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Pomacentridae are one of the most abundant fish families inhabiting reefs of tropical and tem perate regions. This 
family, comprising 29 genera, shows a rem arkable diversity of hab ita t preferences, feeding, and behaviours. 
Twenty-four species belonging to seven genera have been reported in the Eastern  Pacific region. The present study 
focuses on the relationship between the diet and the cephalic profile in the 24 endemic damselfishes of this region. 
Feeding habits were determ ined by means of underw ater observations and the gathering of bibliographic data. 
Variations in cephalic profile were analyzed by means of geometric morphometries and phylogenetic methods. The 
present study shows th a t the 24 species can be grouped into three m ain trophic guilds: zooplanktivores, algivores, 
and an interm ediate group feeding on small pelagic and benthic preys. Shape variations were low w ithin each 
genus except for Abudefduf. Phylogenetically adjusted regression reveals th a t head shape can be explained by 
differences in feeding habits. The morphometric phylogeny recovered the subfamily Stegastinae and the relation­
ship between A budefdu f troschelii and Chromis species. The cephalic profile of damselfishes contains a clear and 
strong phylogenetic signal. © 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 
2011, 102, 593-613.
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INTRODUCTION

The dam selfishes (Pom acentridae) are  a species-rich 
(approxim ately 360), worldwide d istribu ted  fam ily of 
m arine fishes th a t inhab it tropical and tem perate 
w aters (Allen, 1991). Most inhab it tropical coral reefs, 
a lthough a num ber of species live in  rocky reefs of 
cooler tem perate  w aters. They have been presen t 
w ith in  these ecosystems for 50 million years (Bell- 
wood, 1996; Bellwood & Sorbini, 1996). In  the  E aste rn  
Pacific, th e ir range extends from M onterey Bay

“■“Corresponding author. E-mail: liabiol@gmail.com

(California, USA) in  the north  to the south  of Chile, 
including all the oceanic islands of th is region (Fig. 1). 
In th is  p a rt of the  Pacific, Pom acentridae is one 
of the  m ost abundan t families, having rad ia ted  in 
coral reefs, rocky reefs, and kelp forests. Twenty-four 
species belonging to seven genera (i.e. Stegastes, 
Microspathodon, Hypsypops, Nexilosus, Chromis, 
A zurina, and Abudefduf) have been reported in  the 
E aste rn  Pacific and all are endemic to th is region 
(Robertson & Allen, 2008). The genera A zurina, 
Hypsypops, and Nexilosus are solely p resen t in  this 
p a rt of the  Pacific, w hereas the  genus M icrospath­
odon contains two species in  the E aste rn  Pacific and
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F ig u r e  1. Distribution of damselfish species in the coast and islands of the Eastern Pacific Ocean. Left: localities of 
underwater observations in the Gulf of California: National Marine Park of Loreto, La Paz Bay, and National Marine Park 
of Cabo Pulmo.

two others in the  A tlantic Ocean. On the other hand, 
the genera A budefdu f, Chrom is, and Stegastes are 
d istributed  worldwide (Allen, 1991). All genera rep­
resented  in th is region belong to the basal groups 
of the family Pom acentridae (i.e. the  subfam ilies Ste- 
gastinae, Chrom inae and Abudefdufinae; as defined 
by Cooper, Sm ith & W estneat, 2009) (Fig. 2). The 
m em bers of the most derived subfamily Pom acentri­
nae have rad ia ted  in the Indo-West Pacific region only 
(Cooper et al., 2009). Despite the use of num erous 
m olecular data, the phylogenetic relationships w ithin 
the family Pom acentridae are not fully resolved 
(Tang, 2001; Quenouille, Berm ingham  & Planes, 
2004; Cooper et al., 2009).

The dam selfishes of the  E aste rn  Pacific display a 
rem arkable diversity w ith regards to h ab ita t prefer­
ences, feeding habits, and behaviours. Their colora­
tion is highly variable, ranging from drab hues of 
brown, grey, and black to b rillian t combinations of 
orange, yellow, and neon blue (Robertson & Allen,
2008). G enerally speaking, the  dam selfishes living 
in coral reefs of the  Indo-West Pacific region feed 
m ainly on filam entous algae as well as sm all p lank­
tonic and benthic invertebrates (Allen, 1991; Kuo 
& Shao, 1991; Frédérich et a l ., 2009). The drab- 
coloured species feed m ainly on algae, w hereas most

Pomacentrinae

Abudefduf A budefdufinae

Chromis Chrom inae
Pomacentridae

Lepidoziginae

Microspathodon

Hypsypops

Nexilosus

StegastinaeStegastes

Plectroglyphydodon

Parma

Similiparma

Outgroup

F ig u r e  2. Phylogeny of Pomacentridae family sensu 
Cooper etal. (2009). Dotted lines refer to groups not 
represented in the Eastern Pacific region.

of the brightly  patterned  species (e.g. m em bers 
of the genus Chromis) obtain the ir nourish­
m ent from the current-borne p lankton (Allen, 1991). 
To our knowledge, the trophic ecology of only two 
dam selfish species from the E astern  Pacific has
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been studied in  detail: Stegastes rectifraenum  and 
Microspathodon dorsalis (Montgomery, 1980).

Ecomorphological studies a ttem p t to understand  
the  relationships betw een the  morphological varia­
tion among species and th e ir corresponding ecolo­
gical varia tion  (Norton, Luczkovich & M otta, 1995; 
W ainwright, 1996; Costa & Cataudella, 2007). For 
example, head morphology is subject to various con­
stra in ts  dealing w ith  the  stra tegy  of feeding and the 
type of ingested food (Liem, 1979, 1993; W ainwright 
& Richard, 1995). The relationship  betw een cephalic 
morphology and diet has been broadly studied in 
freshw ater fishes such as perches (Svanbäck & Eklöv,
2002), centrarchids (Collar, N ear & W ainwright, 
2005), and cichlids (Barel, 1983; Albertson, S treelm an 
& Kocher, 2003), as well as m arine fishes such as 
sparids (Costa & Cataudella, 2007) and labrids (West- 
neat, 1995; S treelm an & Karl, 1997; W ainwright 
et al., 2004). The first ecomorphological studies in 
Pom acentridae (Emery, 1973; G luckm ann & Vande- 
walle, 1998) suggested th a t a detailed study  of cepha­
lic morphology could reveal different trophic groups. 
U sing geometric m orphom etries (Rohlf & M arcus, 
1993; Lawing & Polly, 2009), Frédérich et al. (2008) 
highlighted strong size and shape variations in  four 
skeletal u n its  of the  dam selfish skull am ong species 
living in  the  Indo-West Pacific region and belonging to 
different trophic groups. Recently, Cooper & W estneat 
(2009) investigated the evolution of skull shape 
w ith in  Pom acentridae and showed th a t planktivory 
has involved im portan t changes in  dam selfish head 
morphology. In  th is  la tte r  study, the authors used 
only one species per genus to infer morphological 
evolution. Consequently, the  inference of intra-generic 
varia tion  in  trophic morphology was not possible. 
Recently, Barneche et al. (2009) confirmed the appli­
cability of B ergm ann’s ru le to the family Pom acen­
tridae, sta ting  th a t the  larger species are found at 
higher latitudes. The dam selfishes of the E aste rn  
Pacific are  d istribu ted  along a wide range of la titudes 
(-33°N to 35°S; Fig. 1) and show a g reat varia tion  of 
body size among species (standard  length in  the range 
11-36 cm; Table 1). Moreover, the genera Chromis, 
Hypsypops, Nexilosus and, M icrospathodon contain 
the  largest dam selfishes (Allen, 1991). This axis of 
body size varia tion  could have prom oted morphologi­
cal varia tion  w ith in  th is group of endemic species.

In  the  p resen t study, we collect trophic d a ta  about 
all endemic dam selfish species of the  E aste rn  Pacific 
region and apply geometric m orphom etric techniques 
and phylogenetic m ethods to the  cephalic region of 
these dam selfishes. The m ain goal of the  study is to 
provide an  overview of the  trophic diversity  of dam ­
selfishes in  the E aste rn  Pacific and to determ ine 
w hether variations in  cephalic shape can be explained 
by size varia tion  (i.e. allometry), feeding behaviour,

and/or phylogeny. In particular, we investigate the 
ecomorphological hypothesis th a t cephalic shape 
varia tion  is associated w ith  d ietary  differences in 
dam selfishes of the  E aste rn  Pacific. On the basis 
of previous analyses in  dam selfishes (Emery, 1973; 
G luckm ann & Vandewalle, 1998; F rédérich et al., 
2008; Cooper & W estneat, 2009), we predict th a t diet 
is correlated to shape variations. We also te s t the 
presence of phylogenetic signal (i.e. the  expectation 
th a t the  phylogenetic relatedness is associated w ith 
shape sim ilarity) (Cardini & Elton, 2008) in  the 
cephalic region of dam selfishes. We have no a priori 
hypothesis regarding th is relationship  because such 
studies are lim ited in  fishes (Guill, H eins & Hood,
2003).

MATERIAL AND METHODS
T r o p h ic  d a ta

U nderw ater observations (UO) were carried out in 
th ree areas in  the G ulf of California, Mexico (Fig. 1): 
(1) N ational M arine P a rk  of Loreto Bay; (2) La Paz 
Bay; and (3) N ational M arine P a rk  of Cabo Pulmo. 
The N ational M arine P a rk  of Loreto Bay is located at 
26°07' to 25°43'N and 111°21' to 111°13'W Coronado, 
Carm en and D anzante islands delim it th is  area  
w here the substra te  composition varies from fine sand 
to cobbles, boulders, and rocks (Campos-Dávila et al., 
2005). La Paz Bay is located a t 24°07' to 24°21'N and 
110°17' to 110°40'W, the reef p resen ts fine sand, big 
(30 m) and sm all (12 m) boulders, big walls (15 m), 
and rocky reef (Aburto-Oropeza & B alart, 2001). The 
N ational M arine P a rk  of Cabo Pulmo is the  north ­
ernm ost coral reef in  the E aste rn  Pacific and is 
located near the  entrance of the  G ulf of California in 
a transitional zone betw een the  tropical and tem ­
perate  Pacific a t 23°50'N, 109°25'W (Alvarez-Filip, 
Reyes-Bonilla & Calderón-Aguilera, 2006). This park  
p resen ts a ba rrie r ree f and a lagoon composed of 
sm all boulders w ith  sandy areas. The UO were 
carried out during January , May, and A ugust 2008, 
and Ja n u a ry  and M arch 2009, by scuba diving and 
snorkeling. O bservations of te rrito ria l species were 
carried out for 2 m in per organism; for fishes in 
constant movem ent (e.g. planktivorous), a m axim um  
of 10 m in w ere devoted per organism . Observations 
were conducted on 20-100 individuals per species, 
according to the availability. D uring these observa­
tions, we m ainly focused on two m ain  components of 
th e ir trophic ecology: (1) social behaviour: te rrito ria l 
and solitary species versus species forming groups 
and (2) feeding habit: feeding areas (especially for 
te rrito ria l, algivorous species), feeding stra tegy  (i.e. 
biting, grazing or feeding in  the  w ater column), and 
type of prey. Fourteen dam selfish species were
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directly observed and studied (Table 1). Consequently, 
the  diet of all E aste rn  Pacific species was described by 
m eans of our UO and completed by a review of resu lts 
from previous general studies. U sing all these data, 
an  alim entary  item  m atrix  of the  24 endemic dam ­
selfishes of the  E aste rn  Pacific w as bu ilt (Table 2). It 
was analyzed for the redundancy of the  16 alim entary  
item s in  all the  species using the Kendall correlation 
index for presence-absence data; th is analysis was 
conducted to group the alim entary  item s and reduce 
the  m ain m atrix . All alim entary  item s w ith  a corre­
lation higher th a n  0.80 w ere grouped (Table 2).

Additionally, the  d a ta  of d iet composition were also 
used for the  estim ation of the  trophic level of each 
dam selfish species. The TROPH index, in itially  used 
for M editerranean  fishes (Stergiou & Karpouzi, 2002), 
expresses the position of organism s w ith in  the food 
webs th a t largely define aquatic ecosystems. Real 
consum ers do not usually  have TROPHs w ith  integer 
values and the definition of TROPH for any consum er 
species (1) is:

G

TROPH = 1 + ^ D C ,  • troph .
j =i

w here G is the  to tal num ber of prey species, DCy 
represen ts the  fraction of y in  the  diet of i and trophy 
is the fractional trophic level of prey y. The TROPH 
value w as calculated from the da tase t using TRO- 
PHLAB (Pauly et al., 2000), which is a stand-alone 
application for estim ating  TROPH and its standard  
error using qualitative inform ation from the  list of 
item s known to occur in  the  d iet of each species. If  such 
trophic levels are m issing, TROPHLAB uses default 
troph  values for various prey (based on d a ta  in  FISH- 
BASE; Froese & Pauly, 2000). TROPH values were 
used as feeding hab it data , allowing the study of the 
relationships betw een head shape of dam selfishes and 
th e ir trophic ecology in  a quan tita tive  way, and giving 
an  ecomorphological m eaning to shape differences (see 
m ethods below) (Costa & Cataudella, 2007).

G e o m e t r ic  m o r p h o m e t r ic s  a n d

PHYLOGENETIC ANALYSIS 

The sam ple comprised 509 specimens belonging to all 
24 dam selfishes of the  E aste rn  Pacific (Table 1). Addi­
tionally, the  embiotocid Zalem bius rosaceus (Jordan & 
Gilbert, 1880) (family Embiotocidae) w as used as an  
‘outgroup’. The Embiotocidae are  now recognized as 
the  sister group of Pom acentridae (Streelm an & Karl, 
1997; M abuchi et al., 2007), Zalem bius rosaceus is a 
sm all benthic carnivorous fish d istribu ted  inside the 
sam e area  of the studied pom acentrids. Some speci­
m ens were speared during  the  field studies and the 
others came from the m useum  collections of CIBNOR

(La Paz, BCS, México), CICIMAR (La Paz, BCS, 
México), SIO (San Diego, CA, USA), LACM (Los 
Angeles, CA, USA), and USNM (W ashington, DC, 
USA) (Table 1). The list of m useum  specimens used in 
th is study is available upon request from the first 
au thor (R.A.-M.).

The specimens w ere photographed in  la te ra l view 
w ith  a cam era (Kodak x 4 optical and 4 m ega pixels) 
and the  x- and y -coordinates of 18 homologous land­
m arks (Fig. 3) were digitized from the  left side of each 
individual using TPSDIG, version 2.05. Superim posi­
tion of landm ark  d a ta  w as achieved using a general­
ized procrustes analysis (Rohlf & Slice, 1990) which 
aligned landm ark  configurations such th a t the  sum  of 
squared distances betw een corresponding landm arks 
was m inim ized by scaling, transla ting , and ro ta ting  
specimens w ith  respect to a m ean consensus con­
figuration. The consensus configuration (‘the  grand 
m ean’) was obtained and used as the  reference. 
P artia l w arp  scores (PWs) including both uniform  and 
non-uniform components w ere calculated and used as 
descriptors of shape varia tion  (Bookstein, 1991; Rohlf, 
1993).

A principal components analyses (PCA) was used 
to find hypothetical variables (components) th a t 
account for as m uch of the  variance in  the  m orpho­
logical d a ta  (Davis, 1986). Subsequently, two kinds 
of discrim inant analyses were carried out. Differ­
ences among species were tested  by m eans of analy­
ses of variance (ANOVA), the T ukey-K ram er test 
and m u ltivaria te  analyses of variance (MANOVA). 
Then, a canonical variance analysis (CVA) was per­
formed to compare cephalic profile am ong groups. 
Indeed, CV axes allow us to maximize the differ­
ences in  shape among groups relative to w ith in  
group variance. MANOVA and CVA were computed 
using all shape variables (PWs). Deform ation grids 
using the th in-p late  spline (TPS) algorithm  were 
used to visualize the  p a tte rn s  of shape varia­
tions along PC axes and CV axes (Thompson, 1917; 
Bookstein, 1991; Rohlf, 1993).

To determ ine w hether shape d a ta  are hierarchically 
clustered, we applied phenetic and phylogenetic 
parsim ony m ethods for grouping. Phenetic distance 
m ethods are  based upon a different conceptual fram e­
work of grouping th an  parsimony. We included a 
phenogram  to determ ine w hether there  was evidence 
for the  assertion  th a t sim ilarity  in  m orphom etric da ta  
is not the  resu lt of a phylogenetic signal. Phenetic 
relationships were sum m arized using a cluster analy­
sis on the  m atrix  of m ean shape. Phenogram  of the  25 
species was calculated using the unw eighted pair- 
group m ethod algorithm , and the  Procrustes distance 
as m easure of the  similarity. The goodness of fit of the 
cluster analysis w as m easured by the coefficient of 
cophenetic correlation (Cardini & Elton, 2008). The
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F ig u r e  3. A natom ical lan d m ark s  used  in  geom etric mor- 
phom etric  analyses: (1) tip  of th e  prem axilla ; (2) nostril; 
(3-6) inferior, an terio r, superior, and  posterio r m arg in  of 
th e  eye; (7) cen te r of th e  eye; (8) superio r tip  of the 
preopercu lar; (9) superior tip  of th e  operculum ; (10) pos­
te rio r tip  of th e  operculum ; (11, 12) superio r and  inferior 
in sertion  of th e  pectoral fin; (13) in sertion  of th e  pelvic fin; 
(14) in sertion  of th e  operculum  on th e  body profile; (15) 
posterio -ven tral corner of the  preopercular; (16, 17) an te ­
rio r and  posterio r ex trem ity  of th e  den tary ; (18) posterior 
ex trem ity  of the  p rem axilla .

morphological phylogenetic analysis w as executed 
using the  32 shape variables (RWs) as characters for 
all studied species. For each species, we scored either 
RW intervals, RW m eans or both. Phylogenetic analy­
ses were perform ed using new algorithm s for the  
direct optim ization of continuous characters in  TNT 
(Goloboff, M attoni & Quinteros, 2006). We used a 
com bination of ratchet, sectorial search, tree  drifting, 
and tree  fusing search algorithm s for the selection of 
optim al trees and for the estim ation of Jackknife 
values as a m easure of support.

The m olecular phylogenetic hypothesis by Cooper 
et al. (2009) and our morphological phylogeny were 
used for phylogenetic adjusted  regressions of the 
shape variables on the TROPH index, centroid size 
(CS), and standard  length  (SL) using the module 
PDAP in M ESQUITE (Midford, G arland & Maddison,
2009). O ur morphological and molecular phylogenies 
were used to obtain  an  estim ate  of character d istri­
bution and correlation along a phylogeny (G arland 
et al., 1993). Phylogenetic regression analyses to 
te s t interspecific allom etry were performed using 
the m ean values of CS and SL versus the  32 
shape variables. Similarly, we perform ed phylogenetic 
regression analysis using the  m ean values of the  32 
shape variables and the  TROPH index to te s t the 
relationship  betw een feeding habit and cephalic 
shape. Additionally, we compared these resu lts  w ith 
conventional nonphylogenetic regression analyses 
perform ed in  TPSREGRES, version 1.37.

Geometric m orphom etric analyses were performed 
using com puter program s from the TPS series 
(TpsDig, TpsRegres) w ritten  by F. J . Rohlf (http://life. 
bio.sunysb.edu/morph/), and the IM P series (PCAGen, 
CVAGen), created by H. D. Sheets (http://www2. 
canisius.edu/~sheets/m orphsoft.htm l). M ultivariate 
analyses (correlation analyses, ANOVA, PCA, CVA, 
MANOVA) were computed w ith  the sta tistica l pack­
ages: PAST, version 1.74 (Hammer, H arper & Ryan, 
2001; http://folk.uio.no/aham m er/past), S tatistica, 
version 8.0 (http://www.StartSoft.com ) and JMP, 
version 8.0 (SAS In stitu te  Inc.). Phylogenetic analysis 
was com puted in  TNT, version 1.1 (Goloboff, F a rris  & 
Nixon, 2008; http://www.zmuc.dk/public/phylogeny). 
Phylogenetic regressions were perform ed in  the 
PDAP package (Midford, G arland & M addison, 2010; 
http://m esquiteproject.org/pdap_m esquite/) for M ES­
QUITE, version 2.73 (M addison & Maddison, 2010; 
h ttp://m esquiteproject.org/m esquite/m esquite.htm l).

RESULTS
T r o p h ic  a n d  b e h a v io u r a l  d a ta

Chromis lim baughi, Chromis punctip inn is, H ypsy­
pops rubicundus, and Stegastes redemptus w ere only 
observed a t one locality (Table 1), w hereas the  trophic 
behaviours were always consistent among sites in  the 
other species. Unfortunately, Chromis alta  w as never 
observed a t any location, m aybe as a resu lt of its 
depth  preferences (down to 150 m; Allen, 1991). Gen­
erally, the  underw ater observations corroborate da ta  
obtained from the lite ra tu re  re la ted  to diet of each 
studied species. However, some new trophic behav­
iours were also observed. For example, the m ainly 
algivorous S. rectifraenum  was observed recurren tly  
picking feces from Zooplankton feeders (e.g. A b u ­
d e fd u f troschelii) d irectly in  the w ater column.
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The trophic behaviour appeared relatively constant 
w ith in  all genera, except w ith in  the  genus A b u d e fd u f 
(Table 2). A b u d e fd u f troschelii m ainly fed on p lank­
tonic preys in  the  w ater column, w hereas A b u d e fd u f 
concolor and A b u d e fd u f declivifrons m ainly grazed 
algae or fed on some sm all sessile anim als attached  to 
the rocks.

The analysis of alim entary  item s shows a strong 
relationship  (r > 0.80) betw een four items: m acroal­
gae, microalgae, sessile crustaceans, and worms. 
Consequently, these prey item s were grouped in 
Table 2. Thus, a m ainly algivorous species such as 
all Stegastes species, Microspathodon  species, N ex­
ilosus latifrons, and H. rubicundus m ay be con­
sidered as a benthic feeder grazing on algae and 
feeding on sm all benthic invertebrates. On the basis 
of a review of the  published resu lts  and our UO, 
four a lim entary  item s are species-specific (Table 2): 
sponges (A): H. rubicundus; de tritu s (L): S. rectifrae­
n u m ; gastropods (G): Z. rosaceus; and ectoparasites 
(M): A. troschelii. A b u d e fd u f troschelii showed the 
largest d iet of the  dam selfish investigated in  the 
p resen t study, feeding in  benthic and pelagic areas. 
All seven species of Chromis and the  two species 
of A zurina  m ainly feed on Zooplankton. Zalem bius 
rosaceus is considered as a benthic carnivorous 
species, feeding only on mobile benthic crustaceans 
(shrim ps, sm all crabs), worms, gastropods, and 
bivalves (Table 2).

As for the  diet, the  social behaviour was con­
served w ith in  genera. Hypsypops rubicundus and 
Stegastes species are  solitary, protecting sm all te r­
ritories, forming couples only during the repro­
ductive season. Hypsypops rubicundus showed a 
preference for sm all caves around big rocks and 
all Stegastes species prefer sm all rocks. Both 
Microspathodon  species are solitary or live in  pairs 
and protect big rocks w ith  high vertical walls. N ex­
ilosus latifrons was not observed in  the  wild, 
although some au thors (Grove & Lavenberg, 1997; 
Angel & Ojeda, 2001; Robertson & Allen, 2008) 
reported th a t it is a grazing species living close to 
the rocks in  sm all groups (up to ten  individuals). All 
A budefduf, A zurina, and Chromis species live in 
groups (i.e. schooling species) and are  te rrito ria l 
only during the reproductive season. The m ain  dif­
ference betw een these species is the num ber of in te ­
g ran ts in  the groups (A b u d e fd u f species: 5-30 
individuals versus Chromis species: 10-60 indivi­
duals), although it proved complicated to achieve 
a good description of these num bers because they 
changed according to the  study  area  and the 
hab ita t. N either A zurina  species were observed in 
wild; thus, we do not have any estim ation of the 
num ber of fish per group. Specimens of A. declivi­
frons  and A. concolor could also be found solitary.

G e o m e t r ic  m o r p h o m e t r ic s

The m ain shape variations across species can be 
exam ined by a d istribution of specimens in  the  PC 
figure defined by the axis P C I and axis PC2 (Fig. 4). 
The first two PCs account for 70% of the to tal shape 
variance (PCI = 58.41% and PC2 = 10.32%). Shape 
varia tion  was relatively low w ith in  each genus except 
for A budefduf. This genus could be clearly divided 
into two groups, one com prising A. concolor and A. 
declivifrons and the o ther comprising A. troschelii. 
P C I allowed a clear distinction betw een m ainly 
benthic feeders (low P C I values) and m ainly Zoop­
lankton  feeders (high P C I values). The m ain  m orpho­
logical varia tion  along axis P C I is re la ted  to the  snout 
length, the cephalic depth, and the eye size and 
position. The benthic feeders, especially M icrospath­
odon species, were characterized by a very short 
snout and sm all eyes; the  pelagic feeders (A zurina  
species, Chromis species, and A. troschelii) were char­
acterized by relatively larger eyes and longer cephalic 
profile. Along axis PC2, the  m ain shape varia tion  was 
re la ted  to the position of the  m outh and the  pectoral 
fin, and explains the  varia tion  w ith in  some genera 
such as Stegastes and Chromis.

W hen species were used as grouping factor, 
the MANOVA revealed significant differences among 
them  ( V w i l k s  = 2.36 x 1CT5, E  = 42.02, d.f.i = 256, 
d.f.2 = 3665.2; P<  0.001) and pairw ise comparisons 
supported th a t all species showed significant dif­
ferences in  m ean shape (P  < 0.05). MANOVA was 
repeated  using genus as grouping factor, and the 
resu lts also show significant differences among all 
genera; however, A b u d e fd u f genus show a strong 
p a tte r  of segregation into two groups. According to the 
trophic data , the feeding hab it is consistant w ith in  
genera except for the genus Abudefduf. The segrega­
tion p a tte rn  o f A b u d e fd u f was tested  by exploratory 
analyses (ANOVA, PCA, and CVA). Because the 
p a tte rn  w as repeated in  all analyses, the final 
MANOVA was perform ed using genera as grouping 
factor, w ith  the genus A b u d e fd u f split into two 
groups: (1) A. concolor and A. declivifrons and (2) A. 
troschelii. The resu lts  of MANOVA show significant 
differences am ong all groups ( X w i l k s  = 0.0000263, 
F  = 41.23, d.f. = 265, P  < 0.001), and all pairw ise 
comparisons based on M ahalanobis distances show 
significant differences (P  < 0.05).

D iscrim ination am ong groups can be also in te r­
preted by exam ining the  ordination of specimens 
in  the  m orphospace defined by the CV axes (Fig. 5). 
The first th ree CV axes accounted for 84% of the 
to tal shape varia tion  in  the  d a tase t and allow the 
discrim ination of five m ain  groups. The axis CV1 
distinguishes th ree groups (Table 3): (A) M icros­
pathodon  species; (B) A. concolor, A. declivifrons, H.

© 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 2011, 102, 593-613
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+PC 2

(N
Ü
CL

-PC 2 m m m

-PC 1 + p c  1

F ig u r e  4. S ca tte rp lo t of p rinc ipal com ponents (PC) 1 and  2. C ross, A budefdu f, equis, Azurina', square , C hrom is ; triang le , 
H ypsypops ; circle, M icrospathodon ; a s te risk , N exilosus ; b lack  circle, Stegastes ; b lack  square , Zalem bius. T h in  p la te  spline 
deform ation grids for th e  extrem e po in ts of each axis a re  shown; these  are  superim posed on the  shapes predicted  w hen 
th e  average lan d m ark  configuration of all specim ens is deform ed into th a t  of a  hypothetical specim en positioned a t th e  
ex trem e po in t of an  ord ination  axis.

rubicundus, N . latifrons and Stegastes species; (C) 
A zurina  species, Chromis species, A. troschelii and Z. 
rosaceus. This la s t group (group C) could be subdi­
vided into th ree  groups in  the  m orphospace defined by 
CV1 and CV3: Z. rosaceus in  the  extrem e high values, 
A zurina  species in  the  middle values, and A. troschelii 
and Chromis species in  the  extrem e low values 
(Fig. 5, Table 3).

In  general, the  CVA strengthened  the profile and 
the  position of the  eye and the  m outh. H aving the 
lowest scores of CV1, the two species o í M icrospath­
odon showed a higher and fla tter cephalic profile; 
Chromis species, A zurina  species, A. troschelii, and Z. 
rosaceus p resen t a lengthened cephalic profile w ith 
big eyes; H. rubicundus, N . latifrons, Stegastes 
species, A. concolor, and A. declivifrons showed an 
in term ediate  shape. Along CV2, the  m ain shape 
varia tion  was related  to the  position of the  m outh and 
of the  pectoral fin. The two Microspathodon species 
showed a more horizontally oriented pectoral fin, the 
cephalic profile is high and the m outh is sm all

(+CV2). The eye of the  two A zurina  species and Z. 
rosaceus w as in  a more forward and lower position, 
and the  snout region is also longer th an  in  all 
Chromis species and A. troschelii (CV3; Fig. 5). The 
phenogram  shows a segregation of four morphological 
groups (Fig. 6): (1) all species of the  genus Stegastes, 
A. concolor, and A. declivifrons, which are  m ainly 
algal feeders; (2) all species of the genus Chromis and
A. troschelii, which are m ainly Zooplankton feeders; 
(3) both Microspathodon species are algal feeders, 
w ith  an  extrem ely flat cephalic shape; and (4) both 
A zurina  species, which are zooplanktivorous, and Z. 
rosaceus, which is carnivore benthic feeder, form a 
group having a highly sharp  cephalic profile. The 
coefficient of cophenetic correlation is relatively high 
(7' = 0.76).

P h y l o g e n e t ic  a n a l y s is

The morphological phylogenetic hypothesis (Fig. 6) 
shows a grouping p a tte rn  w ith  a high degree of

© 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 2011, 102, 593-613
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+ C V 2

-CV 2

+ C V 3

-CV 3

CV 1 (61%)

-CV 1 +C V 1

F ig u r e  5. Scatterp lo t of canonical v a riâ te s  (CV): C V l v ersu s CV2 and  CV1 versus CV3. B lack cross, A b u d e fd u f concolor 
and  A. declivifrons ; grey cross, A b u d e fd u f troschelii; equis, Azurina', w hite  square , C hrom is a lta , C. crusm a, C. 
in tercrusm a, C. lim baugh i, C. m erid ian  and  C. punctip innis', g rey  square, C hrom is atrilobata', tr iang le , Hypsypops', circle, 
Microspathodon', a s te risk , Nexilosus', b lack  circle, Stegastes', b lack  square , Zalem bius. For bo th  plots, th in  p la te  spline 
deform ation grids for the  extrem e points of each axis are  shown; these  a re  superim posed on th e  shapes predicted  w hen  
the  average lan d m ark  configuration of all specim ens is deform ed into th a t  of a  hypothetical specim en positioned a t the 
extrem e poin t of an  ord ination  axis.

correlation betw een head morphology and feeding 
habits. The morphological phylogeny is not totally  
congruent w ith  the m olecular phylogeny, except 
in  th a t the  subfam ily S tegastinae is recovered 
w ith  the genus Stegastes, Nexilosus, Hypsypops, 
and M icrospathodon. This clade presen ts mode­
ra te  support values (Jackknife = 63). However, our 
m orphom etric phylogeny includes two species of

A b u d e fd u f th a t belong to the  Abudefdufinae sub­
family according to the  m olecular phylogeny. W ithin 
th is group, the  clade of two species of A b u d e fd u f is 
highly supported (Jackknife = 96). The subfam ilies 
Chrom inae and Abudefdufinae are not recovered as 
monophyletic groups in  our m orphom etric phylogeny. 
Rather, the  Chrom inae is a partia lly  resolved grade 
th a t also includes A. troschelii.
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Table 3. Analysis of variance and Tukey-Kramer test of the three first axes of canonical variance analysis

A B c D E F G H I

CV 1 A 5.694 7.324 7.605 0.743 8.480 0.143 0.118 4.959
B < 0.0001 1.630 1.910 6.437 14.175 5.837 5.576 0.735
C < 0.0001 < 0.0001 0.280 8.067 15.805 7.467 7.206 2.365
D < 0.0001 < 0.0001 0.876 8.348 16.085 7.747 7.487 2.646
E 0.246 < 0.0001 < 0.0001 < 0.0001 7.737 0.600 0.861 5.702
F < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 8.338 8.598 13.439
G 1.000 < 0.0001 < 0.0001 < 0.0001 0.631 < 0.0001 0.261 5.102
H 1.000 < 0.0001 < 0.0001 < 0.0001 0.002 < 0.0001 0.986 4.841
I < 0.0001 0.083 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

CV 2 A 0.443 2.710 1.015 1.418 4.645 1.408 2.889 1.692
B 0.799 3.153 1.458 0.975 5.088 0.965 2.446 1.249
C < 0.0001 < 0.0001 1.695 4.127 1.935 4.118 5.599 4.402
D 0.001 < 0.0001 < 0.0001 2.432 3.630 2.423 3.904 2.707
E < 0.0001 0.005 < 0.0001 < 0.0001 6.063 0.010 1.471 0.275
F < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 6.053 7.534 6.337
G < 0.0001 0.033 < 0.0001 < 0.0001 1.000 < 0.0001 1.481 0.284
H < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 1.197
I < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.987 < 0.0001 0.993 < 0.0001

CV 3 A 1.33 2.82 1.20 1.13 0.11 0.54 0.35 6.72
B < 0.0001 4.15 0.13 0.20 1.44 1.87 0.98 8.05
C < 0.0001 < 0.0001 4.02 3.95 2.71 2.28 3.17 3.90
D < 0.0001 1.00 < 0.0001 0.07 1.31 1.74 0.85 7.92
E 0.01 1.00 < 0.0001 1.00 1.24 1.67 0.78 7.85
F 1.00 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.43 0.46 6.62
G 0.80 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.86 0.89 6.18
H 0.86 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.14 0.02 7.07
I < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.01 < 0.0001 < 0.0001 < 0.0001

A: Abudefduf concolor, Abudefduf declivifrons', B: Abudefduf troschelii', C: Azurina spp.; D: Chromis spp.; E: Hypsypops 
rubicundus', F: Microspathodon spp.; G: Nexilosus latifrons', H: Stegastes spp.; I: Zalembius rosaceus. Above the diagonal: 
difference degree of Tukey-Kramer; below the diagonal: P-value.

the m ain  shape varia tion  among the studied dam ­
selfishes is re la ted  to th e ir feeding habit (Fig. 7). 
Cephalic shapes are  more related  to trophic levels 
th a n  to the  phylogenetic relationships (Fig. 7, 
Table 4). Trophic d a ta  group the  24 dam selfishes in 
th ree m ain  groups: m ainly algal feeders, m ainly 
Zooplankton feeders, and an  in term ediate  group 
feeding on sm all pelagic and benthic preys. CVA and 
cluster analysis allow the  discrim ination of the th ree 
m ain trophic groups and also show a clear degree of 
varia tion  betw een two extrem es of cephalic shape 
(i.e. Zooplankton feeders, A zurina  species, w ith 
highly sharpness cephalic shape and algal feeders, 
M icrospathodon species, w ith  highly flattened cepha­
lic shape). On the  o ther hand, the  phylogenetic 
hypothesis constructed w ith  shape d a ta  produces 
two monophyletic groups: (1) subfam ily Stegastinae, 
which group m ainly algal feeders and (2) a group 
composed of A. troschelii, Chromis m eridiana, and 
C. lim baughi, w hich are  m ainly zooplanktivorous, 
feeding also on fish eggs.

R e l a t io n s h ip  b e t w e e n  c e p h a l ic  s h a p e  a n d  siz e

Interspecific allom etry was tested  using linear regres­
sions analyses. The relationship  betw een shape and 
size (CS and SL) is low (r2 <  0.4; Table 4). The lowest 
7'2-values were found w ith  the nonphylogenetic 
regression analysis and the highest ones w ith  the 
phylogenetic regression analyses (Table 4). However, 
shape always showed a stronger relationship  w ith  CS 
th a n  w ith  SL.

R e l a t io n s h ip  b e t w e e n  c e p h a l ic

SHAPE AND TROPHIC DATA

Both nonphylogenetic regression analyses and the 
equivalent w ith  phylogenetically independent con­
tra s ts  show a significant positive relationship 
betw een the  TROPH index and shape variables 
(Table 4). Values of the  coefficient of determ ination  
(r2) were lower in  the  phylogenetic regression analy­
sis th a n  in  the  nonphylogenetic analysis. These tests 
and m irror trees analyses clearly dem onstrate th a t
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F ig u r e  6. C om parison of two h ierarch ica l models. Phenogram  (A) and  m orphom etric phylogeny (B) com pared to m ain  
trophic  groups of dam selfish. Im ages of some species a re  added to help to v isualize th e  p a tte rn  of cephalic shape varia tio n  
in  re la tio n  to each trophic  group. In  th e  phylogeny, th e  num ber on b ranches are  support va lues (jackknife, 1000 replicates, 
cut = 50, jackknifing  P  = 36). Coph. Corr., coefficient of cophenetic correlation.

T a b le  4. Phylogenetic and  nonphylogenetic regression  analysis for tes tin g  interespecific allom etry  and  th e  re la tionsh ip  
betw een  morphology and  trophic d a ta

Least square 
regression Variables r2 F d.f. P

Phylogenetic CS versus shape variables (molecular and morphological phylogeny) 0.41 16.32 23 0.0005
SL versus shape variables (molecular and morphological phylogeny) 0.17 4.64 23 0.042
TROPH index versus shape variables (molecular phylogeny) 0.51 23.16 23 < 0.0001
TROPH index versus shape variables (morphological phylogeny) 0.51 23.16 23 < 0.0001

Nonphylogenetic CS versus shape variables 0.20 6.22 32-736 < 0.0001
SL versus shape variables 0.09 2.44 32-736 < 0.0001
TROPH index versus shape variables 0.36 13.17 32-736 < 0.0001

CS, centroid size; SL, S tandard length.

The optim ization of the TROPH index and morphol­
ogy in  the m olecular phylogeny revealed th a t all 
species of the  genus Stegastes and N. latifrons are 
highly sim ilar w ith  respect to morphology and feeding 
habits. The subfam ily S tegastinae show a high cor­
relation  betw een morphology and feeding habits,

although some shape varia tion  can be observed 
among all Stegastes species, N. latifrons, and the 
two M icrospathodon  species. Morphological phylog­
eny highlighted a p a tte rn  of convergence w ith  two 
m em bers of A b u d e fd u f genus (A. concolor and A. 
declivifrons). A lthough A. concolor and A. declivifrons
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F ig u r e  7. M irror tree  optim ization  of th e  TRO PH  index (left) and  morphology (right). A, m orphological hypothesis;
B. m olecular hypothesis.
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are close according to the  morphological phylogeny, 
the feeding hab it of A. declivifrons is different and 
more sim ilar to th a t of m em bers of the Chrom inae 
subfamily. Both M icrospathodon species and H. rubi­
cundus  are close according to the ir feeding habits. 
The cephalic shape is highly conserved in  the  sub­
fam ily S tegastinae through both phylogenies. Accord­
ing to the categories of the  TROPH index (Fig. 7), the 
Chrom inae subfam ily shows five categories d istrib ­
u ted  betw een m edium  and high values of the TROPH 
index. On the o ther hand, the range of morphological 
varia tion  of th is group is low (i.e. only two extrem e 
morphological categories of colour code; Fig. 7). 
According to the morphological phylogeny, A. trosche­
lii is closely re lated  to the  Chrom inae. The con­
vergence p a tte rn  of A. troschelii introduces a new 
morphology w ithin  th is group. The Abudefdufinae 
subfam ily is highly diverse. Two morphological ca t­
egories were found in  th is subfam ily (Fig. 7); (1) 
A. troschelii is more sim ilar in  shape to the  outgroup 
(Z. rosaceus) and (2) A. concolor and A. declivifrons 
show sim ilar values to the S tegastinae subfam ily 
m em bers. Each A b u d e fd u f  species has a different 
colour code for its trophic index (Fig. 7).

DISCUSSION
T r o p h ic  d iv e r s it y  o f  d a m s e l f is h e s

The trophic d a ta  obtained in  the p resen t study 
confirm the division of dam selfishes of the  E aste rn  
Pacific into th ree m ain  trophic groups, as reported for 
species living in  the Indo-West Pacific region (Allen, 
1991; Kuo & Shao, 1991; F rédérich et al., 2009): (1) 
the pelagic feeders m ainly sucking zooplanktonic 
preys (e.g. Chromis spp., A zurina  spp.); (2) the 
benthic feeders m ainly grazing filam entous algae and 
picking sm all invertebrates (e.g. Stegastes spp., N ex­
ilosus latifrons, Hypsypops rubicundus, M icrospath­
odon spp.); and (3) an  in term ediate  group gathering  
species feeding both on sm all pelagic and benthic 
preys (e.g. A b u d e fd u f  spp.).

The social behaviour of dam selfishes is constant 
in  the whole Indo-Pacific, W estern A tlantic, and 
E aste rn  Pacific region (Emery, 1973; Frédérich et al., 
2009; p resen t study): species m ainly feeding on 
benthic prey are  solitary, w hereas zooplanktivorous 
species live in  groups. However, N. latifrons is re la ­
tively atypical because it is a grazing species living 
in  sm all groups (up to ten  individuals) (Grove & 
Lavenberg, 1997; Angel & Ojeda, 2001; Robertson 
& Allen, 2008).

In  general, the  diet is consistent w ith in  dam selfish 
genera. However, our ecomorphological approach indi­
cated th a t the  th ree  A b u d e fd u f  species should be 
grouped into two different trophic guilds. C onsistent

w ith  the  trophic d a ta  (Table 2), the  cephalic profile of 
A. troschelii is more sim ilar to th a t of Chromis and 
A zurina , suggesting th a t th is species should be con­
sidered as an  omnivorous species m ainly feeding on 
Zooplankton. On the o ther hand, A. declivifrons and 
A. concolor are more sim ilar to Stegastes, Hypsypops, 
and Nexilosus, showing th a t they  should be consid­
ered as omnivorous species and m ainly benthic 
feeders.

To our knowledge, H. rubicundus is the  only 
dam selfish feeding on sponges. No dam selfish of the 
Indo-West Pacific is known to be a common con­
sum er of such kind of prey (Allen, 1991; Frédérich 
et al., 2009). The angelfishes (Pom acanthidae) is 
specialized in  such prey catching in  coral ree f envi­
ronm ents (Konow & Bellwood, 2005). According 
to Robertson & Allen (2008), one Pom acanthidae, 
Pom acanthus zonipectus, is d istribu ted  in  the  cooler 
tem perate  regions and lives sym patrically w ith 
H. rubicundus. However, th is  angelfish achieves its 
m axim um  population density  in  the Tropical E aste rn  
Pacific and is scarce in  cooler tem perate  regions. 
Consequently, a lower com petition level could perm it 
an  extension of the  trophic w idth of dam selfishes 
such as H. rubicundus in  tem perate  regions.

E c o m o r p h o l o g y  a n d  m o r p h o -f u n c t io n a l

IMPLICATIONS 

The bucco-pharyngeal cavity of a fish has been mod­
elled as a truncate  eone, whose sm all base comprises 
the circular opening of the m outh and whose large 
base is located behind the  branchial basket on the 
level of the opercles (Alexander, 1967; Lauder, 1980; 
L auder & Lanyon, 1980; Liem, 1993). The efficiency of 
the eone depends on various factors such as the 
morphology of the  skull and particu larly  the bucco­
pharyngeal cavity (Liem, 1990). There are  th ree  basic 
modes of feeding according to the  degree of truncation  
of the  eone (Liem, 1980, 1993): suction feeding, ram  
feeding, and biting. However, a mode of prey capture 
is not exclusive; m any teleosts are  able to m odulate 
the ir feeding mode and to move from one category 
to another (Liem, 1980, 1993; Ferry-G raham  et ál., 
2002). If  the  head morphology of dam selfishes 
prom pts the consideration th a t they  are good suction 
feeders (Emery, 1973; F rédérich et al., 2008; Cooper 
& W estneat, 2009; p resen t study), geometric mor­
phom etric analyses allow a deeper understand ing  of 
the different ways of feeding and reveal functional 
differences among species.

The m ain  difference betw een morphological groups 
is the  degree of sharpness of the cephalic shape, 
w hich goes from a long angular cephalic profile as in 
Z. rosaceus, both A zurina  species, A. troschelii, and 
all Chromis species; followed by angular bu t shorter
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A

B

C

F ig u r e  8. D ifference in  th e  m ou th  o rien ta tion  w hen  it  is 
open in  (A) Zalem bius rosaceus, (B) A zu rin a  h irundo , and  
(C) C hrom is atrilobata.

cephalic profiles as in  A. concolor, A. declivifrons, H. 
rubicundus, N . latifrons, and all Stegastes species; 
and, finally, to an  alm ost flat cephalic profile as in  
both Microspathodon  species (Fig. 6). The benthic car­
nivorous Z. rosaceus feeds m ainly on gastropods, 
mobile worms, and crustaceans (Table 2). As observed 
in  some cichlids (Liem, 1993), a long angular cephalic 
profile m ay facilitate the catching of these items. 
D espite a sim ilar angular cephalic profile as in  both 
A zurina  species and Chromis species, Z. rosaceus 
shows a g rea t m orpho-functional difference compared 
to these zooplanktivorous species, which was not indi­
cated by our geometric m orphom etric analyses. 
Indeed, th is difference is solely observed w hen the 
m outh is extended (i.e. during m outh protrusion) 
(Fig. 8). D uring feeding, the m outh is oriented more 
ventrally  in  Z. rosaceus, optim izing the capture of 
benthic anim al preys, w hereas the m outh is directed 
rostra lly  in  A zurina  and Chromis species, facilitating 
prey capture in  the  w ater column. F u rth e r morpho- 
functional studies should precisely address the differ­
ences in  the degree of protrusion of the  prem axillary 
bones during feeding am ong these species. Zooplank­
tivorous dam selfishes such as the A zurina  and 
Chromis species can be described as being particu late

feeding in  th a t they  a ttack  the  individual planktonic 
preys they  select visually. The possession of relatively 
large eyes (Fig. 5) should increase th e ir ability to find 
and ta rg e t planktonic preys, as exemplified in  cichlids 
(Barel, 1983). Their elongated head profile facilitates 
the capture of these organism s using ram -suction 
feeding (Coughlin & Strickler, 1990), although fu rther 
functional studies should aim  to te s t w hether the 
differences in  cephalic profile betw een Chromis and 
A zurina  species (Fig. 5) could be rela ted  to differences 
in  feeding stra tegy  and perform ance. For example, 
the contribution of ram  (i.e. the predator movement 
tow ards the prey) and suction (i.e. the  prey movement 
tow ards the  predator as a resu lt of aspiration) during 
feeding m ay differ betw een both genera (W ainwright 
et al., 2001).

A b u d e fd u f troschelii is an  omnivorous species 
feeding m ainly on Zooplankton (Grove et al., 1986; 
p resen t study). Robertson & Allen (2008) considered 
th is species to comprise two feeding groups: omnivo­
rous and planktivorous. A b u d e fd u f troschelii shows a 
very sim ilar cephalic profile to the alm ost exclusive 
zooplanktivorous Chromis and A zurina  genera. Simi­
larly, A. troschelii m ainly occurs along rocky shores or 
coral reefs, in  shallow w aters, foraging on Zooplank­
ton in  aggregations. By contrast, A. concolor, A. 
declivifrons, H. rubicundus, N . latifrons, all Stegastes 
species and both M icrospathodon  species m ainly 
graze filam entous algae growing on rocks. W ithin th is 
trophic group, the  two M icrospathodon  species 
p resen t a highly different morphology. Our underw a­
te r observations revealed th a t the  w ay of feeding in 
both Microspathodon  species differ from th a t of the 
others. Indeed, all Stegastes species grazed algae or 
picked up sm all invertebrates on small, m ainly hori­
zontal rocks or rubble, w hereas the  two M icrospath­
odon species scraped on big rocks w ith  high vertical 
walls. This type of feeding is probably facilitated by 
an  alm ost flat cephalic profile in  M icrospathodon 
species. Moreover, the prem axillary bones on the ir 
anterior region reveal a loose connective tissue w here 
tee th  are  continuously produced (Ciardelli, 1967). 
W hen the fish scrapes the rocky wall, the  tee th  are 
continuously eroded and, consequently, need to be 
produced constantly  (Trapani, 2001). Furtherm ore, 
th is connective tissue th a t supports and n u rtu res  the 
tee th  could act as a buffer, supporting the  movement 
of the  tee th  and the prem axillary bones on the 
rock. Although, w hen the  food item s are  similar, the 
morphological p a tte rn  could diverge if  the m ethods of 
prey catching differs.

The resu lts  of the p resen t study indicate th a t dam ­
selfishes from the  E aste rn  Pacific show strong differ­
ences w ith  respect to the ir cephalic profile. These 
differences are  m ainly rela ted  to the degree of sharp ­
ness and the  position of the  eye and the m outh. A
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p a tte rn  of relationship  betw een head morphology and 
diet was found, as in  previous analysis (Frédérich, 
Parm entier & Vandewalle, 2006; F rédérich et al., 
2008; Cooper & W estneat, 2009). However, the re la ­
tionship betw een the cephalic profile and feeding 
habit found in  dam selfishes extends beyond this. In 
the p resen t study, head morphology w as observed to 
be re lated  to the  way th a t the food resource is 
extracted: two species can use the  sam e food resource 
(,Stegastes species and Microspathodon  species) and 
p resen t a different head morphology, and these 
respond to the way th a t each species extracts the 
resources of the environm ent.

E v o l u t io n a r y  c o n s id e r a t io n s

The shape d a ta  of the  presen t study confirm a 
morphological group composed by Z. rosaceus, our 
chosen outgroup (Figs 4, 5). The fam ily Embiotocidae 
includes m ainly carnivorous (zoobenthos) species w ith 
a pointed cephalic profile. Interestingly, Z. rosaceus 
shows a cephalic profile more sim ilar to the  m ost 
derived zooplanktivorous dam selfishes (i.e. Chromis 
and Azurina) (Fig. 2). The sim ilarity  among these 
th ree  genera is a convergence in  the  cephalic profile. 
The p resen t study  confirms the resu lts  reported by 
Frédérich et al. (2008), who sta ted  th a t shape v aria ­
tion is not correlated w ith  size varia tion  in  dam self­
ishes. Interspecific allom etry is low and size does not 
predict convergent shapes. Consequently, variations 
in  size and shape m ay be viewed as two independent 
evolutionary factors explaining the  diversification of 
the fam ily Pom acentridae. W hen the  relationships 
betw een CS, SL, and shape variables are analyzed 
th rough nonphylogenetic analyses, 7'2-values are 
lower th a n  w hen they  are  analyzed through phyloge­
netic analyses, indicating th a t size is re la ted  to the 
phylogeny.

The m orphom etric resu lts of the  p resen t study 
show A zurina  to be very sim ilar in  cephalic shape to 
Chromis. In  a Euclidean plane, the  slender A zurina  
species lie a t the extrem e point of the  Chromis dis­
tribu tion  along an  axis of cephalic length (Figs 4, 5). 
According to the morphological phylogeny, A zurina  
species are  closely re lated  to Chromis species (Fig. 6); 
th is relationship  is also reported by Cooper et al. 
(2009), who proposed synonymizing the  genus 
A zurina  w ith  Chromis and re-classifying the  two 
species of A zurina. Their proposal was based on a 
strong phylogenetic relationship  betw een A zurina  
hirundo  from the E aste rn  Pacific and Chromis m u l­
tilineata  from the  A tlantic.

The genus A b u d e fd u f had  been trad itionally  segre­
gated into two groups. According to our mophometric 
analyses, the  m ain  difference betw een these groups is 
the position of the  m outh, which clearly corresponds

to two different feeding habits. In A. troschelii, the 
m outh is superior (omnivorous, feeding m ainly on 
Zooplankton); th is shape is very sim ilar to th a t of C. 
m eridiana  and C. lim baughi (Fig. 6). By contrast, the 
m outh of A. concolor and A. declivifrons is inferior 
(omnivorous, feeding m ainly on benthic preys); thus, 
the shape is sim ilar to M icrospathodon bairdii and 
M icrospathodon dorsalis (Fig. 6). The m olecular phy­
logenetic analysis of Quenouille et al. (2004) consi­
dered 16 A b u d e fd u f species, and found th ree  m ain 
clades w ith in  th is genus: A. declivifrons, A. concolor, 
and A b u d e fd u f taurus are  the  sister group to the 
two principal groups. A b u d e fd u f taurus  is a m ainly 
herbivorous fish (Randall, 1967; Allen, 1991), w ith 
sim ilar behaviour to A. concolor and A. declivifrons, 
showing strong preference for lim estone shorelines 
and tide pools in  regions w ith  su rf (Allen, 1991; 
R. Aguilar-M edrano, pers. observ.). The second group 
comprises A b u d e fd u f sordidus, A b u d e fd u f septem fas­
ciatus, and A b u d e fd u f notatus, which are also m ainly 
algal feeders (Allen, 1991). All A b u d e fd u f species of 
these two groups possess a dark  body w ith  clear 
vertical bars and have a strong preference for very 
shallow areas (0-4 m) w ith  su rf (Allen, 1991; R. A.-M. 
& B. F. pers. observ.). Their m outh is placed in  a lower 
position th a n  the others. The th ird  cluster of Que­
nouille et al. (2004) includes A. troschelii, these group 
p resen t species which show an overall lighter body 
w ith  dark  vertical bars and are la terally  compressed; 
all are omnivorous, feeding m ainly on Zooplankton 
(Emery, 1973; Frédérich et al., 2009; p resen t study). 
They are  gregarious, th e ir m outh is in  a superior 
position, the ir h ab ita t distributions are  in  a w ater 
depth  in  the  range 1-15 m, and they  are associated 
w ith  rocky and coral reefs (Emery, 1973; Allen, 1991; 
Frédérich et al., 2009; p resen t study).

Previous molecular phylogenetic analyses found 
th a t Microspathodon, Hypsypops, Nexilosus, and S te ­
gastes are  closely rela ted  genera belonging to the 
subfam ily S tegastinae (Tang, 2001; Quenouille et al., 
2004; Cooper et al., 2009), although relationships are 
not fully resolved (Fig. 2). The trophic d a ta  of the 
p resen t study  revealed th a t all these species are 
benthic feeders, m ainly grazing filam entous algae. 
Our geometric m orphom etric analyses and pheno­
gram  clearly d istinguish  the two M icrospathodon 
species from the o ther species belonging to th is 
trophic group (i.e. H. rubicundus, N . latifrons, and all 
studied Stegastes species) based on th e ir highly flat­
tened cephalic profile. Hypsypops rubicundus  and N. 
latifrons are predom inantly  found in  tem perate 
w aters, in  the extrem e north  and south, respectively, 
of the E aste rn  Pacific dam selfish d istribution. Their 
cephalic profiles are relatively sim ilar to those of 
Stegastes species, although geometric d a ta  show 
some differences am ong these th ree  genera. In  the
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morphospace, H. rubicundus  and N. latifrons species 
are  placed peripheral of the  Stegastes morphological 
d istribu tion  (Fig. 5) and a schem atic rep resen tation  of 
the  observed differences w ith in  th is group is illus­
tra ted  in  F igure 9. If  we hypothesize th a t Nexilosus, 
Hypsypops, and Microspathodon are  derived from the 
genus Stegastes (Cooper et al., 2009), the  resu lts of 
the  p resen t study dem onstrate th a t the  m ain  shape 
varia tion  during the evolutionary process was related  
to the form of the  cephalic profile (pointed versus 
flattened), the size of the  eye, and the  position of the 
eye and m outh. From  a Stegastes ancestor, a first 
evolutionary step could produced two new forms 
(Fig. 9): (1) H. rubicundus w ith  an  pointed profile, a 
long horizontal distance betw een the  m outh and the 
eye, and a short vertical distance betw een the m outh 
and the  eye, and (2) N . latifrons w ith  a more rounded 
profile, a short horizontal distance betw een the m outh 
and the  eye, and a long vertical distance betw een the 
m outh and the  eye. The possible next evolutionary 
step from the Nexilosus b rand  produced a strongly 
specialized cephalic profile: both M icrospathodon 
species p resen t a highly flattened profile, no horizon­
ta l space betw een the  eye and the m outh and high 
vertical distance betw een the m outh and the  eye 
(Fig. 9).

The m olecular d a ta  reported by Tang (2001) showed 
th a t Hypsypops is closer to Parm a  (Subfamily S tegas­
tinae) th a n  to Stegastes. Indeed, w hen the genus 
Parm a  w as first described, H. rubicundus  was 
included as one of its m em bers (Tang, 2001). These 
two genera are predom inantly  d istribu ted  in  tem per­
ate  cool w ater and rocky reefs; furtherm ore, Parm a  
includes some species th a t can be found in  kelp 
forests, such as H. rubicundus (Allen, 1991; Buckle & 
Booth, 2009). F u tu re  geometric studies should include 
Parm a  species to obtain a good overview of the  phe­
notypic differences or sim ilarities am ong Parma, 
Hypsypops, and Stegastes. The phylogenetic position 
of N . latifrons is unknow n (Cooper et al., 2009), 
a lthough the  d a ta  of the p resen t study strongly 
suggest th a t N . latifrons is closely re lated  to Stegastes 
species in  morphology and ecology, even though the 
form er lives in  sm all groups. According to Robertson 
& Allen (2008), the  m ain differences betw een this 
genus and Stegastes are  th a t the  m argins of the 
preopercle and infraorbital bones are  sm ooth in  N ex­
ilosus and serra ted  in  Stegastes. Both genera presen t 
a single row of tee th  and the  num ber of dorsal fin 
spines of Nexilosus (XIII) is included in  the range of 
Stegastes (XII to XIV) (Allen, 1991). S im ilar to the 
question of synonymy betw een the  genus A zurina  and 
Chromis, the  close relationship  betw een Nexilosus, 
Stegastes, and Hypsypops allows us to question 
w hether Nexilosus and Hypsypops (both monospecific 
genera: N. latifrons and H. rubicundus, respectively)

A

B

C

D

F igu re  9. Schematization of the variation related to 
the position of the eye and mouth in the cephalic profile 
of (A) H ypsypops rub icundus, (B) Stegastes flavila tus, 
(C) N exilosus la tifrons, and (D) M icrospathodon dorsalis.
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should be considered as valid genera. F u rth e r exhaus­
tive phylogenetic studies are needed to b e tte r under­
stand  the  phyletic relationships am ong M icrospa­
thodon, Hypsypops, Nexilosus, Stegastes, and Parma.

O ur m orphom etric and phylogenetic analyses of the 
cephalic region show th a t the subfam ilies S tegastinae 
and Chrom inae presen t a specific morphological 
pa ttern , bu t not Abudefdufinae (Fig. 7). The mor­
phological average appeared twice throughout the 
m olecular phylogeny (Fig. 7B): (1) S tegastinae
subfamily, in  Stegastes genus, N. latifrons, and H. 
rubicundus, and (2) in  Abudefdufinae subfamily, in 
A. concolor and A. declivifrons. In these groups, the 
m ean cephalic shape is re la ted  to m edium -high 
values of the  TROPH index. N evertheless, species of 
the genus Chromis showed the sam e TROPH values. 
Consequently, A. concolor and A. declivifrons p re­
sent convergent morphological adaptations to the 
m em bers of the  subfam ily S tegastinae in  the  family 
in  the E aste rn  Pacific.

In  conclusion, the  p resen t study shows th a t v aria ­
tion in  the  cephalic shape of Pom acentridae of the 
E aste rn  Pacific can be clearly explained by differences 
in  d iet and trophic behaviour. Shape and size m ay be 
viewed as two independent evolutionary factors 
explaining the diversification of Pom acentridae. 
Cepahlic shape is a significant predictor of trophic 
habit. Finally, the morphological groups discovered by 
our m orphom etric analyses partia lly  agree w ith  the 
m ain  clades delim ited by m olecular phylogenetic 
hypothesis. Consequently, the cephalic profile of dam ­
selfishes shows a clear and strong historical (phylo­
genetic) signal only for the  S tegastineae and partia lly  
for Chrom inae. M embers of the  subfam ily Abudefdu­
finae show convergences of cephalic shape. The 
m ainly zooplanktivorous A. troschelii is very sim ilar 
to Chromis species (Chrominae), and the m ainly algal 
feeders A. concolor and A. declivifrons are very 
sim ilar to M icrospathodon species (Stegastinae).

ACKNOWLEDGEMENTS

We th a n k  the Consejo Nacional de Ciencia y Tec­
nología (CONACYT, México) for a doctoral scholar­
ship support to A.M.-R. to develop th is  work. We also 
th an k  Lucia Campos Dávila (CIBNOR), S andra J . 
R aredon (USNM), H. J . W alkers (SIO), Philip A. 
H astings (SIO), Victor Cota Gómez (CICIMAR), José 
De La Cruz Agüero (CICIMAR), and Rick Feeney 
(LACM) for th e ir help w ith  the  m useum  collections. 
T hanks also to Fernando A ranceta Garza, Ism ael 
M ascareñas Osorio, Ju a n  J . Ram irez Rosas, Mario 
Cota Castro, and E nrique Calvillo (all from CIBNOR) 
for the ir en thusiastic  assistance on field trips. This 
w ork was supported in  p a rt by the projects EP2 and 
EP3 of the  Centro de Investigaciones Biológicas del

Noroeste, México (CIBNOR) and CT001 (CONABIO).
Finally, we th an k  M ark W ebster and two anonymous
reviewers for th e ir enlightening comments.

REFERENCES

A burto-O ropeza O, B alart EF. 2001. Community structure 
of reef fish in several hab ita ts of a rocky reef in the Gulf of 
California. Marine Ecology 22: 283-305.

A lbertson RC, Streelm an JT, K ocher TD. 2003.
Directional selection has shaped the oral jaw s of 
Lake Malawi cichlid fishes. Proceedings o f the National 
Academy o f Sciences o f the United States o f America 100: 
5252-5257.

A lexander RMcN. 1967. The functions and mechanisms of 
the protrusible upper jaw s of some acanthopterygian fish. 
Journal o f Zoology 151: 43-64.

A llen GR. 1991. Damselfishes o f the world. Melle, Germany: 
Mergus Press, 271.

A llen GR, Woods LP. 1980. A review of the damselfish genus 
Stegastes from the E astern  Pacific w ith description of a new 
species. Records o f the Western Australia M useum  8: 171- 
198.

A lvarez-F ilip  L, R eyes-B onilla  H, C alderón-A guilera LE. 
2006. Community structure of fishes in Cabo Pulmo Reef, 
Gulf of California. Marine Ecology 27: 253-262.

Angel A, Ojeda PF. 2001. Structure and trophic organization 
of subtidal fish assemblages on the northern  Chilean coast: 
the effect of hab ita t complexity. Marine Ecology Progress 
Series 217: 81-91.

Barel CDN. 1983. Towards a constructional morphology of 
cichlid fishes (Teleostei, Perciformes). N etherlands Journal 
o f Zoology 33: 357-424.

B a m ech e  DR, F loeter SR, C eccarelli DM, F rensel DMB, 
D inslaken  DF, M ário HFS. 2009. Feeding macroecology of 
territo rial damselfishes (Perciformes: Pomacentridae).
Marine Biology 156: 289-299.

B ellw ood  DR. 1996. The Eocene fishes of Monte Bolea: 
the earliest coral reef fish assemblage. Coral Reefs 15: 
11-19.

B ellw ood  DR, Sorbini L. 1996. A review of the fossil record 
of the Pomacentridae (Teleostei: Labroidei) w ith a descrip­
tion of a new genus and species from the Eocene of Monte 
Bolea, Italy. Zoological Journal o f the Linnean Society 117: 
159-174.

B ookstein  FL. 1991. Morphometric tools for landm ark data  
-  geometry and biology. Cambridge: U niversity Press.

Bray RN, M iller AC, Joh n son  S, K rause PR, R obertson  
DL, W estcott AM. 1988. Ammonium excretion by macro­
invertebrates and fishes on a subtidal rocky reef in  southern 
California. Marine Biology 100: 21-30.

B uckle EC, B ooth  DJ. 2009. Ontogeny of space use and diet 
of two tem perate damselfish species, Parma microlepis and 
Parma unifasciata. Marine Biology 156: 1497-1505.

C am pos-D ávila L, C ruz-E scalona VH, G alván-M agaña F, 
A bitia-C árdenas F, G utiérrez-Sánchez FJ, B alart EF. 
2005. Pish assemblages in  a Gulf of California M arine 
Reserve. Bulletin o f Marine Sciences 77: 347-362.

© 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 2011, 102, 593-613



HEAD SHAPE DIVERSITY IN DAMSELFISHES 611

C ardini A, E lton  S. 2008. Does the skull carry a phyl­
ogenetic signal? Evolution and modularity and in  the 
guenons. Biological Journal o f the Linnean Society 93: 813- 
834.

C iardelli A. 1967. The anatom y of the feeding mechanism 
and the food habits of Microspathodon chiysurus (Pisces: 
Pomacentridae). Bulletin o f Marine Sciences 17: 843-883.

C ollar DC, N ear TJ, W ainw right PC. 2005. Comparative 
analysis of morphological diversity: does disparity accumu­
late at the same rate  in two lineages of centrarchid fishes? 
Evolution 59: 1783-1794.

C ooper JG. 1863. On new genera and species of California 
fishes-Number I. Proceedings o f the California Academy o f 
N atural Sciences, First Series 3: 70-77.

C ooper WJ, Sm ith LL, W estneat MW. 2009. Exploring the 
radiation of a diverse reef fish family: phylogenetics of the 
damselfishes (Pomacentridae), w ith new classifications 
based on molecular analyses of ali genera. Molecular Phy­
logeny and Evolution  52: 1-16.

C ooper WJ, W estneat MW. 2009. Form and function of 
damselfish skull: rapid and repeated evolution into a limited 
num ber of trophic niches. BMC Evolutionaiy Biology 9: 
24.

C osta C, C ataudella  S. 2007. Relationship between shape 
and trophic ecology of selected species of Sparids of 
the Caprolace coastal lagoon (Central Tyrrhenian Sea). 
Environmental Biology o f Fishes 78: 115-123.

C oughlin  D J, S trick ler JR . 1990. Zooplankton capture by a 
coral reef fish: an adaptative response to evasive prey. 
Environmental Biology o f Fishes 29: 35-42.

C uvier G, V alenciennes A. 1833. Histoire naturelle des 
poisons. Paris: 9 PC  Levrault.

D avis JC. 1986. Statistics and data analysis in geology. 
New York, NY: John Wiley & Sons.

E m ery AR. 1973. Comparative ecology and functional oste­
ology of fourteen species of damselfish (Pisces: Pomacen­
tridae) a t Alligator Reef, Florida Keys. Bulletin o f Marine 
Sciences 23: 649-770.

E spinoza M, Salas E. 2005. E structura  de las comunidades 
de peces de arrecife en las Isias Catalinas y Playa Ocotal, 
Pacífico Norte de Costa Rica. Revista de Biología Tropical 
53: 523-536.

Everm ann BW, R adcliffe L. 1917. The fishes of the west 
coast of Peru  and the Titicaca Basin. Bulletin United States 
N atural M useum  95: 1-166.

Ferry-G raham  LA, W ainw right PC, W estneat MW, B e ll­
w ood  DR. 2002. Mechanisms of benthic prey capture in 
w rasses (Labridae). Marine Biology 141: 819-830.

F ow ler HW. 1944. Results of the Fifth George Vanderbilt 
Expedition (1941) (Bahamas, Caribbean sea, Panam a, Gal­
apagos Archipelago and Mexican Pacific Islands). The 
Pishes. Monographs o f the Academy o f N atural Sciences o f 
Philadelphia  6: 57-529.

F rédérich  B, Fabri G, L epoint G, V andew alle P , Par- 
m en tier  E. 2009. Trophic niches of th irteen  damselfishes 
(Pomacentridae) at the G rand Récif of Toliara, Madagascar. 
Ichthyological Research 56: 10-17.

F rédérich  B, P arm en tier E, V andew alle P . 2006. A p re­

lim inary study of development of the buccal apparatus in 
Pomacentridae (Teleostei, Perciformes). A nim al Biology 56: 
351-372.

F rédérich  B, P ile t  A, P arm entier E, V andew alle P. 
2008. Comparative trophic morphology in eight species of 
damselfishes (Pomacentridae). Journal o f Morphology 269: 
175-188.

F roese R, P au ly  D. 2000. FishBase 2000: concepts, design 
and data sources. ICLARM, Los Baños, Laguna. Available 
at: http://www.fishbase.org

G arland T Jr, D ickerm an AW, J a n is  CM, J o n es  JA. 1993. 
Phylogenetic analysis of covariance by computer simulation. 
Systematic Biology 42: 265-292.

G ilbert CH. 1892. Scientific results of explorations by the U. 
S. P ish Commission steam er ‘Albatross.’ 22. Descriptions of 
thirty-four new species of fishes collected in 1888 and 1889, 
principally among the Santa B arbara Islands and in  the 
Gulf of California. Proceedings o f the United States N atural 
M useum  14: 539-566.

Gili TN. 1862. Catalogue of the fishes of Lower California 
in the Sm ithsonian Institution, collected by Mr. J . Xantus. 
Proceedings o f the Academy o f N atural Sciences o f Philadel­
phia  14: 140-151.

G irard C. 1854. Observations upon a collection of Pishes 
made on the Pacific coast of the U nited States, by Liut WP, 
Trowbridge USA, for the Museum of the Smithsonian In s ti­
tution. Proceedings o f the Academy o f Natural Sciences of 
Philadelphia  7: 142-156.

G luckm ann I, V andew alle P. 1998. Morphofunctional 
analysis of the feeding apparatus in four Pomacentridae 
species: Dascyllus aruanus, Chromis retrofasciata, Chry­
siptera biocellata and C. unimaculata. Italian Journal of 
Zoology 65: 421-424.

G oloboff PA, Farris JS , N ixon KC. 2008. T.N.T. Free 
program  for phylogenetic analysis. Cladistics 24: 774-786.

G oloboff PA, M attoni CL, Q uinteros AS. 2006. Continuous 
characters analyzed as such. Cladistics 22: 589-601.

G reenfield  DW, Woods LP. 1980. Review of the deep-bodied 
species of Chromis (Pisces: Pomacentridae) from the 
E astern  Pacific, w ith descriptions of three new species. 
Copeia 1980: 626-641.

G rove JS , Gerzon D, Saa MD, S tra ing  C. 1986. Dis­
tribución y ecología de la familia Pomacentridae (Pisces) 
en las Islas Galápagos. Revista de Biología Tropical 34: 
127-140.

G rove JG, L avenberg RJ. 1997. The fishes o f the Galapagos 
Islands. Stanford, CA: Stanford U niversity Press.

G uill JM, H eins DC, H ood CS. 2003. The effect of phylog­
eny on interspecific body shape variation in  darters (Pisces: 
Percidae). Systems Biology 52: 488-500.

H am m er 0 ,  H arper DAT, Ryan PD. 2001. PAST: Palento- 
logical Statistics software package for education and data 
analysis. Palentolologia Electrónica 4(1): 9pp.

H eller E, Snodgrass RE. 1903. Papers from the Hopkins 
Stanford Galapagos expedition, 1898-1899. XV. New fishes. 
Proceedings o f the Washington Academy o f Sciences 5: 189- 
229.

H ixon MA. 1981. An experim ental analysis of territoriality  in

© 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 2011, 102, 593-613

http://www.fishbase.org


612  R. AGUILAR-MEDRANO ETAL.

the California reef fish Embiotoca jacksoni (Embiotocidae). 
Copeia 1981: 653-665.

H obson ES. 1965. Diurnal-nocturnal activity of some inshore 
fishes in the Gulf of California. Copeia 1965: 291-302.

Jordan  DS, Everm ann BW. 1898. The fishes of N orth and 
Middle America: a descriptive catalogue of the species of 
fish-like vertebrates found in the w aters of N orth America, 
north  of the Isthm us of Panam a. P a rt II. Bulletin o f United 
States N atural M useum  47: 1241-2183.

Jordan  DS, G ilbert CH. 1880. Description of a new flounder 
CPlatysomatichthys stomias), from the coast of California. 
Proceedings o f United States N atural M useum  3: 301-303.

Jordan  DS, M cGregor RC. 1898. List of fishes collected at 
the Revillagigedo archipelago and neighboring islands In: 
Jordan  DS, Everm ann BW. 1898. The fishes of N orth and 
Middle America: a descriptive catalogue of the species of 
fish-like vertebrates found in the w aters of N orth America, 
north  of the Isthm us of Panam a. P a rt II. Bulletin o f United 
States N atural M useum  47: 1241-2183.

K onow N, B ellw ood  DR. 2005. Prey-capture in  Pomacan­
thus semicirculatus (Teleostei, Pomacanthidae): functional 
implications of in tram andibular joints in m arine angel- 
fishes. Journal o f Experimental Biology 208: 1421-1433.

Kuo SR, Shao KT. 1991. Feeding habits of damselfish 
(Pomacentridae) from the southern p a rt of Taiwan. Journal 
o f the Fisheries Society o f Taiwan  18: 165-176.

L auder GV. 1980. The suction feeding mechanism in 
sunfishes (Lepomis)', an experim ental analysis. Journal of 
Experimental Biology 88: 49-72.

L auder GV, L anyon LE. 1980. Functional anatom y of 
feeding in the Bluegill sunfish Lepomis macrochirus: in vivo 
m easurem ent of bone strain. Journal o f Experimental 
Biology 84: 33-55.

L aw ing AM, P olly  PD. 2009. Geometric morphometries: 
recent applications to the study of evolution and develop­
m ent. Journal o f Zoology 280: 1-7.

Liem KF. 1979. Modulatory multiplicity in  the feeding 
mechanism in cichlid fishes, as exemplified by the inverte­
brate pickers of Lake Tanganika. Journal o f Zoology 189: 
93-125.

Liem KF. 1980. Adaptive significance of infra- and interspe­
cific differences in the feeding repertoires of cichlid fishes. 
American Zoologist 20: 295-314.

Liem KF. 1990. Aquatic versus terrestria l feeding modes: 
possible im pacts on the trophic ecology of vertebrates. 
American Zoologist 30: 209-221.

Liem KF. 1993. Ecomorphology of the Teleostean skull. In: 
H anken J, H aii BK, eds. The skull: functional and evolu­
tionary mechanisms. Chicago, IL: The U niversity of Chicago 
Press, 422-452.

M abuchi K, M iya M, Azum a Y, N ish id a  M. 2007. Indepen­
dent evolution of the specialized pharyngeal jaw  apparatus 
in  cichlid and labrid fishes. BMC Evolutionary Biology 
2007: 7-10.

M addison WP, M addison DR. 2010. Mesquite: a modular 
system for evolutionary analysis, Version 2.73. Available at: 
http://mesquiteproject.org

M idford PE, G arland JT, M addison WP. 2010.

PDAP:PDTREE Package for mesquite, 2.73. Available at: 
h ttp  ://mesquiteproj ect. org/pdap_me squite/

M ontgom ery WL. 1980. Comparative feeding ecology of two 
herbivorous damselfishes (Pomacentridae: Teleostei) from 
the Gulf of California, Mexico. Journal o f Experimental 
Marine Biology and Ecology 47: 9-24.

N ich o ls JT. 1924. A contribution to the ichthyology of the 
Galapagos. Zoologica 5: 63-65.

N orton SF, L uczkovich  JJ , M otta P J. 1995. The role of 
ecomorphological studies in  the comparative biology of 
fishes. Environmental Biology o f Fishes 44: 287-304.

N úñez L, V ásquez J . 1987. Observaciones tróficas y de 
distribución espacial de peces asociados a u n  bosque sub- 
m areal de Lessonia trabeculata. Estudios en Oceanología 6: 
79-85.

P auly  D, F roese R, Sa-a PS, P alom ares ML, C hristensen  
V, R ius J . 2000. Trophlab manual. Manila: ICLARM.

P etersen  CW, M archetti K. 1989. Filial cannibalism in the 
Cortez Damselfish Stegastes rectifraenum. Evolution  43: 
58-168.

Q uenouille B, B erm ingham  E, P lan es S. 2004. Molecular 
systematics of the damselfishes (Teleostei: Pomacentridae): 
Bayesian phylogenetic analyses of mitochondrial and 
nuclear DNA sequences. Molecular Phylogenetics and  
Evolution  31: 62-68.

R andall JE . 1967. Pood habits of reef fishes of the West 
Indies. Studies in Tropical Oceanography 5: 665-847.

R obertson DR, A llen GR. 2008. Shore fishes o f the Tropical 
Eastern Pacific online information system, Version 1.0. 
Sm ithsonian Tropical Research Institu te, Balboa, Panam á. 
Available at: http://www.neotropicalfishes.org/sftep, http:// 
www.stri.org/sftep

R ohlf FJ. 1993. Relative w arps analysis and an example 
of its application to mosquito wings. In: Marcus LP, Bello E, 
Garcia-Valdecasas A, eds. Contributions to morphometries. 
Madrid: Monografías del Museo Nacional de Ciencias 
N aturales, CSIC, 131-159.

R ohlf FJ, M arcus LF. 1993. A revolution in morphometries. 
Trejids in Ecology and Evolution  8: 129-132.

R ohlf FJ, S lice D. 1990. Extension of the Procrustes method 
for the optimal superposition of landm arks. Journal of 
Systematic Zoology 39: 40-59.

R othans TC, M iller AC. 1991. A link between biologically 
imported particulate organic nu trien ts and the detritus food 
web in  reef communities. Marine Biology 110: 145-150.

Sterg iou  KI, K arpouzi VS. 2002. Feeding habits and trophic 
levels of M editerranean fish. Reviews in Fish Biology and  
Fisheries 11: 217-254.

Streelm an JT, Karl SA. 1997. Reconstructing labroid evo­
lution using simple-copy nuclear DNA. Proceedings o f the 
Royal Society o f London Series B, Biological Sciences 264: 
1011 - 10 2 0 .

Svanbäck R, E klöv P. 2002. Effects of hab ita t and 
food resources on morphology and ontogenetic growth 
trajectories in perch. Oecologia 131: 61-70.

Tang KL. 2001. Phylogenetic relationships among 
damselfishes (Teleostei: Pomacentridae) as determ ined by 
mitochondrial DNA data. Copeia 2001: 591-601.

© 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 2011, 102, 593-613

http://mesquiteproject.org
http://www.neotropicalfishes.org/sftep
http://www.stri.org/sftep


HEAD SHAPE DIVERSITY IN DAMSELFISHES 613

T hom pson DA. 1917. On growth and form. Cambridge: 
Cambridge U niversity Press.

Trapani J . 2001. Position of developing replacem ent tee th  in 
teleost. Copeia 2001: 35-51.

T schudi JJ . 1846. Ichthyologie. Pp. ii-xxx + 1-35 Pis 1-6 
In: Scheitlin Zolliskofer, ed. Untersuchungen über die Fauna 
Peruana. Scheitlin & Zollikofer, 1-693.

V alen ciennes A. 1833. Poissons. In: Cuvier G, Valenciennes 
A, eds. 1833. Histoire naturelle des poisons. Paris: 9 PC 
Levrault.

W ainw right PC. 1996. Ecological explanation through func­
tional morphology: the feeding biology of sunfishes. Ecology 
77: 1336-1343.

W ainw right PC, B ellw ood  DR, W estneat MW, G rubich  
JR, H oey AS. 2004. A functional morphospace for the skull

of labrid fishes: pa tterns of diversity in a complex biome­
chanical system. Biological Journal o f the Linnean Society 
82: 1-25.

W ainw right PC, Ferry-G raham  LA, W altzek TB, 
C arroll AM, H ulsey CD, G rubich JR . 2001. Evaluating 
the use of ram  and suction during prey capture by 
cichlid fishes. Journal o f Experimental Biology 204: 3039- 
3051.

W ainw right PC, R ichard BA. 1995. Predicting patterns of 
prey use from morphology of fishes. Environmental Biology 
o f Fishes 44: 97-113.

W estneat MW. 1995. Feeding, function, and phylogeny: 
analysis of historical biomechanics and ecology in  labrid 
fishes using comparative methods. Systematic Biology 44: 
361-383.

© 2011 The Linnean Society of London, Biological Journal o f the Linnean Society, 2011, 102 , 593-613


