulate pattern formation

The concept of reticu late evolution came to corals 
from biogeographic studies revealing th a t details of

the characters of a species in  one country m ay gradu­
ally change w hen the  sam e species is studied in 
progressively more d is tan t countries (Veron, 1995). 
This sometimes necessitates an  a rb itra ry  decision as 
to w hat the species is and w here its d istribution  
boundaries are. For example, if  a supposed species in 
the  Red Sea has slightly different characters from the 
sam e supposed species on the G reat B arrier Reef, the 
species m ay be regarded as a single species if  these 
differences in tergrade geographically. If, however, 
the two overlap and are  still clearly distinguishable, 
perhaps in  the Coral Triangle, they  can confidently be 
regarded as separate  species. At the p resen t point of 
knowledge these sorts of decisions have been m ade at 
least in itially  in  the taxonom y of m ost species. P a t­
terns th a t now rem ain  to be resolved are m ostly more 
complex, involving in terlinked  p a rts  of continua 
w here points of varia tion  within  a  single species are 
indistinguishable from points of variation between 
sim ilar species. This creates an  endless dilemma, for 
hum ans cannot easily com m unicate in  term s of con­
tinua: they need discrete un its of some form or other 
to do so. N evertheless, recent studies have sta rted  to 
address th is issue, curren tly  w ith  genetic evidence of 
the  existence of a syngameon in  a common group of 
Acropora (Ladner & Palum bi, 2012).

Where molecular taxonomy and
BIOGEOGRAPHY MEET 

At some fu tu re  tim e w hen the  genetic composition 
of w hat ‘species’ are is well understood, the genetic 
pa tte rn s  of re ticu late  evolution predicts th a t there  
will be m any more species th a n  are curren tly  recog­
nized, bu t th a t m ost will still have fuzzy morphologi­
cal, genetic, and geographic boundaries.

The m assive lite ra tu re  on the  subject ‘w hat are 
species?’ does not appear to have achieved a clear 
resolution for any m ajor taxon, presum ably for the 
simple reason th a t none exists; however, such theo­
retical considerations do not dim inish the value of 
species nam es in  curren t use, provided th a t all are 
accepted as concepts, concepts th a t have changed in 
the past and will continue to change in  the  future. 
The nam e Pocillopora dam icornis w as originally 
a very vague concept; it was m ade less vague by 
in situ  studies, and has now become fu rther refined 
by m olecular and in situ  studies combined. The nam e 
Porites lobata was also an  ill-defined concept, and as 
yet largely rem ains so.

Reticulate p a tte rn  form ation (see above) predicts 
th a t a d istribu tion  m ap of, for example, Pocillopora 
damicornis, a t some fu tu re  time, is likely to include 
all locations w here th is species is curren tly  recorded, 
as well as additional locations w here o ther species 
of Pocillopora have been recorded. The m ap m ay look
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som ething like a barom etric chart, w ith  some places 
of high affinity (equivalent to high barom etric pockets 
of the  chart) and other places of low affinity (equiva­
len t to low barom etric pockets of the chart), separated  
by p a tte rn s  of in term ediate  affinity (the isobars of the 
chart). Perhaps Pocillopora dam icornis will have the 
Coral Triangle and other places dow nstream  from it 
as areas of h ighest affinity (if the  m olecular neotype 
is from th a t region), and perhaps the  F a r E aste rn  
Pacific will be an  area  of lowest affinity if  the 
Pocillopora dam iconiis-like  corals there  are con­
firmed to be more akin  to Pocillopora verrucosa.

In  a sim ilar vein, Porites lobata, w ith  its  type 
locality in  Fiji, is likely to have a very different fu ture 
d istribution  m ap, as suggested by the  fuzziness of its 
curren t morphological and distribution  boundaries. 
This species m ay have its presen t Indo-Pacific- 
wide d istribution confirmed, or perhaps it will be 
broken-up by cryptic species, as is illu stra ted  in  the 
cycle of divergence in  Figure 7.

There are m any issues for conservation in  these 
fu tu re  biogeographic patterns, especially for rem ote 
regions th a t are  likely to have higher levels of 
endem ism  th a n  are curren tly  realized. W hether th is 
is so or not, corals are likely to rem ain  good indicators 
of ree f diversity  and of broad-scale pa tterns, so th a t 
the global prom inence of the Coral Triangle region 
(Veron et al., 2009) is unlikely to change.

MAPPING A FUTURE PATHWAY
In  the next in s tan t of geological time, less th a n  a 
century  of ours, Scleractinia m ay be facing a level of 
devastation  as g reat as any in  th e ir past existence. 
Are coral taxonom ists going to see it as th e ir role to 
debate the nam e of the last coral standing? Of course 
by th en  such debate will be irrelevant, bu t betw een 
now and th en  there  are  choices. Some aspects of coral 
taxonomy, especially m olecular phylogenetics, are 
m ostly standalone endeavours; however, species- 
level taxonom y is not. Species nam es are  im portan t 
because they  are w hat links inform ation of any kind 
to th a t species. To m ake the  point, if  nam es were 
removed from all coral publications we would be left 
w ith  hundreds of thousands of independent item s of 
inform ation, w hich would be m eaningless. I t follows 
th a t if  we have two or more nam es for the  same 
species th en  our knowledge of th a t species will even­
tually  become divided two or more tim es (except for 
those taxonom ists who follow such histories).

The advent of m olecular taxonom y has challenged 
morphological taxonomy on m any fronts, although, 
contrary  to the claims of some, it is highly supportive 
of concepts and outcomes derived from in situ-based 
morphological taxonomy and biogeography, providing 
welcome tools to take  these concepts to a higher level.

Some authors (Benzoni et al., 2007, 2010; Forsm an & 
Birkeland, 2009; Pichón, C huang & Chen 2012; 
Schmidt-Roach et al., 2013a, to nam e a few) have 
elegantly combined both fields to produce thoughtful 
and progressive outcomes: taxonom y th a t will stand 
the te s t of time. O thers appear to have scant knowl­
edge of w hat they  originally collected, or of any need 
to re ta in  nom enclatorial stability, or of any broader 
context for th e ir results.

Be th a t as it  may, all taxonomy has its nom encla­
tu re  resting  on the sam e historical foundation, one 
overshadowed by supposition about type specimens 
and therefore prone to failure a t any challenge.

The ICZN once appeared to em brace the concept 
th a t nam e changes were not acceptable if  they 
increased confusion, and indeed th is  m ay still be 
the case; however, there  is nothing to prevent taxono­
m ists from m aking such changes. M any of the  issues 
stem m ing from a bygone age described in  th is  over­
view can be curtailed, bu t m ost are not. This article 
argues th a t coral taxonom y will avoid looming pitfalls 
if: (1) w ell-established nam es are  retained, unless 
there  are  compelling reasons to change them ; (2) 
nom enclatorial priority  is not allowed to be a reason 
for changing a w ell-established name; (3) nam es of 
fossils are not used for ex tan t species (excluding rare  
instances w here the holotype is unambiguous); (4) 
ru les of L atin  declension are  not given priority  over 
the needs of nam e stability  and inform ation technol­
ogy; (5) the  nam es of w ell-established genera are not 
subject to change because of taxonomic issues w ith 
type species; (6) w hen the identity  of a type specimen 
of a w ell-established species is deemed inadequate (as 
so m any are), it  is replaced w ith  another specimen 
th a t does the  job; and (7) a m echanism  is devised th a t 
allows new type specimens w ith  preserved soft tissue 
to share equal s ta tu s  w ith  older skeletal holotypes. 
Some of these reforms seem straightforw ard; others 
would involve substan tia l changes to existing ICZN 
rules, others have procedural difficulties, especially 
those w here consensus is called for; however, if  such 
reform s w ere im plem ented, ‘the  ty ranny  of the  p a s t’ 
would no longer exist. The alternative, the  present 
sta tus quo, will keep coral taxonomy perm anently  
m ired in  its historical past.

In  conclusion, the  way ahead cannot now rest 
on any single publication, methodology, or concept; 
it m ust res t on open-access, updatable websites 
th a t link  taxonomic, phylogenetic, biogeographic, 
ecological, palaeontological, environm ental, and bib­
liographic data. Such inform ation sources allow tax ­
onomists of all persuasion to see the  resu lts of their 
endeavours in  a broad context, and not ju s t  w ith in  
the confines of th e ir own subdiscipline. Some exist­
ing websites undertake th is ta sk  w ith in  th e ir desig­
nated  field. A nother called ‘Corals of the  World’,
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which underpins th is overview, is due for release in 
2014. Access to inform ation th a t websites can 
uniquely provide give hope th a t coral taxonom y can 
rem ain  in tegrated  and, m ost im portantly  of all, rel­
evant to the enorm ous challenges th a t lie ahead.
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