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of flathead mullet Mugil cephalus.  Zoological Studies 48(5): 640-648.  Age estimation of fish is essential 
for understanding their life history and population dynamics, and for assessing and managing stocks.  
The periodicity of age marks of both scales and otoliths of flathead mullet Mugil cephalus was validated 
using cultured fish of known ages, and these were compared to those of wild ones.  Annuli in scales were 
characterized by dense circuli in the basal area, merged circuli in the lateral-basal area, and interrupted circuli in 
the lateral area of the scale.  Annuli in whole otoliths were characterized by an opaque zone under both reflected 
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etching is time-consuming and costly, but the otolith microstructure and microchemical analyses can provide 
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Flathead mullet Mugil cephalus Linnaeus, 
1785, is a euryhaline fish, widely distributed in 
coastal waters, lagoons, estuaries, and rivers 
between the latitudes of 42°N and 42°S worldwide 
(Thomson 1953).  The population of M. cephalus in 
waters adjacent to Taiwan migrates annually from 
its feeding ground in coastal waters of China to 
the southwestern and northeastern coastal waters 
of Taiwan to spawn in winter (Chen and Su 1986, 
Huang and Su 1989, Chang et al. 2004, Hsu et 
al. 2007).  Approximately 1 mo after spawning, 
juveniles of M. cephalus are abundantly recruited 
to estuarine nursing areas (Chang et al. 2004).  
Mugil cephalus is an economically important food 
source of capture fisheries in many countries 
and aquaculture worldwide (Nash and Shehadeh 
1980); in particular, females are harvested for their 
highly valuable roe (Kuo 1995).  Due to overfishing, 

the annual catch of wild M. cephalus populations 
in Taiwan decreased from a historic peak of 
approximately 6900 tons in 1980 to 193 tons in 2006 
(Chang and Tzeng 2006).  Therefore, sustainable 
management of M. cephalus is urgently needed.  
Nevertheless, successful fisheries management 
requires accurate age-based information.

The age of fish can be determined by various 
methods such as mark-recapture data, length 
frequency, scales, vertebrae, and otoliths.  Among 
these, the use of scales and otoliths are the most 
popular (Jennings et al. 2001).  Annuli in scales 
have been used to investigate the ages of M. 
cephalus for a long time (Tung 1959, Berg and 
Grimaldi 1967, Grant and Spain 1975).  However, 
scales can be easily damaged or removed from a 
fish’s body, and regenerated scales may cause the 
age to be underestimated (Tung 1959).  Otoliths 
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are located in the inner ear sac of teleost fish 
and function in balance and hearing (Lowenstein 
1971).  Otoliths are biomineralized aragonite 
crystals, mainly composed of CaCO3 with an 
organic matrix and trace impurities of various 
elements (Calstrom 1963, Degens et al. 1969, 
Campana 1999).  Otoliths are deposited alternately 
by calcium carbonate-rich and protein-rich layers 
in both annual and daily cycles that permit fish age 
estimations on daily and annual scales.

The age of M. cephalus  juveniles was 
determined in a previous study by daily growth 
increments in otoliths (Chang et al. 2000), together 
with an otolith microchemical analysis to study the 
migratory environmental history of M. cephalus 
(Chang et al. 2004).  Annuli in whole and sectioned 
otoliths of M. cephalus were also studied (Ibáñez-
Aguirre and Gallardo-Cabello 1996, Smith and 
Deguara 2003, Chang et al. 2004).  Cech and 
Wohlschlag (1975) noted that age marks in 
otoliths of M. cephalus in coastal waters of Texas, 
USA were deposited twice a year, in summer 
and winter.  This differs from the conventional 
concept which explains that annuli in otoliths of 
M. cephalus are deposited once a year (Ibáñez-
Aguirre and Gallardo-Cabello 1996, Chang et al. 
2004).  In Australia, the 1st annulus of otoliths 
of M. cephalus was estimated to be deposited 
approximately 20 mo after hatching, not 1 yr (Smith 
and Deguara 2003).  Consequently, age estimation 
of M. cephalus remains controversial and requires 
validation.

In order to validate the periodicity of annuli 
in scales and otoliths of M. cephalus, structures 
of annuli of scales and otoliths of pond-reared M. 
cephalus of known ages were compared using 
different preparation methods.  Moreover, age 
marks of pond-reared fish were also compared to 
those of wild ones to establish a protocol for age 

estimation of this fish.

MATERIALS AND METHODS

Sample collection

In total, 44 pond-reared M. cephalus at the 
ages of > 1 and 3 yr were collected from 2 fish 
farms in Yunlin County, southwestern Taiwan in 
Nov. 2006 and Sept. 2007.  The maximum age of 
cultured mullet is 3 yr, and most wild mullet are 
4 yr old.  The culture water of the fish farms was 
taken from nearby estuaries and had salinities 
of 8-20 PSU.  Seasonal water temperatures of 
the pond varied from 15°C in winter to 30°C in 
summer, which is similar to those of the natural 
environment.  Mullet of known ages were reared 
after they were caught in the estuary at the juvenile 
stage approximately 1 mo after hatching.  These 
mullet were fed commercial fish feed.  In addition, 
it was reported that many life history events in 
the early stage, such as metamorphosis from the 
larval to the juvenile stage and habitat transition 
may leave a mark in otoliths (Chang et al. 2000), 
which may confuse validation of the age mark.  
Accordingly, wild juvenile mullets in the estuary 
adjacent to the fish farms in Dec. 2006 were also 
collected, and the dimensions of its otoliths were 
compared to both whole and sectioned otoliths 
of pond-cultured M. cephalus of known age.  
Moreover, age marks in otoliths of 25 migratory M. 
cephalus aged 4 yr old, which were caught in the 
spawning ground in southwestern waters of Taiwan 
in Dec. 2006, were also examined to determine if 
the structures of annuli in otoliths of wild fish differ 
from those of cultured ones.  These wild-caught 
mullet were in the spawning stage according to 
their gonadal development stage (Hsu et al. 2007).  

Table 1.  Sampling location and date, sample size (F, female; M, male; U, undetermined), age, mean (± SD) 
fork length (FL, mm), and body weight (BW, g) of Mugil cephalus of known age collected from 2 fish farms, 
and wild-caught juvenile and adult M. cephalus from offshore and a nearby estuary in southwestern Taiwan

Sample site Initial date of culture Sample date Sample size Age FL (mm) BW (g)

M F U Total

Fish farm A Dec. 2003 28 Nov. 2006 9 12 0 21  3 yr 478.10 ± 29.71 1658.48 ± 268.42a

Fish farm B Dec. 2005 23 Sept. 2007 0 0 23 23  > 1 yr 205.75 ± 19.37 91.17 ± 18.92
Offshore - 26 Dec. 2006 15 10 0 25  4 yr 506.36 ± 18.63 1485.92 ± 175.52
Estuary - 10 Dec. 2006 0 0 5 5 approx. 37 d 29.31 ± 1.11 A

aBody weight without gonad weight; A, absent.
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After collection, all specimens were preserved on 
ice, their fork length (FL, mm) and body weight (BW, 
g) were measured, and the sex was determined 
within 24 h (Table 1).

Scale and otolith preparation for age estimation

Five scales located close to the left pectoral 
fin of each individual were collected for age 
estimation, because the size of scales close to the 
pectoral fin is larger and the shape is thought to be 
more regular and to consist of fewer regenerated 
scales than those in other portions of the fish 
body (Tung 1959, Liu and Tzeng 1972).  The 
scales were cleaned, air-dried, and mounted on 2 
glass slides after collection; then the annuli were 
examined under a dissecting microscope (Nikon 
SMZ-10) with transmitted light; and a photograph 
of the annuli of scales was taken with a digital 
camera (Nikon Coolpix 4500).  The annular 
characteristics of scales were identified to establish 
a criterion for age determination.

The sagittae, the largest of 3 pairs of otoliths, 
were removed, cleaned, and dried in a drying 
oven.  Annuli in whole non-sectioned otoliths were 
examined in a glass petri dish using both reflected 
and transmitted light.  Under reflected light with 
a black background, some light could pass 
through the translucent zone of the otoliths and be 
absorbed by the background,but the translucent 
zone of the entire otolith was not bright.  Under the 
same condition, the light could not pass through 
the opaque zone of the entire otolith and was 
reflected, displaying a white color.  On the other 
hand, under transmitted light with a transparent 
background, since light could not pass through the 
opaque zone, the opaque zone was dark.

Chang et al. (2004) and Smith and Deguara 
(2003) separately used frontally and transversely 
sectioned otoliths to estimate the age of M. 
cephalus.  To determine if numbers of annuli are 
consistent among different sectioned planes, 
otoliths were embedded in epofix resin (Epofix, 
Struers) and sectioned with a low-speed diamond 
saw from the transverse and frontal planes at an 
approximate thickness of 300 μm.  The sectioned 
otolith was then polished using a 0.05 μm alumina 
suspension from 1 side of the section until the 
primordium was exposed, similar to the procedure 
reported in previous studies (Smith and Deguara 
2003, Chang et al. 2004).  After etching with a 5% 
HCl solution for 10 s to enhance the contrast of 
the annuli, the sectioned otolith was observed and 
photographed with a microscope equipped with 

a digital camera.  In addition, however, sectioned 
but un-etched otoliths displayed no growth checks.  
Accordingly, the results of un-etched sectioned 
otoliths are not shown.

RESULTS

Microstructure of the annuli in scales

Patterns of circuli in the annuli varied among 
different portions on the scale.  The circuli of the 
annulus in the basal area of the > 1 and 3 yr old 
pond-cultured and wild 4 yr old M. cephalus were 
all densely arranged (Figs. 1A-a, B-a, C-a) and 
merged together in the lateral-basal area (Figs. 
1A-b, B-b, C-b), and old circuli were interrupted 
by newly deposited circuli in the lateral area of the 
scale (Figs. 1A-c, B-c, C-c).

Because the > 1 yr old pond-reared fish 
were collected in early autumn (Sept.), the 
marginal increment width (the distance between 
the edge of the scale and the last annulus) was 
still comparatively wide.  However, the annuli of 
3 yr old pond-cultured and 4 yr old wild-caught 
fish collected during winter (Nov. and Dec.) were 
almost always deposited at the margin of the scale 
(Figs. 1B, C).  This indicates that the annulus in the 
scale might be deposited in winter (Nov. to Dec.).

Optical structure of annuli of the whole otolith
 
Annuli in whole otoliths were composed of 1 

opaque zone and 1 translucent zone.  The opaque 
zone appeared dark under transmitted light with a 
transparent background but bright under reflected 
light with a black background (Fig. 2).  The optical 
appearance of the core was similar to the opaque 
zone.  The numbers of opaque zones in the entire 
otolith of both > 1 and 3 yr old M. cephalus were 
all consistent with their true ages (Figs. 2a-d).  
This indicates that the opaque zone can be used 
as an age mark for age estimation.  The annuli 
in the otoliths of wild-caught fish also showed a 
similar annular pattern (Figs. 2e, f).  The growth of 
otoliths was asymmetrical among different growth 
axes, growing fastest in the anterior-posterior 
axis, followed by the dorsal-ventral axis, and was 
slowest in the distal-proximal axis of otoliths.  
Among the 3 growth axes of whole otoliths, annuli 
were clearest in the anterior-posterior axis.  The 
3rd annual ring (opaque zone) of pond-reared 3 
yr old fish and the 4th annual ring of wild-caught 4 
yr old fish were all deposited at the margin of the 
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Fig. 1.  Microscopic structure of annuli in the basal anterior area (a), basal-lateral area (b), and lateral area (c) in scales of a > 1 yr old 
(A, fork length (FL) of 203.0 mm) and pond-reared 3 yr old Mugil cephalus (B, FL of 468.9 mm) and wild-caught 4 yr old M. cephalus. (C, 
FL of 481.0 mm).  Arrow, annuli; F, focus.  Scale bar: A-C = 1 mm; a-c 250 μm.
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otolith.  This also indicates that annuli in otoliths 
were likely deposited during winter like the annuli 
of scales.

Microstructure of annuli and growth checks in 
sectioned otoliths

Annuli in sectioned otoliths were composed of 
multiple concentric increments in both transversely 
and frontally sectioned otoliths of pond-cultured 
and wild mullet (Fig. 3).  These increments in 
annuli were almost always close together.  In 
addition, growth rates of frontally sectioned otoliths 
differed among directions, being fastest along the 
anterior-posterior axis.  Accordingly, annuli of the 
anterior-posterior axis of frontally sectioned otoliths 
were easy to identify, whereas annuli of the dorsal-
ventral axis of transversely sectioned otoliths were 
easy to identify.

On the other hand, multiple concentric 
increments were also deposited around the core 

region of the otolith before the 1st annulus had 
formed (Fig. 3b).  Comparing whole and sectioned 
otoliths of a > 1 yr old M. cephalus with that of a 
juvenile aged approximately 1 mo after hatching, 
the dimension of the multiple concentric rings in 
the core region of the > 1 yr old M. cephalus otolith 
corresponded to the otolith size of the juvenile (Fig. 
4).  This indicates that the multiple concentric rings 
around the core region of the otolith are not annuli.

DISCUSSION

Characteristics of annuli in scales and otoliths

This is the first study to validate the annuli 
of both scales and otoliths of flathead mullet M. 
cephalus using pond-reared fish of known age.  
Numbers of annuli were consistent between 
scales and otoliths of the fish.  Meanwhile, 
patterns of annuli of scales and otoliths of pond-

Fig. 2.  Opaque and translucent zones in the whole otolith of a > 1 (a, b) and a 3 yr old (c, d) pond-reared Mugil cephalus and a wild-
caught 4 yr old M. cephalus (e, f) under reflected light with a black background (a, c, e) and under transmitted light (b, d, f).  Open 
circles indicate opaque zones (annuli).  A, anterior; D, dorsal; P, posterior; V, ventral.  Scale bar: a, b =1 mm; c-f = 2 mm.
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Fig. 3.  Microstructure of annuli in transversely (a, f, j) and frontally sectioned otoliths (d, h, l) of pond-reared > 1 (a-e) and 3 y old (f-i) 
Mugil cephalus and wild-caught 4 yr old (j-m) M. cephalus under reflected light after etching with HCl.  On each graph, arrows indicate the 
annuli and (b, c, e), (g, i), and (k, m) were magnified from open squares of (a, d), (f, h), and (j, l), respectively, to show the microstructure 
of the annulus.  A, Anterior; C, core; D, dorsal; Dis, distal; Pro, proximal; P, posterior; V, ventral.  Scale bar: a, f, j, k = 300 μm;  
b, c, e = 50 μm; d, h, l = 800 μm; g = 100 μm; i, m = 200 μm.
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reared fish were similar to those of the wild ones 
although the environmental conditions which 
they had experienced differed.  This indicates 
that the criterion for age determination revealed 
by pond-reared M. cephalus is applicable to wild 
populations.  In addition, the pattern of annuli of 
scales of M. cephalus is similar to that of other 
fishes, such as the white croaker (Sciaenidae: 
Argyrosomus agentatus) (Liu and Tzeng 1972).  
This further indicates that the structure of annuli 

of scales might be universal for fish with ctenoid 
scales.

Compared to scales, the structure of annuli 
in otoliths of M. cephalus seemed to be more 
complicated.  Patterns of annuli in otoliths differed 
in appearance with different treatments (sectioned 
or non-sectioned) and light source (reflected or 
transmitted light).  Annuli in sectioned otoliths with 
HCl etching were more discernable than those in 
whole otoliths without treatment.  This was due to 

Fig. 4.  Size of otoliths of juvenile (approx. 37 d old, 30.0 mm in fork length (FL)) relative to that of > 1 yr old Mugil cephalus  
(203.0 mm in FL).  (A) Whole otolith, (B) transversely sectioned otolith, and (C) frontally sectioned otolith of both juvenile and > 1 yr old M. 
cephalus.  Scale bar: A = 1 mm; B, C = 500 μm.
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the boundary between the opaque and translucent 
zones not being easily distinguished in whole 
otoliths which may lead to difficulty in determining 
the exact age.  In addition, annuli in frontally 
sectioned otoliths along the anterior-posterior 
axis and transversely sectioned ones along the 
dorsal-ventral axis were easier to read than on the 
other axes of otoliths.  This was because annuli in 
otoliths are clearer in the longer than the shorter 
axes, and because growth rates differed among 
the axes of otoliths.  On the other hand, the age of 
M. cephalus can be determined using either scales 
or otoliths, because the number of annuli was 
consistent between these 2 calcified structures.  
However, each calcified structure has its advan-
tages and disadvantages.  Scales are easily 
collected without sacrificing the fish, while otoliths 
have daily growth increment deposition which 
allows the determination of the age of a fish on a 
daily schedule (Pannella 1971, Chang et al. 2000) 
and can further be subjected to microchemical 
analysis as well (Campana 1999).

The mechanism of annular formation

The > 1 yr old mullet were collected in late 
summer, and the annuli were not all formed at the 
margins of the scales and otoliths.  However, the  
3 yr old pond-reared and 4 yr old wild-caught 
mullet were respectively collected in Nov. and Dec., 
and their annuli had initially formed at the margins 
of the scales and otoliths.  This phenomenon 
indicates that annuli of both scales and otoliths are 
deposited in winter.  Annuli in calcified structures 
are usually formed during the slow-growing 
period when fish are in low-temperature and 
poor-nutrition environments (Bilton and Robbins, 
1971).  Intrinsic factors, such as ontogenetic 
changes, the metabolic rate, maturation, and 
population density as well as extrinsic factors like 
the migratory environment, food availability, and 
temperature all have the potential to influence the 
growth of fish and the subsequent deposition rate 
of annuli (Panfili et al. 2002).  Al-Husaini et al. 
(2001) indicated that the opaque zone of otoliths 
under transmission-light microscopy is formed in 
the slow-growth period, while the translucent zone 
is formed in the fast growth period in semitropical 
species.  Ibáñez-Aguirre and Gallardo-Cabello 
(1996) indicated that opaque zones in otoliths of 
mullet are formed in winter or the spawning period, 
while fast-growth zones are formed in summer 
when fish feed actively and grow fast.  Sufficient 
food was supplied for the pond-reared M. cephalus 

of known age.  Accordingly, the food supply might 
not be the principal determinant of the annular 
deposition rate.  Pond-reared fish, however, in this 
study were reared in an outdoor fish pond.  The 
water temperatures in the fish pond seasonally 
fluctuate from 15°C in winter to 30°C in summer.  
The difference in seasonal water temperatures 
was approximately 15°C.  Therefore, seasonal 
variations in water temperature are probably the 
primary factor determining the food uptake rate, 
fish growth, and subsequent formation of annuli 
in scales and otoliths.  In other words, annular 
formation more closely reflects seasonal water 
temperature changes than the food supply.  This 
also validates why annuli are easier to read on 
scales and otoliths of temperate fish compared to 
tropical ones.

On the other hand, an annulus-like mark 
was found in the core region of otoliths of pond-
reared and wild M. cephalus before the formation 
of the 1st annulus.  Comparing the otolith length 
of juveniles with the dimension of the mark in 
specimens of a known age, this mark possibly 
occurred when juveniles migrated from offshore 
into estuaries and/or when juveni les were 
transferred from the wild into the fish ponds.

Moreover, in the present study, no obvious 
spawning check was found in scales or otoliths 
of the 4-yr-old wild-caught M. cephalus doing 
spawning migration.  The annuli of scales and 
otoliths of immature (aged 1-2 yr) and mature 
(aged ≥ 4 yr) mullet were deposited during winter.  
However, the mullet also spawn in winter, and 
even if the spawning check existed, it would not 
be easy to discriminate temperature-related annuli 
and a spawning-related check in scales and 
otoliths because they are deposited at almost the 
same time in winter.

Age estimate discrepancies

Annuli were consistent in both scales and 
otoliths, and both were determined to be suitable 
for aging M. cephalus and back-calculating the fish 
growth rate.  Scales are more applicable due to 
the convenience of manipulation and the ability to 
avoid sacrificing individuals, which would be useful 
for endangered species.  However, a previous 
study indicated that scales are not suitable for 
back-calculating growth rates of older M. cephalus 
because of Lee’s phenomenon (Tung 1959).  In 
addition, other previous studies indicated that 
annuli in otoliths are inconsistent between different 
preparations in some species, e.g., red mullet were 
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under-aged by 1 yr using broken-burnt otoliths 
compared to whole otoliths (Polat et al. 2005), 
and whole otoliths might underestimate the age of 
threeline grunts (Parapristipoma trilineatum) which 
are older than 2 yr (Doiuchi et al. 2007).  However 
in this study, we did not find a similar inconsistency 
in M. cephalus with different otolith preparations.

In conclusion, both scales and otoliths can 
be used to determine the age of M. cephalus.  
Annuli in scales can be easily identified by the 
pattern of circuli.  The 1st opaque zone in otoliths 
is deposited in the juvenile stage, and it can 
be misinterpreted as an annulus.  Sectioned 
otolith preparations for age estimation are time-
consuming and costly but can provide information 
on the environmental history and other life history 
events through otolith microchemical analyses.
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