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The evolution of body size, the paired phenomena of giantism  and dwarfism, has long been studied by biologists 
and paleontologists. However, detailed investigations devoted to the study of the evolution of ontogenetic patterns 
shaping giant species are scarce. The damselfishes of the genus Dascyllus appear as an excellent model for such 
a study. Their well understood phylogeny reveals th a t large-bodied species have evolved in two different clades. 
Geometric morphometric methods were used to compare the ontogenetic trajectories of the neurocranium  and the 
mandible in both small-bodied (Dascyllus aruanus  and Dascyllus carneus; maximum size: 50-65 mm standard 
length) and giant (Dascyllus trimaculatus and Dascyllus flavicaudus; maximum size: 90-110 mm standard  length) 
Dascyllus species. At their respective maximum body size, the neurocranium  of the giant species is significantly 
shorter and have a higher supraoccipital crest relative to the small-bodied species, whereas mandible shape 
variation is more limited and is not related to the ‘g iant’ tra it. The hypothesis of ontogenetic scaling whereby the 
giant species evolved by extending the allometric trajectory of the small-bodied ones (i.e. hypermorphosis) is 
rejected. Instead, the allometric trajectories vary among species by lateral transpositions. The ra te  of shape 
changes and the type of lateral transposition also differ according to the skeletal un it among Dascyllus species. 
Differences seen between the two giant species in the present study dem onstrate th a t giant species may appear 
by varied alterations of the ancestor allometric pattern . © 2010 The Linnean Society of London, Biological 
Journal o f the Linnean Society, 2010, 99, 99—117.
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INTRODUCTION

Evolutionary change in  body size is one of the  most 
common p a tte rn s  in  the  history of life (LaBarbera, 
1989; Shea, 1992). Change in  body size w ith in  an 
evolutionary lineage over tim e has been studied sub
sequent to the  synthesis of Cope’s rule sta tin g  the 
tendency for organism s to evolve larger bodies (Hone 
& Benton, 2005). An increase in  body size is consid
ered to convey m any advantages (e.g. m ating  success, 
defense against predation, easier access to valuable 
food sources) on an  organism  bu t also carries disad
vantages (e.g. longer developm ent tim e, higher food

“■“Corresponding author. E-mail: bruno.frederich@ulg.ac.be

requirem ents) (Forsm an & Lindell, 1993; Benton, 
2002; Hone & Benton, 2005). The evolution of changes 
in  body size m ay be observed a t different taxonomic 
levels (Hone e ta l., 2008). However, highly detailed 
studies of shape changes associated w ith  body size 
evolution, particu larly  those seeking to go beyond the 
simple categories of paedom orphism  and peramor- 
phism  by considering a w ider range of processes, have 
been lim ited in  num ber. In the p resen t study, we 
sought to extend the study  of evolution of body size by 
exam ining a t the  ontogenetic p a tte rn s  associated 
w ith  changes in  body size.

The Pom acentridae (damselfishes) is one of the  
most conspicuous fish families of the coral reef eco
system s (Allen, 1991). The genus Dascyllus comprises
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F ig u re  1. Phylogenetic relationships among the Dascyl
lus species. The topology is based on data presented by 
McCafferty etal. (2002). L and s were, respectively, 
assigned to the large-bodied and small-bodied species. 
Dascyllus reticulatus A  and B  refer to distinct populations 
living, respectively, in the northern western Pacific and 
the southern western Pacific.

ten  species found throughout the  tropical region of 
the Indo-West Pacific (Randall & Allen, 1977; Randall 
& Randall, 2001). Their phylogenetic relationships 
are now well understood (Fig. 1) (Godwin, 1995; Ber
nard i & Crane, 1999; M cCafferty e ta l., 2002) and all 
species have been grouped into th ree  species com
plexes on the basis of morphology, biogeography and 
strik ing  coloration differences: the Dascyllus aruanus, 
Dascyllus reticulatus, and Dascyllus trim aculatus  
complexes (Fig. 1) (Godwin, 1995). All species are 
prim arily  planktivorous (Randall & Allen, 1977). The 
m em bers of the D. aruanus (D. aruanus  [L.] and 
Dascyllus m elanurus  [Bleeker]) and D. reticulatus (D. 
reticulatus [Richardson], Dascyllus carneus Fischer, 
Dascyllus m arginatus  [Rüppell], and Dascyllus flav
icaudus R andall & Allen) complexes are  small-bodied 
w ith  a m axim um  standard  length  (SL = length  from 
the tip  of the  snout to the  posterior edge of the caudal 
peduncle) of 50-65 mm, except D. flavicaudus  which 
is a large-bodied species reaching a m axim um  SL of 
90 m m  (Randall & Allen, 1977). These six species live 
in  social groups strongly associated w ith  branched 
corals (acroporan, pocilloporan, and stylophoran 
corals) w here they seek shelter a t n igh t or w hen 
danger th rea tens during the  day. This association 
w ith  coral heads is an  obligate relationship  th rough
out life for the  sm aller species (Sale, 1971), bu t not for 
the large-bodied D. flavicaudus (Godwin, 1995). Their 
social groups are highly size-structured w here small 
fish are always subordinate to larger ones (Coates, 
1980). The m em bers of the D. trim aculatus  complex 
(D. trim aculatus  [Rüppell], Dascyllus albisella  Gili, 
Dascyllus strasburgi K lausevitz, and Dascyllus

auripinnis  R andall & Randall) are  large-bodied fish 
w ith  a m axim um  SL of 90-110 mm (Randall & Allen, 
1977). Juveniles of these four species are  closely asso
ciated w ith  heads of coral or w ith  sea anemones, 
w hereas adults form large feeding groups over the 
reef. This ontogenetic shift in  h ab ita t occurs a t the 
sexual m atu rity  which is size re la ted  (approxim ately 
70 m m  SL) (Booth, 1995).

The phylogenetic d a ta  show th a t the  ancestral D as
cyllus w as small-bodied and th a t large-bodied (giant) 
species have evolved in  two clades: the  D. trim acula
tus and the D. reticulatus complexes (Fig. 1). The 
g ian t species alm ost doubled in  size com pared to the 
sm all ones. The ecological and/or ethological pro
cesses leading to the emergence of these g iant species 
rem ain  unknow n (Godwin, 1995). Through its evolu
tion, the  genus Dascyllus appears as an  excellent 
model for the study of evolutionary modifications in 
ontogenetic allom etries shaping g ian t species.

Allom etry refers to the p a tte rn  of covariation 
among morphological tra its  or betw een m easures of 
size and shape (Klingenberg, 1998). P rocrustes based 
geometric m orphom etries are grounded on a separa
tion of size and shape and are  thus a useful tool for 
studying allom etry (Zelditch e ta l., 2004). Geometric 
m orphom etric studies of the  ontogeny of anim al taxa  
are num erous (Monteiro, Cavalcanti & Sommer, 1997; 
Zelditch, Sheets & Fink, 2000; B astir & Rosas, 2004; 
C ardini & O’Higgins, 2005; Ivanovic e ta l., 2007) and 
m ainly report divergent trajectories am ong species in 
the size-shape space. U sing an  analysis based on the 
finite-elem ent scaling m ethod (for methodology, see 
Cheverud et al., 1983), Corner & Shea (1995) com
pared the  allom etric p a tte rn s  betw een giant tra n s 
genic mice and a control population. They concluded 
th a t the  form differences betw een control and tra n s 
genic adults predom inantly  resu lt from ontogenetic 
scaling (i.e. an  extension of the ancestral allometric 
trajectory). To our knowledge, o ther studies specifi
cally devoted to the  study of the  evolution of allom
etric p a tte rn s  shaping giant (or dwarf) species 
rem ains lim ited (Weston, 2003; H unda & Hughes, 
2007; M arroig, 2007). In terp re ted  in  term s of hetero
chronic changes, the  Dascyllus lineage could 
exemplify a case of proportioned giantism  or 
hyperm orphosis. However, the  conservation of an 
ontogenetic trajectory in  both the  ancestor (sm all
bodied species) and descendant (large-bodied species) 
th a t is required to satisfy a testab le  definition of 
heterochrony has yet to be dem onstrated  (W ebster & 
Zelditch, 2005).

In  the p resen t study, we aim  to compare the onto
genetic allom etry of the neurocranium  and the m an
dible w ith in  the genus Dascyllus. In  th is  exam ination 
of the evolution of giantism , we address the  following 
questions:
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1. Do the  large-bodied species share  the  sam e 
allom etric trajectories of the small-ones, or is 
there  evidence of allom etric repa tte rn ing  during 
development?

2. Knowing th a t shape differences m ight be expected 
as a resu lt of diverse functional constrain ts related  
to size, do the  large-bodied species differ in  shape 
from the sm all ones a t the  adu lt stage?

3. Does the dynam ics of shape change differ betw een 
Dascyllus species? Are these ra te  modifications 
(rate heterochrony) or allom etric repattern ing? Or 
have changes in  shape already appeared during an 
earlier period of the development?

4. Along the  sam e size range, does the  am ount of 
shape change differ betw een Dascyllus species? 
(coupled w ith  an  absence of allom etric rep a tte rn 
ing, th is would be clear evidence of heterochronic 
changes)

5. Knowing th a t large-bodied Dascyllus species have 
evolved in  two clades (Fig. 1), does the p a tte rn  of 
allom etry evolve sim ilarly in  large-bodied species 
belonging to these two different lineages?

MATERIAL AND METHODS
S a m p l e s

A to tal of 231 specimens belonging to four species of 
the  genus Dascyllus and two of the genus Chromis 
w ere analysed (Table 1). Dascyllus trim aculatus  and 
D. flavicaudus w ere the large-bodied species studied, 
w hereas D. aruanus  and D. carneus represen ted  the 
small-bodied species. Ontogenetic series w ere draw n 
from n a tu ra l populations of one or two close geo
graphical regions (Table 1), except for D. trim acula
tus, in  which the  series is m ade up of specimens 
coming from Toliara (M adagascar) and Moorea 
(Society Islands, French Polynesia). No inform ation is 
available on possible geographic variations in  skeletal 
morphology bu t D. trim aculatus  have the sam e life 
cycle and h ab ita t in  M adagascar and French Polyne
sia (Randall & Allen, 1977). Consequently, a hypo
thetical influence of geographical varia tion  should be 
very lim ited on its ontogenetic pa ttern . Two Chromis 
species w ere used as an  outgroup for comparing 
ontogenies (Zelditch e ta l., 2000), Chromis viridis

Table 1. Studied species with sample size

(N  = 15) and Chromis atripectoralis (N  = 21). These 
two very close species are nam ed the blue green 
dam selfishes, differing only by the  coloration of the 
pectoral fin base (Froukh & Kochzius, 2008). The 
allom etric trajectories of these two species did not 
differ significantly [analysis of covariance (ANCOVA) 
revealed no differences in  the  linear regressions of 
body size versus s truc tu re  size (i.e. centroide size), see 
below] betw een the  two species (P  < 0.05). Conse
quently, the  sam ples of the two species were pooled to 
build a single estim ated  ontogeny of the  outgroup 
referred as Chromis sp. along th is study. Some 
D. carneus specimens come from the  collections the 
Academy of N atu ra l Sciences (Philadelphia, PA, 
USA), the  N ational M useum  of N atu ra l H istory 
(W ashington, DC, USA) and the  M useum  N ational 
d’H istoire N aturelle  (Paris, France). D etailed infor
m ation on specimen catalog num bers is available in 
the  Appendix. The others were collected in  the  lagoon 
or on the  outer reef slope a t Toliara (Mozambique 
Channel, M adagascar) in  Ju n e  2004, October 2006, 
and November 2007; and a t M oorea (Society Islands, 
French Polynesia) in  Ju n e  2007 after being anaesthe
tized by a solution of quinaldine. F ishes w ere pre
served in  neutralized  and buffered 10% form alin for 
10 days, then  transferred  to 70% alcohol. All speci
m ens were cleared and stained w ith  a lizarin  red S 
(Taylor & Van Dyke, 1985) to display the osseous 
skeleton.

M o r p h o m e t r ic  m e t h o d s

To exam ine the  allom etric pa tterns, we use landm ark- 
based geometric m orphom etric m ethods (Bookstein, 
1991, Rohlf & M arcus, 1993; Adams, Rohlf & Slice,
2004). Sixteen homologous landm arks (LM) were 
defined on la te ra l views of the neurocranium  and 12 
on the m andible (Fig. 2), forming two separate  d a ta  
sets. All landm arks are  described in  Frédérich et al. 
(2008a). Several steps were taken  to reduce m easure
m ent errors: (1) each s tructu re  is positioned in  glass 
pearls so to stabilize them  in a com parable la tera l 
plane; (2) each s tructu re  is sufficiently la terally  flat
tened, so the projection of three-dim ensional land
m arks into a two-dim ensional plane involves a low

Species Abbreviations Geographical area SLmax SLmm N■L ' neuro N■L ' man

Chromis sp. French Polynesia 70 7-77 33 35
Dascyllus aruanus D. aru Madagascar 50-65 10-60 49 49
Dascyllus carneus D. car Madagascar and Seychelles Islands 50-65 17-67 45 46
Dascyllus flavicaudus D. fia French Polynesia 90 17-74 40 42
Dascyllus trimaculatus D. tri Madagascar and French Polynesia 90-110 10-100 54 59
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F ig u re  2. Landmarks used in the present study on 
(A) the neurocranium and (B) the mandible. Scale 
bars = 1 mm.

dim ensionality reduction error. All m easurem ents 
w ere m ade by the  sam e person (BF) in  the  four 
Dascyllus species and in  Chromis sp. using a Leica 
MIO binocular microscope coupled to a cam era lucida. 
Lucida images draw n on sheets w ere then  scanned 
and the x  and y  coordinates of landm arks were 
digitized using TPSDIG, version 1.40. As shown in 
Table 1, the size of sam ples differed slightly betw een 
the two structu res because some skulls were dam aged 
before or during  the  dissection.

A generalized procrustes analysis was performed 
for each s tructu re  aim ing to superim pose all speci
m ens in  a w ay th a t removes differences as a resu lt of 
translation , ro tation  and scale (Rohlf & Slice, 1990; 
Zelditch e ta l.,  2004). The grand m ean (i.e. the  con
sensus of all specimens) was calculated and shape 
variables were then  generated  as partia l w arp  scores 
(PWs) including both uniform  and non-uniform com
ponents (Bookstein, 1991; Rohlf, 1993). Thin plate 
spline functions (Bookstein, 1991) and plots of land
m ark  displacem ents are used to depict resu lts  of 
ordinations and regression models. The centroid size 
(CS) of the  struc tu re  w as also computed as the  square 
root of the  sum  of the squares of the  distances from 
all LMs to th e ir centroid (Bookstein, 1991). Age infor

m ation is not available for our specimens, and so all 
analyses m ust rely on size as a proxy for age.

Visual exploration of ontogenetic trajectories using 
principal component analysis (PCA) of shape data, 
and of size and shape (Procrustes form space or 
size-shape space; M itteroecker e ta l., 2004; M ittero- 
ecker, Gunz & Bookstein, 2005) of the  PWs plus the 
n a tu ra l log of the centroid size (ln-CS) were exam 
ined. Chromis sp. was first included in  the  PCA 
aim ing to determ ine w hether the  allom etric pa tte rns 
differ betw een Chromis sp. and the  Dascyllus species. 
Then, the analyses were repeated  after excluding th is 
species to observe variations in  allom etric models 
w ith in  Dascyllus species.

However, the descriptions of ontogenetic trajectories 
in  the  shape space defined by the first principal 
components, although inform ative, m ay be m isleading 
(M itteroecker e ta l., 2004, 2005) because it is often 
difficult to assign the  first PC axis to a specific biologi
cal cause, as also noted by Angielczyk & Sheets (2007) 
w hen attem pting  to isolate ontogenetic signals from 
other sources of variance. M itteroecker et al. (2004,
2005) particu larly  em phasize th a t PCA is an  explor
atory  technique, which we would like to bolster w ith 
sta tistical approaches to hypothesis testing. Conse
quently, the  allom etric p a tte rn s  of shape variation 
were also analysed using linear m ultivaria te  regres
sion of PWs on log-transform ed size (ln-CS) (Monteiro, 
1999; Zelditch e ta l., 2004; M itteroecker e ta l., 2005; 
Frédérich e ta l., 2008b). Plots of procrustes distance 
from the juvenile form, and the  variance explained by 
the models are used to assess the  validity  of log-linear 
models. The null hypothesis th a t shape develops iso- 
m etrically was tested  in  all species using TPSREGR, 
version 1.34. The fit of the  regression models was 
evaluated by the explained variance of the  model and 
by a perm utation  te s t based on a generalized Goodall’s 
E -test w ith  10 000 perm utations.

Differences in  allom etric trajectories among species 
w ere tested  by a full m ultivaria te  analysis of covari
ance (MANCOVA), testing  the null hypothesis of 
homogeneity of linear allom etric models. In  these 
tests  for common slopes and homogeneity of in te r
cepts, shape variables (PWs) are  considered as depen
dent variables, size (ln-CS) as covariate, and species 
are grouping factor. Chromis sp. was first included in 
the com parison of allom etric trajectories of species. 
Then, the MANCOVA was repeated  after excluding 
th is species to te s t variations in  allom etric models 
w ith in  Dascyllus species. If  the  MANCOVA estab
lishes strong evidence of differences in  ontogenies, 
o ther tests  will be used to estab lish  the  n a tu re  of the 
differences.

As suggested by Zelditch et al. (2000) and W ebster 
& Zelditch (2005), two factors can explain differences 
in  allom etric models: (1) the  divergence of allometric
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trajectories (allometric repattern ing) and (2) the ra te  
of shape changes (which could be in terp reted  as h e t
erochrony if  the  directions of the  ontogenetic vectors 
are  the  same). Consequently, we estim ated  and com
pared both factors w hen the allom etric models dif
fered. The differences in  trajectories of shape changes 
w ere analysed by com paring the  angle betw een the 
species-specific m ultivaria te  regression vectors using 
VECCOMPARE6 (IMP Software). This te s t is 
described in  detail elesewhere (Zelditch et al., 2000,
2004). Briefly, in  the  context of the  p resen t study, a 
within-species vector is composed of all regression 
coefficients of the  shape variables (PWs) and the 
log-transform ed CS. The range of angles between 
such vectors w ith in  each species is calculated using a 
bootstrapping procedure (N  = 400). This range was 
th a n  compared w ith  the angle betw een the vectors of 
both species. If  the between-species angle exceeds the 
95% range of the  bootstrapped w ithin-species angles, 
the  between-species angle is considered significantly 
different, and thus the allom etric trajectories are dif
ferent. The allom etric vector of all Dascyllus species 
and Chromis sp. was compared species by species.

We also use a cross-validation procedure to deter
m ine w hether two or more species share  a common 
direction to th e ir ontogenetic trajectory, bu t differ in  
ra te  along th a t direction or w hether they  are b etter 
described as having different directions of the  trajec
tories. We begin by considering regression models for 
the  dependence of shape (Y) on our size variable (log 
centroid size, x in  th is case) of the  form:

Y  = M¡x + B í + e (1)

w here M¡ is the  m ultivaria te  slope (or ontogenetic 
grow th vector) of the  itli species, and B,  is the  in tercept 
value, and e is a m atrix  of residuals, represen ting  the 
unexplained variance in  the  model (bold denotes a 
m u ltivaria te  variable, i.e. a vector quantity). S tandard  
MANCOVA m ethods will allow us to determ ine if  the 
slopes Mi and in tercepts Bí differ among the  different 
groups (typically species for our purposes) in  the  study. 
If  the slopes and in tercepts differ among the species in  
a sta tistically  significant m anner, we are left w ith 
several possibilities as to how the  slopes (M¡) differ. In 
particular, we would like to te s t the hypothesis th a t the 
species in  question share  a common direction M c of 
ontogenetic trajectory, differing only in  a relative ra te  
of grow th along th a t trajectory, which we m ight call a¡, 
a species-specific relative ra te  along the  trajectory, 
thus being a sim pler model th a n  Eqn (1), which has 
independent vector slopes for each species. This results 
in  a regression model of the form:

Y  = M ca.iX + B i+ e  (2)

It is possible to fit Eqn (1) to observed m ultivaria te  
data , using standard  regression modelling to estim ate

the param eters M í, B í for each of the  species (i) in  the 
study. To fit Eqn (2), however, we used num erical 
optim ization m ethods (a downhill sim plex search; 
P ress e ta l., 2007) to determ ine the param eter values 
because an  analytic m ethod was not readily  available. 
In both cases, the  param eters  are  chosen so as to 
minimize the sum m ed squared errors, represented  by 
e in  Eqns 1 and 2. Because Eqn (1) has more param 
eters th a n  Eqn (2), we expect th a t the fitting error 
(summed square residuals) of Eqn (1) will always be 
less th a n  or equal to the fitting error of Eqn (2) 
because Eqn (2) has fewer param eters, and is a sim 
plified, ‘nested’version of Eqn (1). So, even in  the case 
w here Eqn (2) is ‘correct’, Eqn (1) should produce 
lower fitting errors.

If  we had  a m axim um  likelihood model available 
th a t described the d istribution  of the  errors (e), it 
would be possible to compare the  models using a 
log-likelihood ratio  test, or the Aikake Inform ation 
C riteria  approach. However, for the landm ark-based 
shape d a ta  used in  the  p resen t study, m axim um  like
lihood models do not appear to be available. The 
a lternative approach tak en  here is to use cross- 
validation m ethods to estim ate  the  perform ance of the 
models on te s t data . In cross-validation, some portion 
p  (typically 1-50%) of the  d a ta  is separated  out to 
form a te s t set, and the model is then  fitted to the 
rem aining fraction (1 —p) of the data, w hich is 
referred to as a learn ing  or fitting set. The model is 
then  used to predict the  m easurem ents Y  of the test 
d a ta  set, which allows calculation of a cross- 
validation error, the  sum m ed squared residuals from 
the model of the  d a ta  in  the te s t set. This cross- 
validation error is a b e tte r estim ate  of how the  model 
would perform w ith  new d a ta  th a n  the fitting error 
discussed earlier. This cross-validation procedure m ay 
be repeated  m any tim es, random ly dividing the  d a ta  
into the te s t and learn ing  sets each tim e, to estim ate 
the  distributions of the cross-validation error associ
ated w ith  each model.

U nder ideal circum stances, the  ‘tru e ’ model will 
produce consistently lower ra tes  of cross-validation 
error. Models which are  too simple will fail to explain 
as much variance in  the d a ta  as the  ‘tru e ’ model, 
w hereas models w hich are  too complex will ‘overfit’ 
the  data , and thus produce higher levels of cross- 
validation error, although very large d a ta  sets m ay be 
necessary to detect overfitting. If  large am ounts of 
d a ta  are  available, and one model is m uch closer to 
‘tru th ’ th an  the  other, cross-validation m ay detect it. 
It is possible to require th a t one model produce lower 
cross-validation error 95% of the  tim e to reject the 
o ther model as inferior a t a 5% level of confidence 
using th is approach.

Additionally, we also explored the shape differences 
betw een the Dascyllus species a t different sizes, par-
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ticularly  a t the ir m axim um  size (SLmüx), in  order to 
determ ine how the  small-bodied and the large-ones 
vary  in  shape a t various sizes. A standardized regres
sion residual analysis was used (Zelditch, Sheets & 
Fink, 2003; B astir & Rosas, 2004, noting the issues 
raised  by D arlington & Sm ulders, 2001). From  the 
m ultivaria te  regression of shape on ln-CS, the non- 
allom etric residual fraction is standardized by 
STANDARD6 (IMP Software). ‘S tandardized’ da ta  
sets of adults w ith  the ir respective SLmSx (60 m m  in D. 
aruanus and D. carneus; 90 mm in D. flavicaudus; 
100 mm in D. trim aculatus), which are  the predicted 
shapes of the  en tire  population a t these size, are 
generated. ‘S tandardized’ d a ta  sets of specimens a t 
two other sizes, 20 mm (juvenile) and 60 mm SL (an 
in term ediate  stage for g ian t species), were also gen
erated . To assess the  shape varia tion  among Dascyl
lus a t every size, canonical varia te  analyses (CVA) 
w ith  a leave-one-out cross-validation assignm ent test 
w ere carried out using CVAGEN (IMP Software). 
Thin p late spline functions were used to display the 
shape features associated w ith  the  canonical variâ tes 
(CVs). Additionally, a t the th ree  sizes, the  am ount of 
the overall shape differences betw een species was 
estim ated  using Procrustes distance (PD, calculated 
in  the  IM P software TWOGROUP), the  m etric defin
ing shape dissim ilarity  in  the  Kendall shape space 
(Bookstein, 1996). The phenetic relationships were 
sum m arized w ith  a cluster analysis calculated using 
both an  unw eighted pair group m ethod w ith  a rith 
metic m ean (UPGMA) algorithm  and nonm etric m ul
tidim ensional scaling (NMMD). P erm utation  m ethods 
w ere perform ed using TwoGroup6 to te s t the null 
hypothesis of no m ean difference betw een species a t 
each size.

The ra te  of change in  shape relative to size was 
also compared am ong Dascyllus species. Dynamics of 
shape changes w ere evaluated by calculating the PD 
betw een each specimen and the average shape of 
a the  four sm allest specimens in  the  da tase ts  for 
each species. By regressing th a t distance on log- 
transform ed CS, the  ra tes of divergence aw ay from 
the average juvenile shape were compared using the 
slope of the regressions w ith  REGRESS6 (IMP Soft
ware); detailed explanations on th is methodology 
are provided elsew here (Zelditch e ta l., 2003, 2004). 
Because the  relationship  betw een PD and ln-CS is 
close to linear, these can be sta tistically  compared by 
ANCOVA.

Finally, we have also compared the  am plitude of 
shape transform ation  observed during growth. TWO- 
GROUP6 w as used to calculate the PD betw een the 
average shapes of juveniles (20 m m  SL) and adults 
w ith  a m axim um  SL, and to te s t the sta tistical sig
nificance of the differences (resam pling-based E-test). 
B ootstrapping procedures (N  = 400) also perm it: (1)

placing confidence lim its on th is m easure and (2) 
testing  w hether th is m easure of dissim ilarity  of 
shapes is significantly different among species.

Geometric m orphom etric analyses w ere performed 
using com puter software from the TPS series 
(TPSDIG, TPSREGR, and TPSRELW), w ritten  by 
F. J . Rohlf (http://life.bio.sunysb.edu/m orph/) and the 
IM P series (CVAGEN, REGRESS6, STANDARD6, 
VECCOMPARE, VECLAND, and TWOGROUP6), 
created by H. D. Sheets (available at: http://www2. 
canisius.edu/~sheets/m orphsoft.htm l). TPS deform a
tion grids w ere generated  in  M ORPHEUS (Slice, 1999; 
http://life.bio.sunysb.edu/m orph/m orpheus/). STATIS
TICA, version 7.1 (Statsoft), was used for the s ta 
tistical analysis (ANCOVA, MANCOVA, UPGMA). 
NNMDs and the  cross-validated procedure were per
formed using MATLAB (The M ath  Works).

RESULTS
V a r ia t io n  in  a l l o m e t r ic  p a t t e r n s

The PCAs indicate th a t the ontogenetic trajectories of 
the Dascyllus species strongly diverge from th a t of 
Chromis sp. in  both Procrustes shape and form 
spaces. Ontogenetic shape variations in  each Dascyl
lus and Chromis sp. species w ere sum m arized in 
F igure 3 by scatterplo ts of the  PCA in Procrustes form 
space. W hen all species are combined (Fig. 3A, D), 
P C I, respectively, explains 97.7% and 91.5% of the 
variance in  size and shape for the  neurocranium  and 
the m andible and PC2 explains 0.7% and 6.7%, 
respectively. The plots suggested th a t the  shape dif
ferences betw een the small-bodied and the large
bodied Dascyllus species appear to be g reater in  the 
neurocranium  th a n  in  the m andible a t the  m axim um  
size. Differences in  the ontogenetic trajectories among 
Dascyllus species (Fig. 3) w ere em phasized by the 
repetition  of the PCA after excluding Chromis sp. 
For the neurocranium , PC3 represen ts differences 
betw een D. flavicaudus and the th ree  o ther Dascyllus 
species (Fig. 3C). In th is form space, the  ontogenetic 
trajectory of D. flavicaudus  is parallel to the shared 
trajectory by the th ree  o ther species. S im ilar resu lts 
were obtained in  the m andible form space w here the 
ontogenetic trajectory of D. trim aculatus  is la tera l 
transposed relative to the  th ree o ther species 
(Fig. 3E, F). The ontogenetic trajectories shown for 
the neurocranium  appear to be approxim ately linear, 
w hereas trajectories in  the  m andible appear to be 
curved. However, it is w orth  noting th a t the second 
PC axis explains only 1.3% of the variance in  the 
m andible compared to 97% for PC 1, so th a t a linear 
model of the  trajectory as a function of log size is a 
reasonable approxim ation, given the  sm all variance 
contained in  the  curving portion of the  trajectory.

© 2010 The Linnean Society of London, Biological Journal o f the Linnean Society, 2010, 99, 99-117
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Table 2. Fit of regressions of shape versus log-values of centroid size (CS) for each structural unit

Neurocranium 
% explained 
variance

Goodall’s F-test Mandible 
% explained 
variance

Goodall’s F-test

F-value P F-value P

Chromis sp 69.4 70.2620 0.0000 57.2 44.1881 0.0000
D. aru 41.6 33.4631 0.0000 70.6 113.5810 0.0000
D. car 35.1 23.2310 0.0000 60.2 66.7467 0.0000
D. fla 42.5 28.0689 0.0000 49.5 39.3018 0.0000
D. tri 68.7 114.1700 0.0000 72.1 148.6576 0.0000

For abbreviations of the species, see Table 1.

The null hypothesis of isom etric grow th is rejected 
for the  five species as shape varia tion  in  the  neuroc
ran ium  and the m andible is significantly correlated 
w ith  ln-CS (all P  levels of the generalized Goodall’s 
F -tes t < 0.05; Table 2). A llom etry accounted for a 
large proportion (up to 72%) of to ta l shape change 
during  Chromis sp. and Dascyllus growth. The neu
rocranium  showed a lower percentage of variance 
explained th a n  the m andible (Table 2).

The full MANCOVA revealed significant in terspe
cific differences in  allom etric models of the neur
ocranium  and the  m andible w hen Chromis sp. and 
every Dascyllus species were included in  the  analysis

(test of common slopes: neurocranium , Lwiik, = 0.098, 
F =  5.212, d.f. = 112, 733.4, P <  0.001; m andible, 
XwiikS = 0.164, F  = 5.804, d.f. = 80, 799.3, P  < 0.001; 
homogeneity of intercepts: neurocranium , Lwiik, = 
0.005, F =  18.750, d.f. = 112, 749.2, P<  0.001; m an
dible, Xwito = 0.003, F =  35.802, d.f. = 80, 815.1, P<  
0.001). After excluding Chromis sp., both tests  indi
cated significant differences in  allom etric models 
w ith in  Dascyllus species (test of common slopes: neu
rocranium , Xwiiks = 0.307, F  = 2.639, d.f. = 84, 458.6, P  < 
0.001; m andible, Xwito = 0.463, F  = 2.479, d.f. = 60, 505, 
P  < 0.001; homogeneity of intercepts: neurocranium , 
Xwito = 0.023, F  = 13.809, d.f. = 84, 467.5, P  < 0.001;
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106 B. FRÉDÉRICH and H. D. SHEETS

Table 3. Angles in decimal degrees between the ontogenetic vector of Chromis sp and the four Dascyllus

Neurocranium Mandible

Sp l Sp2 Between S p l Sp2 Difference Between Sp l Sp2 Difference

Chromis D. aru 40.0 12.6 21.5 S 20.6 15.9 10.7 S
D. car 43.5 12.6 25.5 S 30.9 15.9 13.5 S
D. fla 40.3 12.6 22.0 S 26.5 15.9 18.9 S
D. tri 33.9 12.6 12.2 S 25.5 15.9 9.8 S

D. aru D. car 20.2 19.9 22.4 NS 18.5 9.8 12.9 S
D. fia 26.4 21.6 21.3 S 13.8 9.8 18.2 NS
D. tri 20.7 19.9 10.7 S 9.5 9.1 9.6 NS

D. car D. fia 23.2 22.9 20.7 S 18.1 12.6 17.2 S
D. tri 23.0 22.6 10.5 S 14.1 12.8 9.1 S

D. fia D. tri 20.4 22.6 11.4 NS 13.9 17.8 9.4 NS

Results are obtained by bootstrapping procedure (N  = 400); the angle between ontogenetic vectors is considered significant 
if exceeds the bootstrapped within-group variance at 95% confidence: S, significant, NS, not significant. For abbreviations 
of the species, see Table 1.

m andible, Xwito = 0.049, F  =14.967, d.f. = 60, 514, 
P  < 0.001).

The analysis of the  angles betw een m ultivaria te  
regression vectors of ontogenetic allom etries w ithin- 
and between-species showed th a t, for both skeletal 
units, the  angles betw een the four Dascyllus species 
and Chromis sp. were always higher th a n  the ranges 
of the  w ithin-species angles (Table 3). Thus, all D as
cyllus differ significantly in  th e ir ontogenetic trajec
tories from those of Chromis sp. The null hypothesis 
of a common direction of the  ontogenetic vectors of the 
neurocranium  cannot be sta tistically  discarded for the 
comparison of D. aruanus  w ith  D. carneus, and of D. 
flavicaudus w ith  D. trim aculatus. For the m andible, 
it also appears th a t D. aruanus, D. trim aculatus, and 
D. flavicaudus have m utually  indistinguishable 
trajectories.

W hen all species w here included in  the cross- 
validation analysis of the regression models, there 
was clear evidence in  favour of the  independent t r a 
jectory model (superior explanatory power in  the 
cross-validation for 95% of the  te s t data; Table 4) for 
both the neurocranium  and the m andible. W hen the 
analysis w as restric ted  to the  Dascyllus species only, 
the support for the  independent direction model 
dropped to 95% for the  neurocranium , and 87% for 
the m andible. Pairw ise comparisons indicated th a t 
D. aruanus  appeared to have a d istinct trajectory in 
the neurocranium , bu t typically not in  the  m andible 
(although it did appear to differ slightly from D. 
carneus). All o ther comparisons in  the  Dascyllus 
failed to reject the  null of a shared direction of the 
trajectory in  the  cross-validation analysis.

These la tte r  resu lts are reinforced by exam ination 
of the  deform ation grids for largest specimens of

each ontogenetic series. A lthough we have seen 
some sta tistical evidence of differences am ong the 
ontogenetic trajectories in  Dascyllus species, the  s ta 
tistical differences appear to be quite small, which 
raises the issue of how biologically significant these 
differences are. The differences among Dascyllus 
species in  both the ontogenetic angle (Table 3) and 
the explanatory power of the regression model 
(Table 4) are lower th a n  betw een the Dascyllus 
species and the Chromis sp. F igures 4 and 5 show 
th a t the  n a tu re  of allom etric shape changes in  the 
neurocranium  and the  m andible is visually  very 
sim ilar w ith in  Dascyllus. D uring Dascyllus ontog
eny, the  neurocranium  becomes relatively higher 
and shorter (Fig. 4). This change is m ainly related  
to a heightening of the supraoccipital crest (LM 5-6- 
7). The prootic (LM 10-11) and the  sphenotic (LM 
12-13-14-15) are  higher a t the adu lt stage. In  each 
Dascyllus, the  m andible becomes relatively higher 
during grow th (Fig. 5). The den tary  shortens and its 
sym physial p a rt lengthens (LM 1-12). The articulo- 
angular enlarges and the  posterior p a rt of the 
m andible (retroarticular) extends rostrocaudally (LM 
6-7). As seen in  Figure 6, the  differences among 
Dascyllus in  the  ontogenetic trajectories a t indi
v idual landm arks are extrem ely lim ited in  both 
skeletal units. For the  neurocranium , only slight 
variations are  p resen t in  the  direction of the  height
ening of the  supraoccipital crest (LM 6).

C o m p a r i s o n  o f  t h e  j u v e n i l e  a n d  a d u l t  s h a p e s  
a m o n g  D a s c y l l u s  sp .

The exploration of shape divergences among D. 
aruanus, D. carneus, D. flavicaudus, and D. trimacu-
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Chromis sp  D. aruanus D. carneus D. flavicaudus D. trimaculatus
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F ig u re  4. Shapes p red icted  by th e  m u ltiv a ria te  regression  of shape onto size for la rg e s t neu rocran ium  of each species 
sam ple. The tran sfo rm atio n s are  depicted as deform ation grids. B oth m ean  (grey) and  a d u lt (black) shapes are  shown. 
The shape difference h as been  exaggerated  for b e tte r  v isualiza tion  (x i .6).

KBS

Chromis

F ig u re  5. Shapes predicted  by th e  m u ltiv a ria te  regression  of shape onto size for la rg est m andible  of each species sam ple. 
The tran sfo rm ations a re  depicted as deform ation grids. B oth m ean  (grey) and  ad u lt (black) shapes are  shown. The shape 
difference h as been  exaggerated  for b e tte r  v isualiza tion  (x i .6).

D. aruanus

D. flavicaudus D. trimaculatus

D. carneus

latus  a t th ree different sizes along the ir ontogeny 
confirms the resu lts of the  MANCOVA. Indeed, for 
both skeletal units, all pairw ise E -tests among species 
revealed sta tistically  significant differences in  shape 
a t every size (.P = 0.025). Cross-validation assignm ent

tests  on standardized d a ta  correctly classified a g reat 
proportion of the  specimens (< 12% of misclassified 
specimens in  all tests). These CVA assignm ent ra tes 
w ere slightly g rea ter a t the  m axim um  SL th a n  at 
20 m m  SL in both structu res [neurocranium , 94.7%
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D. aruanus  v s  D. carn eu s D. ca rn eu s  vs D. flavicaudus  
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D. aru anu s  v s  D. trim aculatus D. carn eu s  vs D. flavicaudus
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F ig u re  6. C om parisons of th e  ontogenetic tran sfo rm ations in  neu rocran ium  and  m andible  shape betw een  some pa irs of 
D ascyllus  species. The tran sfo rm ations are  depicted as vectors of lan d m ark  d isplacem ents, and  a re  th e  sam e changes in  
shape as show n in  th e  deform ation grids in  Fig. 5. For each com parison (S p l versu s Sp2), tra jec to ry  of S p l is indicated  
by solid lines, th e  one of Sp2 by dashed  lines.

(20 mm SL) < 96.3% (m axim um  SL) of correct 
assignm ents; m andible, 88.3% (20 m m  SL) < 94.4% 
(m axim um  SL)]. The shape sim ilarity  of the  four 
Dascyllus is sum m arized in  F igures 7 and 8 by 
UPGMA cluster analyses and NMMD plots of the 
m atrix  of pairw ise PD betw een species m eans. In  both 
units, the phenogram  and plot topology changes 
according to the th ree  sizes. The shape sim ilarities 
am ong Dascyllus change during  ontogeny bu t in  oppo
site ways according to the  structure . The dissim ilarity  
in  the  neurocranium  betw een the small-bodies (D. 
aruanus  and D. carneus) and the g iant (D. flavicau
dus  and D. trim aculatus) species increases during  the 
la te  stage of th e ir ontogeny (Fig. 7). On the  other 
hand, all four species appear to be ra th e r  sim ilar 
based on the ir m andibular shape a t th e ir m axim um  
SL (Fig. 8). At 20 and 60 mm SL, sm all differences 
exist in  the neurocranium  of the Dascyllus. These 
differences were m ainly re lated  to the  supraocciptial 
crest (Fig. 7). In  Figure 9, CVA shows differences 
am ong species a t th e ir m axim um  SL. The g iant 
species clearly showed a relatively shorter and higher 
neurocranium  th a n  the two other species (variations 
along CV1; Fig. 9). As highlighted by CV2, D. carneus 
slightly differed from the  others by a relatively larger 
front region (LM 4, 5, 14, 15 and 16) (Fig. 9). In the

m andible, a 20-mm SL D. trim aculatus  m ainly dif
fered from the  o ther species by having lower coronoid 
processes (LM 2-3) and a shorter sym physial su tu re  
(LM 1-12) (Fig. 8). Dascyllus aruanus and D. carneus 
showed the h ighest m andible w ith  the longest sym
physial p a rt of the den ta ry  a t 60 m m  SL (Fig. 8). At 
th e ir m axim um  SL, the  CVA showed th a t the  shape 
differences among Dascyllus w ere not strongly related  
to body size. Indeed, the small-bodied D. aruanus  and 
the large-bodied D. trim aculatus  showed a total 
overlap in  the  shape space defined by CV1 and CV2. 
Shape variations were m ainly re lated  to the dentiger- 
ous and the  sym phisial p a rt of the  den tary  (CV1 and 
CV2, Fig. 9).

C o m p a r i s o n  o f  t h e  d y n a m ic s  o f  s h a p e  c h a n g e  
a m o n g  D a s c y l l u s  sp .

In both skeletal units, the  ra te  of shape change (Pro
crustes distance versus ln-CS) significantly differs 
among Dascyllus species (ANCOVA: neurocranium , 
E  =4.6479, d.f. = 3, 180, E  =0.004; m andible,
E  =20.883, d.f. = 3, 188, E  <0.001) (Figs 10, 11A). 
Dascyllus trim aculatus  showed a higher ra te  th a n  the 
two small-bodied species, D. aruanus  and D. carneus, 
and D. flavicaudus for the neurocranium . Conversely,
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F ig u r e  7. C om parisons of average neurocran ium  shapes am ong D ascyllus a ruanus, D ascyllus carneus, D ascyllus 
flavicaudus, and  D ascyllus tr im acu la tus  a t  th ree  different stages of th e ir  ontogeny: 20 m m  stan d a rd  len g th  (SL), 60 mm 
SL and  th e ir  m axim um  SL. Left: unw eighted  p a ir  group m ethod w ith  a rith m etic  m ean  phenogram s based  on P rocrustes 
d istances betw een  species m eans. C enter: nonm etric  m ultid im ensional scaling plots based  on P rocrustes d istances 
betw een  species m eans. R ight: generalized  le a s t squares P rocrustes superim position  of th e  s tandard ized  specim ens. 
Black, D. a ru a n u s’, red , D. carneus’, g reen, D. fla v ica u d u s’, b lue, D. tr im a cu la tu s.

D. aruanus  had the  h ighest ra te  of shape change for 
the m andible and D. flavicaudus had  the lowest. The 
am ount of shape change betw een an  average shape at 
20 m m  SL and a t 60 mm SL was alm ost equal among 
Dascyllus for the  neurocranium  (Fig. 11B). However, 
the to tal length  of the  ontogenetic trajectory  (PDs 
betw een an  average shapes a t 20 m m  SL and a t the 
m axim um  SL) was the  h ighest in  D. trim aculatus  for 
the neurocranium  and the m andible (Fig. 11C). Thus, 
th is species undergoes more shape change in  com pari
son to the  o ther Dascyllus studied during the ontog
eny. A lthough the  am ount of shape change differs

significantly (pairwise F -tests, P = 0.025) betw een 
the small-bodied species (D. aruanus and D. carneus) 
for both units, the  values rem ain  ra th e r  sim ilar com
pared to those of the  two giant species (Fig. 11C). 
Dascyllus flavicaudus had  in term ediate  values 
based on neurocranial distances (Fig. 11C). Although 
the ra te  of shape changes for the m andible is lower in 
D. flavicaudus, it showed a sim ilar length  of net 
ontogenetic trajectory  for th is  s truc tu re  compared 
to D. aruanus  and D. carneus as a resu lt of the 
increased change in  CS (i.e. increased ontogenetic 
duration).
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DISCUSSION

All analyses (PCA, MANCOVA, angles betw een allo
m etric vectors, cross-validation of regression models) 
show th a t the  allom etric trajectories of all Dascyllus 
are  highly divergent from th a t of Chromis sp. 
A lthough both genera are  grouped in  the subfamily 
Chrom inae according to precise morphological tra its  
(e.g. coniform teeth) (Allen, 1991) and m olecular d a ta  
(Quenouille, Berm ingham  & Planes, 2004; Cooper, 
Sm ith & W estneat, 2009), skeletal shape divergences 
and other morphological differences betw een some 
species of each genus have been docum ented in  func
tional and ecomorphological contexts (G luckm ann & 
Vandewalle, 1998; Frédérich, Parm entier & Vande- 
walle, 2006; F rédérich e ta l.,  2008a). The divergence

of allom etries should clearly contribute to the  differ
entia tion  of the two genera. We re tu rn  now to the five 
questions posed a t the  s ta r t of the  study.

A l l o m e t r i c  t r a j e c t o r i e s  w i t h i n  t h e  
g e n u s  D a s c y l l u s

D escriptions of heterochronic processes im ply the 
knowledge of the relations betw een size, shape, and 
age (Klingenberg, 1998; W ebster & Zelditch, 2005). In 
the p resen t study, we have no inform ation on chrono
logical age, although size m ay be viewed as a reason
able proxy of developm ental age knowing th a t the 
sexual m atu rity  is strongly size re la ted  in  Dascyllus 
species (Booth, 1995; Asoh, 2003, 2004, 2005). In  the
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va ria tio n  calculated  by regression  on CV axes.
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fram ew ork of heterochrony, the  different p a tte rn s  of 
ontogenetic allom etry and the  shape differences a t 
common size perm it the  rejection of ‘pure’ propor
tioned giantism  or hyperm orphosis (peram orphism ) 
as the  p a tte rn  by w hich the large-bodied Dascyllus 
evolved from the  small-bodied ones. The case of the 
g ian t Dascyllus appears to differ from the ontogenetic 
scaling revealed in  g iant transgenic mice using 
another m orphom etric m ethod (Shea e ta l., 1990; 
Corner & Shea, 1995). However, th is  comparison has 
to be m ade cautiously knowing th a t the  methodologi
cal difference (landm ark-based geometric m orpho
m etric m ethods versus finite-elem ent scaling method) 
m ay induce bias in  biological conclusions (W ebster & 
Zelditch, 2005).

The exploration of the  ontogenetic trajectories in 
the Procrustes form space, the  te s t for homogeneity of 
intercepts, the analysis of the angles betw een m ulti
v aria te  regression vectors, the  cross-validation resu lts

based on the  regression models and the observations 
of deform ation grids predicted by allom etric trajecto
ries all show th a t the  dissociations betw een D. 
aruanus, D. carneus, D. flavicaudus, and D. trim acu
latus m ay be reasonably described as arising  from a 
series of la te ra l transpositions of log-linear trajecto
ries. The ontogenetic trajectories of each species are 
approxim ately parallel in  the ‘size-shape’ space, as 
dem onstrated  by the  repeated failure of several tests 
to reject a nu ll model of a common direction of the 
ontogenetic trajectories, w ith  the possible exception of 
D. aruanus. A lthough there  is some evidence th a t the 
ontogenetic trajectory in  D. aruanus  m ay differ from 
the o ther Dascyllus species, v isual inspection of the 
regression plots indicates th a t th is difference does not 
rise to the  sam e level of biological differences as seen 
betw een the  Dascyllus and Chromis sp. I t is also clear 
th a t a stronger approach to testing  the hypothesis of 
a common trajectory, nam ely one th a t could reject a
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Figure 10. Plots of P rocru stes d istance betw een  each 
specim en and  the  shape of th e  four sm allest specim ens on 
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species for th e  neurocran ium  (A) and  th e  m andible (B). 
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hypothesis of differing ontogenetic trajectories in 
favour of a simple model of shared directions w ith 
varying ra tes, would be very valuable in  ontogenetic 
studies. Similarly, sta tistically  powerful m ethods to 
compare the  effectiveness of log-linear models of tra 
jectories to more complex polynomial functions of log 
size should also prove valuable. A lthough a log-linear 
model of the m andibular trajectories appears justified 
in  th is  case, given th a t a t m ost 1.3% of to tal variance 
lies along the  curved portion of the trajectory, the 
ability to effectively compare different m ultivaria te  
models of ontogenetic trajectories a t reasonable 
sam ple size would be a m ajor step forward. The use of 
Procrustes-distance based sta tistics and perm utation  
m ethods have proven to be powerful and effective, 
although there  is curren tly  no available model choice 
procedure o ther th an  cross-validation available th a t 
utilizes P rocrustes distances.

D iv e r g e n c e  in  s h a p e s  b e t w e e n  t h e

SMALL-BODIED AND THE GIANT DASCYLLUS  

The analyses of neurocranium  and m andible shape 
divergences a t th e ir respective m axim um  SL perm it
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Figure 11. R ate of shape change (A) estim ated  by th e  
slope of th e  reg ression  betw een  P rocrustes d istance and 
log-values of centro id  size for bo th  ske le ta l un its ; leng ths 
of ontogenetic tra jec to ries in  u n its  of P rocrustes d istance 
(B) betw een  m ean  shapes a t  20 m m  and  a t  60 m m  s ta n 
dard  leng th  (SL) and  (C) betw een  m ean  shapes a t  20 m m  
and  a t  m axim um  SL for bo th  s tru c tu res . The erro r b a rs  
ind icate  th e  s tan d a rd  error.

the  rejection of proportioned giantism  as the p a tte rn  
by w hich g ian t species evolved from the  sm all ones. 
Indeed, the  neurocranium  of the large-bodied species 
is relatively shorter and has a higher supraoccipital 
crest th a n  the sm all ones (Fig. 9). These shape differ
ences a t th e ir m axim um  SL resu lts  especially from a 
lengthening of the ontogenetic trajectories in  the 
g iant species. On the  o ther hand, the  divergences in 
m andible shapes are  lower betw een the small-bodied 
and the g ian t Dascyllus species. A lthough sta tistical 
analysis revealed significant differences, the  shape 
divergences am ong species a t th e ir respective 
m axim um  size are  more lim ited and appear not to be 
related  to the  ‘g ian t’ tra it. The d a ta  obtained in  the 
p resen t study suggest the evolution of the  allometric
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p atte rn s  of the  neurocranium  and the  m andible 
shaping large-bodied Dascyllus are not totally  corre
lated, bu t m ay m ake sense in  a functional context. A 
relatively common m andible shape betw een each D as
cyllus is probably rela ted  to the ir diet, w hich is essen
tia lly  composed of planktonic copepods in  all species 
(Randall & Allen, 1977), w hereas the neurocranium  is 
a s truc tu ra l un it w ith  more diverse functions, being 
shaped by eye size and b ra in  structure . Its  form is 
also re lated  to feeding (Liem, 1993; H errei e ta l.,
2005) and swim m ing (Videler, 1993) perform ances. 
Thus, these different dem ands taken  as a whole lead 
to shaped varia tion  in  the  neurocranium  of g ian t and 
small-bodied species. Interestingly, these differences 
of shape varia tion  detected in  the  neurocranium  and 
the m andible are  suggestive of functional m odularity  
(Klingenberg, 2008). Indeed, the  two skeletal un its 
correspond to relatively independent morphological 
modules.

V a r i a t i o n  o f  t h e  a l l o m e t r i c  m o d e l s  a m o n g  
D a s c y l l u s  sp .

In  the case of the  genus Dascyllus, allom etric v aria 
tion linked to the diversification of the  family 
Pom acentridae is highlighted. Indeed, a comparison 
of allom etric trajectories of the sam e structures 
betw een D. aruanus  and Pomacentrus pavo  revealed 
th a t the  divergences in  the  neurocranium  and the 
m andible shape resu lt from allom etric repattern ing  
(Frédérich e ta l., 2008b). L ateral transposition  indi
cates a dissociation betw een species in  an  earlier 
period (e.g. during  the larval stage) but, during the 
studied p a rt of th e ir ontogeny, each species of D as
cyllus shares common trajectories of ontogenetic 
shape changes (with the possible exception of D. 
aruanus, if  the sta tistica l differences observed are 
tru ly  biologically meaningful). Consequently, the 
mode of evolutionary modification in  Dascyllus 
species of morphological ontogeny m ay be classified as 
a case of heterochrony according to the  definition of 
W ebster & Zelditch (2005). These resu lts  could be 
linked to a high phylogenetic and/or an  ecomorpho- 
logical signals. Being phylogenetically closely related, 
the genetic developm ental pathw ays should be con
served in  the  taxon. Moreover, all Dascyllus have a 
sim ilar diet and share  a sim ilar h ab ita t during  a p a rt 
of the ir ontogeny (Randall & Allen, 1977; Coates, 
1980; M ann & Sancho, 2007). Generally speaking, 
w hen species are  more d is tan t in  an  evolutionary 
relationship, it is more probable to see directional 
change in  th e ir allom etric trajectories (Weston, 2003). 
A common trajectory of ontogenetic shape changes 
shared  by two (or more) species of the sam e genus, as 
in  Dascyllus species, is a ra th e r  novel resu lt. Cunha 
et al. (2009) recently highlighted th a t varia tion  in

body size among biotypes of the Squalius alburnoides 
complex is the resu lt of ontogenetic scaling. B astir 
et al. (2007) also addressed the discussion of ontoge
netic scaling versus la te ra l transposition  in  the con
tex t of higher verteb ra te  evolution. In  closely-related 
species such as hum ans and N eanderthals, la tera l 
transposition  is found ra th e r  th a n  truncation  or 
extension of common ontogenetic trajectories (Bastir 
et al., 2007). Conversely, studies in  the  trilobite Neph- 
rolenellus (W ebster et al., 2001; Webster, 2007), in  the 
p iranhas Serrasalm us  (Zelditch e ta l.,  2003), in  Ti'itu- 
rus species (Ivanovic et al., 2007), in  M arm ota  species 
(Cardini & O’Higgins, 2005), and in  the chim panzees 
Pan  (M itteroecker e ta l., 2005) showed directional 
change in  allom etric trajectories (i.e. allom etric rep a t
terning, W ebster & Zelditch, 2005).

The dynam ics of shape change differ w ith in  the 
large-bodied species as well as betw een the  large
bodied species and the  sm all ones. Such varia tion  in 
ra te  modification being referred as ra te  heterochrony 
(W ebster & Zelditch, 2005). For the neurocranium , 
the ra te  of change in  shape seems positively corre
la ted  to the  m axim um  adult body size: the  largest 
species (D. trim aculatus) has the  h ighest ra te  of 
shape change and the  sm allest have the lowest value 
(Fig. 11A). This relationship  is not observed for the 
m andible and such a difference betw een the two 
structu res is difficult to in terpret.

V a r i a t i o n  o f  t h e  a m o u n t  o f  s h a p e  c h a n g e s  
a m o n g  D a s c y l l u s  sp .

The te s t for homogeneity of in tercepts and the analy
sis of standardized d a ta  allow detections of shape 
differences among all Dascyllus along the ir whole 
ontogeny. However, some of these divergences are 
lim ited and m ay not be significant in  biological point 
of view, especially betw een the  two small-bodied 
species. For example, the  length of the  ontogenetic 
trajectories in  D. aruanus and D. carneus are very 
sim ilar and the differences could be considered as 
negligible in  the p resen t study. On the  o ther hand, 
the differences in  the  allom etric models betw een 
small-bodied and g ian t species are  sta tistically  sig
nificant and appear to be of g rea ter biological signifi
cance. The length of the ontogenetic trajectories and 
the distances betw een the parallel trajectories (i.e. 
the am plitude of la te ra l transposition) vary  betw een 
the small-bodied and the  giant species. Additionally, 
the type of la te ra l transposition  (i.e. event hetero
chrony according to W ebster & Zelditch, 2005) differs 
according to the  skeletal un it and the  g ian t species. 
H aving a higher supraoccipital crest a t 20 mm SL, D. 
flavicaudus is closer to its adult shape compared to 
the situation  existing in  the  others (Fig. 7) and th is 
case m ay be considered as a predisplacem ent in  the
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form alism  of Alberch e ta l. (1979). Conversely, D. tri
m aculatus  shows a m andible shape th a t is more 
d is tan t from the  adu lt one relative to the  th ree other 
species a t 20 m m  SL (Fig. 8). This last case m ay be 
regarded as a postdisplacem ent event.

D i f f e r e n c e s  in  t h e  e v o l u t io n  o f  o n t o g e n e t ic

ALLOMETRIES IN GIANT DASCYLLUS  SPECIES

The two g ian t species, D. flavicaudus and D. trim acu
latus, have evolved through different allometric 
m echanism s. These species belong to different lin
eages and the divergences of developm ental param 
eters agree w ith  phylogenetic data . The ra te  of shape 
change differs betw een the  two species. Similarly, the 
type of la te ra l transposition  varies betw een D. flav
icaudus (i.e. predisplacem ent for the  neurocranium ) 
and D. trim aculatus  (i.e. postdisplacem ent for the 
m andibule), showing varia tion  in  the  tim ing of devel
opm ent. The types of event heterochrony are not 
identical for both s tructu res in  each species, raising  
questions about the context of morphological in teg ra
tion (Klingenberg, 2008). Indeed, why does the  pre
displacem ent event only concern the neurocranium  
and not both the neurocranium  and the  m andible in  
D. flavicaudus? Furtherm ore, why does the postdis
placem ent event only concern the m andible and not 
both the  neurocranium  and the  m andible in  D. tri
m acula tus? Differences in  life-history betw een the 
two g ian t species cannot explain such m odular devel
opm ent, bu t various genetic or developm ental factors 
probably underlie these different allom etric m echa
nism s and m odular pa tterns. In  conclusion, the 
exam ple of Dascyllus dem onstrates th a t g iant species 
m ay appear during the evolution of a clade by varied 
alterations of the ancestor allom etric model.

The p resen t study details the  varia tion  in  allome
tric  p a tte rn s  shaping g ian t species of fishes. 
Exam ples in  o ther anim al taxa  are required  to either 
confirm our observations or to highlight new pa tte rns 
of variation, and stronger sta tistica l approaches 
based on hypothesis testing  or model selection would 
be invaluable to confirm th a t species share  common 
directions of ontogenetic trajectories. The results 
obtained in  the  p resen t study do dem onstrate th a t 
g ian t species in  a sam e lineage m ay evolve by a 
varie ty  of allom etric variations, indicating several 
distinct pathw ays to g ian t forms.
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APPENDIX

Abbreviations: ANSP, Academy of N atu ra l Sciences
(Philadelphia, PA, USA); MNHN, M useum  N ational
d’H istoire N aturelle (Paris, France); NMNH, N ational
M useum  of N atu ra l H istory (W ashington, DC, USA).

Dascyllus carneus ANSP lot 109319 (15 specimens); 
MNHN, 2005-1974; NMHN, 281395.
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