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ABSTRACT: Understanding critical ontogenetic transitions in the life of fish, such as metamorpho-
sis, is of prime importance for determining the factors that affect survival probabilities and control
recruitment levels. Metamorphosis involves a plethora of changing characters and its definition
requires a multi-parametric approach. In the present study, mean lengths (L,,) at allometric and
morphological change during the transition from larval to juvenile phenotype were estimated with
a recently introduced multi-character protocol and compared between Diplodus sargus (settling in
spring), Oblada melanura (summer), D. puntazzo (autumn) and D. vulgaris (winter). L, from
allometry closely matched L, from morphology in D. sargus and D. puntazzo but not in the win-
ter- and summer-settling species, in which morphological transition occurred later or earlier than
allometric change, respectively. L, from allometry was very similar in the 3 Diplodus species but
larger in O. melanura. The coefficients of variation of L, from morphometric and morphological
characters were negatively correlated. Morphological transitions were less synchronized but
changes in allometric growth were more synchronized in D. vulgaris (winter) while the opposite
was true for O. melanura (summer). This study highlights for the first time the relative importance
of taxonomic relatedness and season (temperature) in determining the size at metamorphosis
and the degree of synchronization (abruptness of change) both within and between mensural and

morphological characters.
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INTRODUCTION

Metamorphosis, i.e. the transition from larval to
juvenile phenotype is an important event in the life
cycle of fishes (Thorisson 1994, Copp & Kova 1996,
McCormick et al. 2002, Nikolioudakis et al. 2010).
There is a lack of a generally agreed definition of the
end of larval (onset of juvenile) period because lar-
val development is very varied and the plethora of
changing characters during metamorphosis cannot
synchronize perfectly. Definitions based on single
morphological criteria (e.g. squamation) are ultimat-
ely arbitrary (Urho 2002, Ditty et al. 2003) and may
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impede interspecific comparisons of morphological,
sensory and behavioral development (e.g. Fuiman
1994, Fuiman et al. 1998, Higgs & Fuiman 1998,
Koumoundouros et al. 2009).

In a recent publication (Nikolioudakis et al. 2010),
we emphasized the importance of multi-character
approaches for defining transitions, such as meta-
morphosis, in fish ontogeny. We used techniques to
calculate length-at-metamorphosis that were based
on scoring a suite of morphological characters (‘mul-
tivariate morphometry') and on principal component
analysis of morphometric traits (‘multivariate allome-
try'). These techniques were applied to newly settled
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white seabreams Diplodus sargus caught in spring
and a high agreement was demonstrated between
size-at-change in multivariate allometric growth and
mean size-at-morphological transformation associ-
ated with metamorphosis (Nikolioudakis et al. 2010).

In the present paper, we extend this analysis to 3
more species of the family Sparidae (Oblada mela-
nura, D. puntazzo and D. vulgaris) sampled from the
same location in different seasons (summer, autumn
and winter respectively). We compare patterns of
morphological and allometric change among species
(including D. sargus) as well as variability in the
relative timing of change of the different characters
in an effort to identify seasonal (i.e. temperature)
effects and differences between the 2 genera.

Temperature affects the timing and rates of onto-
genetic processes, with decreasing temperature
slowing down the developmental rate and causing
an increase in body size at specific developmental
events (e.g. Fuiman et al. 1998, Koumoundouros
et al. 2001). It has been hypothesized that when dif-
ferent morphological characters require dissimilar
ontogenetic times to complete transformation, syn-
chronization in their change will decrease with de-
creasing temperature (Somarakis & Nikolioudakis
2010). In that sense, thresholds that ‘saltatorists’ rec-
ognize in fish ontogeny will be more abrupt (easy to
define) at higher temperatures but more ‘gradual’
(difficult to recognize) at lower temperatures (for
the ‘saltatorist’-'gradualist’ debate, see Kova & Copp
1999).

Under the general framework of multi-character
approaches to study metamorphosis (Ditty et al. 2003,
Nikolioudakis et al. 2010, Ben Khemis et al. 2013),
and using a comparative approach, we aimed at
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addressing 2 main questions expected to improve our
understanding of ontogenetic transitions: (1) Is the
close coupling of morphological transformation and
allometric growth change, demonstrated in Diplodus
sargus (Nikolioudakis et al. 2010), consistent across
species? (2) How high is the degree of synchroniza-
tion of the different morphological and morphometric
traits during metamorphotic change in species from
different seasons/temperature regimes?

MATERIALS AND METHODS
Sampling

The 4 sparid species, saddled seabream Oblada me-
lanura (Linnaeus, 1758), sharpsnout seabream Diplo-
dus puntazzo (Walbaum, 1792), common two-banded
seabream D. vulgaris (Geoffroy Saint-Hilaire, 1817)
and white seabream D. sargus (Linnaeus, 1758) were
sampled in July 2005, November 2005, February 2006
and May 2006, respectively, during the period of their
settlement (Garcia-Rubies & Macpherson 1995, Vigli-
ola et al. 1998, Kiparissis et al. 2008) (Fig. 1). Sampling
was carried out at a coastal site of the Ionian Sea
(western Greece), east of the estuary of Acheloos
River (38°20'N, 21°07'E, Nikolioudakis et al. 2010).
On each sampling occasion, the site was visited for
5 to 7 d during which a 1 to 2 h dive was performed
daily and fish were caught using hand nets. More de-
tails are provided in Nikolioudakis et al. (2010). Fish
were transferred live to the Laboratory of Zoology in
the University of Patras, Greece and each individual
was anaesthetized, photographed and finally fixed
and stored in 5 % borax-buffered formalin.

Diplodus puntazzo (16.94°C)
(n =134, 10.60 — 30.37 mm)

Diplodus vulgaris (12.91°C)
(n=181,12.26 - 28.61 mm)

)

Diplodus sargus (19.32°C)
(n=183,9.27 - 31.41 mm

=

28 May 2005
17 Jun 2005 A
7 Jul 2005 A
27 Jul 2005 -
16 Aug 2005
5 Sep 2005 A
25 Sep 2005 A
15 Oct 2005
4 Nov 2005

24 Nov 2005

14 Dec 2005 -

3 Jan 2006 1

23 Jan 2006 1

12 Feb 2006

4 Mar 2006 1
24 Mar 2006
13 Apr 2006
3 May 2006
23 May 2006
12 Jun 2006
2 Jul 2006

Fig. 1. Mean daily water temperature at the study area. Sampling dates (arrows) and the mean water temperature at the week
of capture for each species is given (parentheses). The number of individuals caught as well as their standard length range are
also given in parentheses
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At the sampling site, water temperature was re-
corded continuously at 15 min intervals by means of
a submerged OMEGA Nomad OM-41 data logger
enclosed in a waterproof case. The logger was set
underwater (2 m depth) on 18 June 2005 and
retrieved on 21 June 2006. The examined sparid
species dominated the shallow (<2 m) waters of the
study area in different seasons of the year under
different temperature regimes (Fig. 1).

Analysis of morphometric characters

Seventeen morphometric characters were meas-
ured on each fish photograph: Standard Length (SL),
Fork Length (FL), Pre-Orbital Length (SNL), Eye
Diameter (EyeD), Head Length (HL), Pre-Dorsal Fin
Length (PreDFL), Post-Dorsal Fin Length (PostDFL),
Pre-Anal Fin Length (PreAFL), Post-Anal Fin Length
(PostAFL), Pre-Pelvic Fin length (PrePlvFL), Pre-
Anal Length (PreAL), Mid-Body Length (MidBL),
Post-Anal Length (PostAL), Head Depth 1 (HD1),
Head Depth 2 (HD2), Body Depth (BD) and Caudal
peduncle Depth (CpD) (for further details see Niko-
lioudakis et al. 2010).

Patterns of multivariate allometry for each species
were studied through Principal Component Analysis
(PCA) of the covariance matrix of the log-transformed
morphometric measurements (Jolicoeur 1963a,b,
Shea 1985, Klingenberg & Froese 1991). The point of
change in oblique orientation of the second principal
component (PC2) scores in relation to SL was estimated
using a piece-wise linear regression (Fig. 2) and
considered to define mean length-at-metamorphosis,
L, (morphometric characters). This methodology was
developed and applied first to D. sargus (Niko-
lioudakis et al. 2010) based on the work of Shea
(1985). According to the latter, in an ontogenetic
series in which shifts in allometric growth patterns
between sequential stages (different growth stanzas)
exist, these shifts would be reflected in the multi-
stage PCA as divergent PC2 trajectories (changes in
oblique orientation) in relation to the PC1 (or SL).

Comparisons of multivariate allometric growth
patterns of individual morphometric characters were
carried out by plotting bootstrapped confidence
intervals of allometric (PC1) coefficients and eva-
luating their departure from the theoretical value
for multivariate isometry 1/Vp, where p denotes the
number of measured characters (Klingenberg &
Froese 1991). Multivariate allometry was compared
for fish <L, (Group 1) and fish 2L, (Group 2), both
intra- and inter-specifically.

Analysis of morphological characters

The same set of characters examined in D. sargus
(Nikolioudakis et al. 2010) were also studied in O.
melanura, D. puntazzo and D. vulgaris (Table 1). This
included 6 osteological characters, relating to fin cal-
cification (proximal radials of each the dorsal, anal
and pectoral fin [Prx], distal radials of the dorsal fin
[Rd], epurals of the caudal fin [Ep], and basiptery-

17 morphometric characters

v
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Fig. 2. Schematic of the steps adopted to define mean length-
at-metamorphosis (L,) based on morphometry (Nikoliou-
dakis et al. 2010). A Principal Component Analysis is per-
formed on the covariance matrix of log-transformed
morphometric measurements and a piece-wise regression is
fitted on the PC2 versus SL relationship. L, and its 95 % con-
fidence interval is estimated as the breakpoint of the piece-
wise regression
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Table 1. Morphological characters (external and osteological) and their states.
S: Hard Spines, R: Lepidotrichia, SCR: Dermatotrichia, Ep: Epurals, Prx: Prox-
imal radials, Rd: Distal radials, Bp: Basypterygium (see also Fig. 2 in Niko-
lioudakis et al. 2010). Characters marked with an asterisk were also examined
but finally excluded from subsequent analyses as they had attained their
definite number and were fully calcified in all specimens. Dermatotrichia of
the caudal fin presented high variability in number to be useful in this study

and were also excluded from analyses.

L (morphological characters) and its
variability, respectively.

CV of L, can be considered as a
measure of synchronization of chang-
ing characters during the transition
from larval to juvenile sate, i.e. the
higher the CV the lower the synchro-

nization of examined characters.
Character 0 State 1 9 For each morphological character,
the length at which state 1 starts, ends
External as well as the respective range (end
Body coloration Melanophores Melanophores ) Adult _ minus start) were determined. Fur-
on the head and expanding on  pigmentation
abdomen. Two of 3 the sides of pattern thermore, these lengths were ex-
may also be present on body and tail completed pressed in terms of the ontogenetic
the caudal peduncle . .
index of Fuiman (1994):
Lateral line canal Absent Partially formed Complete
Ventral region Absent Partial Complete Op =100 x logL/logL,,
scale coverage ) o
Fish body scale Absent Partial Complete where O is the ontogenetic index, a
coverage numerical representation of develop-
. mental state of a fish with length L
Osteological . .
Dorsal fin Cartilaginous Calcifying Calcified and Ly, is the length at metamorphosis
(S*, R*, Prx, Rd) as defined from the analysis of multi-
Anal fin Cartilaginous Calcifying Calcified variate allometry L, (morphometric
(S* R*, Prx, Rd) characters).
Caudal fin Cartilaginous Calcifying Calcified
(R*, SCR*, Ep)
Pectoral fin Cartilaginous Calcifying Calcified
(R*, Prx, Rd*) RESULTS
Pelvic fin Cartilaginous Calcifying Calcified
(Bp) In total, 674 fish were caught during

gium of the pelvic fin [Bp]) and 4 characters related
with external morphology (body coloration, lateral
line canal, coverage of ventral body region with
scales, coverage of fish body with scales). In each
species, an ontogenetic series consisting of one ran-
domly selected fish per ~0.5 mm SL, covering the
entire size range of sampled fish was examined (O.
melanura: n =41, D. puntazzo: n = 33, D. vulgaris: n =
25, D. sargus: n = 38). The calcification state of osteo-
logical characters was assessed after staining the
fish with Alizarin Red and Alcian Blue solutions (Park
& Kim 1984). Every studied morphological character
was assigned equal weight, i.e. it had 3 possible
states (0: larval, 1: intermediate, 2: juvenile) (Table 1).
For body pigmentation pattern all specimens used in
the morphometric analysis were scored. More details
are provided in Nikolioudakis et al. (2010).

The mean length at state 1 (intermediate state) of
each morphological character was calculated. Mean
lengths were subsequently averaged and the result-
ing value and coefficient of variation (CV) were used
to index 'mean length at morphological change’,

the settlement period of each species
(Fig. 1). Each species settled during a
different period of the year: Diplodus vulgaris in win-
ter (low temperatures), Oblada melanura in summer
(high temperatures), and D. sargus (Nikolioudakis
et al. 2010) and D. puntazzo in spring and autumn,
respectively (intermediate temperatures) (Fig. 1).

Multivariate allometry

The PCA of morphometric characters and the plots
of PC2 scores against SL (Table 2, Fig. 3) revealed the
significant (p < 0.01) change in allometric growth
(change in oblique orientation of PC2 scores) of D.
vulgaris, O. melanura and D. puntazzo as has already
been described for the sample of D. sargus (Niko-
lioudakis et al. 2010). The fit of piece-wise regressions
estimated L, at 17.97 mm for O. melanura, 14.46 mm
for D. puntazzo and 14.82 mm for D. vulgaris (Table 2,
Fig. 3). The change in slope (b,) was higher in D. vul-
garis and estimated L, was more precise (Table 2).
The respective estimate for D. sargus was 14.46 mm
with CV =0.023 (Nikolioudakis et al. 2010).
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Table 2. Estimated parameters of the fitted piece-wise regressions PC2 = The completion of formation of the lateral
by + b;SL + by(SL — L,)(SL > L,,), where PC2 is the score of the 2" prin- line canal and coverage of ventral region
cipal component, SL is the standard length, by is the y-intercept, b, is the
slope of the relationship during the ‘larval’ stage, b, is the change in the
larval slope (by) that results in the slope of the relationship during the ~ length intervals whereas complete squa-
‘juvenile’ stage, and L, is the SL at which slope changes (considered to ~ mation was more prolonged in terms of size
denote the mean length-at-metamorphosis). CV: coefficient of variation range (Table 3, see also Nikolioudakis et al.

with scales took place over very short

2010 for D. sargus). Prolonged completion
Species bo by b, Ly (CV) r? was also noticed for the osteological char-
acters examined (Table 3). The overall
mean length at character state 1 for the 10

Oblada melanura -0.604 0.007 -0.011 17.97 (0.031) 38.56
Diplodus puntazzo -0.640 0.014 -0.016 14.46 (0.028) 21.12
Diplodus vulgaris -1.651  0.024 -0.029 14.82 (0.013) 44.41 characters considered was 15.75 mm for O.
melanura, 14.23 mm for D. puntazzo and

The comparison of allometric vectors (PC1 coef-
ficients) between groups (Group 1: fish < L, and
Group 2: fish > L)) (Fig. 4) revealed that, in gen-
eral, D. puntazzo and D. vulgaris exhibited pat-
terns similar to that described for D. sargus (Niko-
lioudakis et al. 2010). Inter-specific differences for
fish < L, and fish > L, including D. sargus ana-
lyzed in Nikolioudakis et al. (2010), are illustrated
in Figs. 5 & 6. Characters related to the horizontal
axis of the body, and, more specifically, to general
somatic length and tail length (SL, FL, PostDFL,
PostAFL, PreAFL and PostAL), exhibited negative
allometry that was more pronounced in Group 1
(Figs. 4 & 5). In Group 2, the respective coeffi-
cients were, generally, closer to isometry (Figs. 4
& 6). Measurements of the middle part of the body
(HD2, BD, PreAL and MidBL) exhibited positive
allometry in both groups (though slightly lower in
Group 2). Characters of the cephalic region (HL,
EyeD, SNL, HD1, PreDFL and PrePlvFL) were
more or less isometric in both groups. A contrast-
ing difference was observed in snout length
(SNL) of D. puntazzo that turned from positive
(Group 1) to negative allometry (Group 2).
Finally, the depth at the caudal peduncle (CpD)
grew isometrically in both groups. Regarding O.
melanura, individual morphometric characters
had similar patterns to those of Diplodus but with
allometric coefficients closer to isometry. The 2
genera differed mainly with respect to characters
of the cephalic region that were negatively allo-
metric in O. melanura Group 2.

The acquisition of adult coloration (‘juvenile
pattern’) in O. melanura was attained at approxi- -1.38 ‘ ‘ .
mately L, (morphometric characters), whereas D. 10 15 20 25 30 35
puntazzo and D. vulgaris exhibited intermediate SL (mm)

pigmentation patterns, i.e. that between transpa- ) ) ) ) )

§ , Fig. 3. Estimation of mean length-at-metamorphosis using morpho-
rency of body flanks (‘larval pattern’) and adult metric characters. Fitted piece-wise regressions of PC2 scores-
pigmentation (‘juvenile pattern’), at estimated Ly, on-standard length (SL). Pigmentation state of individuals is also
(Fig. 3). indicated. A: larval, e: intermediate, and o: juvenile

Oblada melanura

Diplodus puntazzo

Diplodus vulgaris

a o
2 v 14.82 mm o
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0.4 1 .
Oblada melanura phological characters), demonstrates a close
0.35 1 match between the 2 L,;s for D. puntazzo and
0.3 1 5 * i D. sargus (Fig. 7A). Ly(morphological charac-
0.25 1 R L1 I 2.8 - 5.8 g ters) waslower for O. melanura (summer) and
0.2 1 L larger in D. vulgaris (winter) (Fig. 7A). The
0.15 - ¢ CV of L,(morphological characters) was neg-
0.1 1 atively related to the CV from morphometric
0.05 | characters (Fig. 7B).
’ Considering L,,(morphometric characters) as
0 : being length-at-metamorphosis, no relation-
0471 Diplodus puntazzo ship was found between ontogenetic start (O,
-g 0351 start) and ontogenetic end (Op end) (Table 4).
QD 037 { ¢ 3 £ However, a significant negative relationship
5::2 0.25 . S a ; : 3 existed between O, start and ‘ontogenetic
8 024 : s o« * [ i range' (i.e. Op end minus O; start) in each spe-
: 015 4 i cies separately or after pooling all data
&) 1 z (Table 5). These relationships indicate that the
a o1 closer a morphological character starts to change
0.05 1 in relation to the allometric change the shorter
0 the developmental time needed to complete
0.4 T Diplodus vulgaris transformation (acquisition of ‘juvenile’ state).
035 1 % O. melanura displayed the strongest corre-
031 E § 3 3 lation, D. vulgaris the weakest, and the re-
0.25 = ] g § L T . z  mainding species intermediate correlation be-
02¢1* % ; t tween Op start and ontogenetic range
015 4 i (Table 5). ANCOVA models showed that the
01l slopes of the relationships were homogeneous
0.05 1 { (F=2.01, p =0.133) but intercepts were statis-
o tically different between species (F=10.36, p <
0 - ' - ' o ' o ' o ' 2 ' o ' %' 2 ' = ' dl dl o ' a ' 4 g ' %' 0.001), indi(.:ating that the oyerall morphologi-
Qg < 3 g v T g 2T ¢ © o calchangein D. vulgaris (winter) was late and
88 & £ B o = in O. melanura early with regard to allometric
o o & y g

Morphometric character

change (Fig. 8).

Fig. 4. Intraspecific comparisons. Allometric coefficients for morpho-

metric characters for Group 1 (o) and Group 2 (e).

Dashed lines
indicate multivariate isometry (0.242). Error bars: 95% bootstrapped

DISCUSSION

confidence intervals. SL: Standard Length, FL: Fork Length, SNL: Pre-

Orbital Length, EyeD: Eye Diameter, HL: Head Length, PreDFL: Pre-
Dorsal Fin Length, PostDFL: Post-Dorsal Fin Length, PreAFL: Pre-Anal
Fin Length, PostAFL: Post-Anal Fin Length, PrePIvFL: Pre-Pelvic Fin
length, PreAL: Pre-Anal Length, MidBL: Mid-Body Length, PostAL:
Post-Anal Length, HD1: Head Depth 1, HD2: Head Depth 2, BD: Body

Depth, CpD: Caudal peduncle Depth

16.17 mm for D. vulgaris (Table 3). The respective
length for Diplodus sargus was 14.42 mm with CV =
0.092 (Nikolioudakis et al. 2010).

Matching of changes during metamorphosis
A comparison of Lj(morphometric characters),

with the overall mean length at morphological
change, i.e. mean length at character state 1 L,(mor-

Understanding ontogenetic transitions, espe-
cially those that are critical for the life of fish,
is of prime importance in our attempt to deter-
mine factors that affect survival probabilities
and control recruitment levels. Changes in
form reflect changes in function and habitat
(Fuiman 2002), however, the importance of morpho-
logical development and the ways that the latter is
affected by external factors like temperature are
often overlooked in ecological studies. The latter
usually consider fish performance as a function of
size or in poorly defined ontogenetic intervals (Soma-
rakis & Nikolioudakis 2010).

As discussed recently (Nikolioudakis et al. 2010
and references therein), multi-character approaches
are very useful in delimiting ontogenetic intervals in
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Group 1

PC1 coefficients

0.12 o
0.1
0.08 DT
0.06
0.04
0.02
sL FL PostDFL PoStAFL PreAFL PostAL HL EyeD SNL  HD1 PreDFL PrePIWVFL HD2 BD PreAL MidBL CpD

Morphometric character

Fig. 5. Interspecific comparison of allometric coefficients for Group 1 (fish < L,,). Dashed line indicates multivariate isometry
(0.242). Error bars: 95% bootstrapped confidence intervals. OM: Oblada melanura, DP: Diplodus puntazzo, DV: D. vulgaris,
DS: D. sargus. See Fig. 4 for abbreviations. D. sargus data are from Nikolioudakis et al. (2010)

Group 2

0.33
0.32
0.31

0.3
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0.25
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PC1 coefficients

0.18

0.17
0.16
0.15

0.14
0.13
0.12

0.11
SL FL  PostDFL PostAFL PreAFL PostAL HL EyeD SNL HD1 PreDFL PrePIvFL HD2 BD PreAL MidBL CpD

Morphometric character
Fig. 6. Interspecific comparison of allometric coefficients for Group 2 (fish > L,,). Dashed line indicates multivariate isometry

(0.242). Error bars: 95% bootstrapped confidence intervals. OM: Oblada melanura, DP: Diplodus puntazzo, DV: D. vulgaris,
DS: D. sargus. See Fig. 4 for abbreviations. D. sargus data are from Nikolioudakis et al. (2010)
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Table 3. Morphological characters. Start: minimum length for state 1. End: minimum length for state 2. Mean: mean length of fish in state
1. Range: End-Start. n: number of specimens observed in state 1 for the respective character. Abbreviations of the osteological characters
listed are given in Table 1. For the overall mean of each species CVs are also given in parentheses

Morphological character Oblada melanura Diplodus puntazzo Diplodus vulgaris

Start End Mean Range n Start End Mean Range n Start End Mean Range n
Dorsal fin Rd 12.50 18.04 15.06 5.53 11 12.51 16.43 14.26 3.92 8 12.99 17.04 14.76 4.05 8
Dorsal fin Prx 12.50 21.05 16.56 8.55 17 11.53 1549 1327 396 8 11.99 16.07 13.75 4.08 8
Anal fin Prx 11.52 20.04 1556 8.52 17 11.06 17.85 14.02 6.79 13 11.59 18.03 14.51 6.44 13
Caudal fin Ep 13.51 18.50 15.80 4.99 10 15.00 17.85 16.01 284 5 1548 18.52 16.77 3.05 6
Pectoral fin Prx 11.52 19.62 15.31 8.10 16 11.06 19.16 14.58 8.10 15 11.59 18.52 14.77 6.94 14
Pelvic fin Bp 11.52 18.50 14.80 6.98 14 11.06 1549 13.02 443 9 11.59 18.52 14.77 6.94 14
Body coloration 12.01 17.50 14.56 5.49 11 10.53 19.16 14.32 8.63 16 13.49 19.87 16.51 6.37 13
Ventral region scale coverage 1598 17.50 16.56 1.53 3 13.50 15.00 14.01 1.51 3 19.00 19.52 19.00 0.52 1
Fish body scale coverage 14.54 20.48 17.32 594 12 13.03 1711 14.75 4.08 8 17.04 2494 1880 790 8
Lateral line canal 1598 16.71 1598 0.73 1 14.03 14.51 14.03 048 1 18.03 18.52 18.03 0.50 1
Average 13.16 18.79 1575 5.64 12.33 16.80 14.23 4.47 14.28 18.96 16.17 4.68

(0.055) (0.058) (0.119)

the sense that they can effectively capture ‘synchro-
nization', a condition necessary for defining thresh-
olds (Kova et al. 1999). In the present study, we
provide evidence that synchronization of changes in
the same subsets of morphological and morphometric
characters vary largely between the 4, closely-
related sparid species, both among the same set of
characters (as indexed by the CV of L) and between
the morphological and morphometric subsets (differ-
ences in mean L,).

L, as defined by morphometric and morphological
characters, was similar for the species developing at
intermediate temperatures in spring and autumn,

namely Diplodus sargus and D. puntazzo. In contrast,
L,(morphological characters) was smaller than L,
(morphometric characters) for Oblada melanura,
developing in warm waters during summer, and
higher for D. vulgaris, developing in cold waters dur-
ing winter. L,(morphometric characters), however,
was almost identical for the 3 species of Diplodus,
indicating that size of metamorphotic changes in
allometry is less dependent on temperature than
morphological change, mostly reflecting evolution-
ary relatedness (i.e. congeneric species had similar
L,s). In that sense, L,(morphological characters)
seems highly dependent on temperature and can be

18 A 0.13
— B i
S 0.12- D. vulgaris
v 171 2
g g 0.111 y =-3.694x + 0.168
© D. vulgaris © r2 =0.
£ 16 - 5 010 %%
S T .
S L 0.091 D
& O. melanura 8’ - SArgHe
5 17 ' S 0.08]
s g
S 14 o 0.071
% ] D. puntazzo E 0.06 O. melanurd
> U.Uo1
= o D. puntazzo i
13 - Al Ll v L v L 0.05 L) T L) T
13 14 15 16 17 18 19 0.010 0.015 0.020 0.025 0.030 0.035

L, (morphometric characters) CV (morphometric characters)

Fig. 7. Comparison between mean morphological and mean morphometric change in the 4 sparid species (see Fig. 6). (A) Plot

of the mean length-at-metamorphosis (L,) for morphological vs. morphometric characters. Error bars: 95% confidence

intervals. Dashed line is y = x. (B) Relationship between coefficients of variation (CVs) for morphological vs. morphometric
estimates of L. D. sargus data are from Nikolioudakis et al. (2010)
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Table 4. Ontogenetic start (O start) and ontogenetic end (Op end) for character state 1, based on the ontogenetic index
of Fuiman (Fuiman 1994) with lengths-at-metamorphosis as defined by the analysis of morphometric characters. See Table 1
for abbreviations. D. sargus data are from Nikolioudakis et al. (2010)

Morphological character O. melanura D. puntazzo D. vulgaris D. sargus Average

O start Op end O start Opend O start Opend Opstart Opend O start Op end
Dorsal fin Rd 87.44 100.13 94.57 104.78 95.11 105.18 89.87 111.19 91.75 105.32
Dorsal fin Prx 87.44 105.48 91.51 102.57 92.15 103.00 89.87 100.30 90.24 102.84
Anal fin Prx 84.61 103.77 89.96 107.88 90.87 107.26 86.18 108.75 87.90 106.91
Caudal fin Ep 90.13 101.00 101.38 107.88 101.61 108.27 93.06 103.57 96.54 105.18
Pectoral fin Prx 84.61 103.04 89.96 110.53 90.87 108.27 86.18 107.25 87.90 107.28
Pelvic fin Bp 84.61 101.00 89.96 102.57 90.87 108.27 86.18 102.56 87.90 103.60
Body coloration 86.06 99.09 88.12 110.53 96.52 110.87 94.58 112.25 91.32 108.19
Ventral region scale coverage 95.93  99.09 97.42 101.38 109.22 110.22  102.56 104.98 101.28 103.92
Fish body scale coverage 92.66 104.52 96.09 106.30 105.18 119.31 98.87 107.25 98.20 109.35
Lateral line canal 9593 97.48 98.87 100.13 107.26 108.27 102.56 104.98 101.16 102.72

Table 5. Results of the linear regressions of (O start)-on-
[(Op end) — (O start)] and (O, end)-on-[(O end) — (O start)].
ns: non-significant. D. sargus data are from Nikolioudakis et

al. (2010)
Species Slope Intercept r? P
Oy start Oblada melanura -0.68 97.43 0.83 <0.01
Diplodus puntazzo -0.57 100.40 0.73 <0.01
Diplodus vulgaris -0.94 108.20 0.61 <0.01
Diplodus sargus -0.74 102.88 0.72 <0.01
All species -0.76  102.60 0.59 <0.01
O, end Oblada melanura 0.32 9742 0.50 <0.05
Diplodus puntazzo 0.43 10040 0.60 <0.01
Diplodus vulgaris ns
Diplodus sargus ns
All species 024 10260 0.13 <0.05

considered less suitable for defining mean size-at-
metamorphosis. Temperature dependence of devel-
opmental rates and smaller sizes at character or inter-
val change have been reported for numerous fish
species as well as between cold and warm water
species (e.g. Brevoortia tyrannus and Sciaenops ocel-

15
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105 .. o = O - Diplodus vulgaris
el -0+ Oblada melanura
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95 e TR T
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(O, end) — (O, start)
Fig. 8. Plot of the fitted ANCOVA model for the morpho-log-

ical characters of the 4 species. D. sargus data are from
Nikolioudakis et al. (2010)

latus [Fuiman et al. 1998], Dicentrarchus labrax
[Koumoundouros et al. 2001], Pagellus erythrinus
[Sfakaniakis et al. 2004], Danio rerio [Parichy et al.
2009], Clupea harengus [Johnston & Temple 2002],
Gadus morhua [Jordaan et al. 2006]).

Considering that L, (morphometric characters) bet-
ter expresses the size at metamorphosis, and com-
paring ontogenetic ‘timing’ (O start) (sensu Fuiman,
1994) versus ‘duration’ of transition (Op end - O
start) for the different morphological characters ex-
amined here, a negative linear relationship emerged,
implying that the later a morphological change
occurs with regard to timing of allometric change, the
shorter is its ontogenetic range (i.e. it is more abrupt).
The slope of the relationship was not significantly
different between the 4 species but the intercept was
higher for D. vulgaris and lower for O. melanura,
indicating that, besides the aforementioned differ-
ences in overall timing of morphological transition,
ontogenetic range (abruptness of change) of indi-
vidual morphological characters was generally inde-
pendent of species (temperature). However, the
strength of the relationship (r? in Table 5) was higher
for O. melanura, intermediate for D. puntazzo and D.
sargus, and lower for D. vulgaris, implying that
decreasing temperature induces increasing variabil-
ity in morphological change, i.e. the change is less
synchronized between characters. The negative rela-
tionship (Fig. 7B) between variability in allometric
change and morphological transformation highlights
a yet unknown aspect of ontogenetic thresholds.
Synchronization of allometric change of mensural
characters might be higher at low temperatures
but that of morphological characters higher at high
temperatures.

Relative allometric growth patterns of most mor-
phometric characters examined here were generally
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similar for the 3 species of Diplodus (D. puntazzo and
D. vulgaris: this study, D. sargus: Nikolioudakis et al.
2010, see also Vigliola & Harmelin-Vivien 2001 and
Loy et al. 2001, as well as for O. melanura). The PC1
coefficients of most characters of fish with SL > L,
(Group 2) always exhibited values closer to isometry,
indicating a transition from intense allometric (larval)
to isometric growth (juvenile). Occasionally, there
were certain species-specific patterns such as the
strong contrast of snout (SNL) allometry in D. pun-
tazzo, which possesses a pointed head in its meta-
morphosed stage (Loy et al. 2001). The positive and
negative allometric patterns of the middle and poste-
rior part of the body, respectively, are associated with
changes in body form related to requirements of the
benthic life. The profiles of the middle part of the
body were always found to deepen, something that
is necessary for maneuvering (quick starts and rapid
turns) (Webb 1984). Furthermore, pronounced growth
in the abdominal region (MidBL) implies enhanced
development of the intestine (Elbal et al. 2004), a
finding similar to other studies that have shown that
the middle part of the body increases later through-
out ontogeny (after head and tail) in bilateral species
(Osse et al. 1997, van Snik et al. 1997, Gozlan et
al. 1999), as opposed to asymmetrical species (Para-
lichthys californicus, Gisbert et al. 2002).

In summary, the use of standard multivariate pro-
tocols to compare allometric and morphological
changes associated with metamorphosis highlighted
the relative importance of taxonomic relatedness
and season (temperature) in determining the size at
metamorphosis and the degree of synchronization
(abruptness of change) both within and between
mensural and morphological characters. The results
obtained have implications for current views of onto-
genetic processes and life history theory (Copp et
al. 1999) and warrant further investigations under
controlled laboratory conditions.
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