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Abstract

Anomalous otoliths were discovered among modern and archaeological (8th millennium BP) sciaenids. The two
concerned,Cilus gilberti andSciaena deliciosa, are common on the Peruvian–Chilean coast and do not seem to be af
by this morphological anomaly that maintained in their populations for thousands of years. The carbonates of the an
forms, determined by X-ray diffraction, are different from that of the normal otoliths, i.e. calcite and vaterite instead of ara
A method of non-destructive analysis by cathodoluminescence is tested and assumptions on the origin of the anoma
possible implications on environmental studies are advanced.To cite this article: P. Béarez et al., C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Microanalyses destructives et non destructives de biocarbonates appliquées à des otolithes anormaux actuels et
archéologiques de deux sciaenidés (Teleostei) péruviano-chiliens. Des otolithes anormaux ont été découverts chez des s
nidés actuels et du VIIIe millénaire BP. Les deux espèces concernées,Cilus gilberti et Sciaena deliciosa, sont communes su
le littoral péruviano-chilien et ne semblent pas être affectées par cette anomalie morphologique, qui se maintient d
populations depuis des milliers d’années. Les carbonates des formes aberrantes, déterminés par diffraction X, sont d
celui des otolithes normaux : il s’agit de calcite et de vatérite au lieu d’aragonite. Une méthode d’analyse non destru
cathodoluminescence est testée et des hypothèses quant à l’origine de l’anomalie et ses possibles implications dans
environnementales sont avancées.Pour citer cet article : P. Béarez et al., C. R. Biologies 328 (2005).
 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Identification of carbonate polymorphs is fund
mental in biogenic processes and in palaeoenvi
mental studies by means of isotopes[1,2]. Discrimi-
nation between biogenic and diagenetic carbonate
also an important clue in taphonomic processes
interpretations.

Otoliths are small calcium carbonate biogenic cr
tals: they are not part of the skeleton, but are
mersed in endolymph-filled chambers of the inner
of fishes. Teleostean fishes typically have three p
of otoliths, namelylapilli, asterisci and sagittae [3].
Thesagitta is generally the biggest otolith; it display
large shape, size and pattern variations which often
species-specific[4].

Otoliths play an important role in sensory and b
ance functions: in association with the hair cells of
sensory epithelium (macula), they sense gravity, linea
acceleration, and sounds[5]. Within water environ-
ment, sound reception is fundamental for percep
of congeners, preys and predators. The perceptio
the movements of acceleration and the maintena
of postural equilibrium are also very important f
swimming and survival. Hence, a dysfunction of t
otolithic organ should have important physiologic
outcomes.

Relevance of otolithic material for systematic ide
tification of modern, archaeological, and fossiliz
fish species is well demonstrated[6]. In addition to this
classical systematic application, otoliths are bioge
structures, fine study of which can provide useful d
on physiology and living conditions of fishes[7], by
means of growth increments, trace elements or iso
analysis[8]. Thus, such data can be used to rec
struct palaeoecological environment of fishes. N
ertheless, such applications require very fine stu
on the structure and composition of the otolith, a
aragonite/calcite discrimination is of primary impo
tance[1].

As early noticed by Cuvier[9], the main constituen
of otoliths is anhydrous calcium carbonate (CaCO3).
Three crystalline polymorphs of calcium carbon
have been identified in teleost otolith: calcite, ara
nite, vaterite, in addition to calcium carbonate mon
hydrate [10]. Aragonite is the most common poly
morph[10–13]. Otoliths also contain organic materia
a protein named otolin[12], organized as a matrix, an
which probably orientates CaCO3 crystal growth, like
in the avian eggshell mineralization[14]. This process
of biomineralisation that involves accretion of arag
nite is constant throughout the life of the fish, althou
irregular (daily or seasonal variations of growth,
production period, etc.). In normal physiological co
ditions, each material deposited is preserved thro
time: this makes the otoliths good time- and lif
history-keeping hard structures[15].

Anomalous otoliths have been known for deca
from several marine fish species, but seem to be
common[10]. They were reported from Engraulida
Clupeidae, Salmonidae, Ophidiidae, Macrouridae,
didae, Moronidae, and Pleuronectidae families[13,
16–25]. Their relative proportions in a wild populatio
vary between 1 and 5.5%[13,16,21–23,25].

Several anomalous otoliths were discovered du
a recent investigation on otoliths of Peruvian mar
fishes and while analysing fish remains from a coa
archaeological site[26]. Two species of Sciaenida
were concerned with, in both modern and archaeo
ical specimens:Cilus gilberti (Abbott, 1899) andSci-
aena deliciosa (Tschudi, 1846). This paper provide
new evidence for different polymorphs of calcium c
bonate among Teleostei. Their identification and s
tial distribution among anomalous otoliths were e
plored using non-destructive microanalysis metho
Previous X-ray diffraction identification of otoliths re
quired complete crushing[10,13]. In order to preserve
the otoliths integrity, X-ray analyses were perform
on small (< 100 µm) crystalline fragments picked u
on the otolith surface; X-ray diffraction data were im
plemented by SEM analysis using cathodoluminesc
properties of carbonates polymorphs. Although s
cessfully used to identify biogenic carbonates of v
ious origins[27], this method had never been appli
to otoliths.
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2. Material and morphometry

Several modern and archaeological otolith lots
Cilus gilberti andSciaena deliciosa were selected fo
anomalous right sagitta (QLB-N3-F8).
the present study. Only sagittae that are the big
otoliths in these sciaenids are considered here. Mo
material was collected along the Pacific coasts of P
between Callao (12◦S) and Ilo (18◦S), and Chile, a
R)
alous
(

al
Fig. 1. Otolith morphology ofCilus gilberti andSciaena deliciosa. Cilus gilberti. (A) Medial faces of anomalous left (L) and normal right (
sagittae (Pe-5077). (B) Ventral view of the same sagittae as (A). Note the characteristic development of the umbo, stronger on the anom
otolith. (C) Normal left (L) and anomalous right (R) sagittae lateral faces (Pe-166). (D) Polished transverse sections of the same sagittae asC).
Sciaena deliciosa. (E) Normal left (L) and anomalous right (R) sagittae medial faces (Pe-15). (F) Medial and lateral faces of archaeologic
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Table 1
Sagittae morphometry of modernCilus gilberti andSciaena deliciosa (mm and g)

Species Specimen n◦ Sex Standard
length

Right otolith Left otolith Weight
losstype length height weight type length height weight

Cilus gilberti Pe-166 M 447 A 14.66 8.04 0.401 N 14.64 8.36 0.473 15%
Pe-5077 F 905 N 22.4 11.39 1.713 A 22.43 10.13 1.679 2%

Sciaena deliciosa Pe-15 M 267 A 9.53 6.26 0.16 N 10.22 6.2 0.19 16%
Cl-14 M 240 A 9.83 5.64 0.127 A 9.98 5.59 0.126 –
Cl-21 M 236 A 10.0 5.87 0.132 N 9.88 5.9 0.163 19%
Cl-32 M 249 A 10.51 6.22 0.172 N 10.27 6.47 0.201 14%

M: male; F: female; A: anomalous otolith; N: normal otolith.
e
ur-

in
be-

on-
sci-
it-

ine
ev-

-
eir
ave
se
ths
-

-
m-
g the
.
be
ndi-
of

eral
loss

left
ng

ith

is
ga-

-
s
-ray
G
n-

-
ere

o-
er-
sed
ary-
te-
hs,
hite-
ines-
and
M

, a
in–
tsu

2 s.
h-

ing
Antofagasta (23◦S). The archaeological otoliths com
from the archaeological site of ‘Quebrada de los B
ros’, located in southern Peru (18◦00′S, 70◦50′W),
close to the Chilean border. They were collected
level 3 of the excavation, which has been dated
tween 7000 and 8000 BP[28,29].

Sagittae of both species exhibit a moderately c
vex inner face showing a typical tadpole shaped
aenid sulcus (Fig. 1A and E) and an outer face exhib
ing a prominent, expanded, post central umbo (Fig. 1B
and C). Most of the modern otoliths display an opal
colour and show a smooth, botryoidal surface. N
ertheless, in some rare cases (2.5% inCilus gilberti,
2% in Sciaena deliciosa), one or both otoliths dis
play a layer of translucent, euhedral crystals over th
outer face. In that case, these anomalous otoliths h
a rough surface. Their umbos volumetrically increa
and are decorated by irregular, finger-like overgrow
(Fig. 1B and D). Although much rarer, such anom
alous otoliths ofC. gilberti andS. deliciosa also exist
in archaeological material (Fig. 1F). In the archaeo
logical material from southern Peru, only one ano
alous sagitta of each species was discovered amon
86 C. gilberti and 891S. deliciosa examined otoliths
However, in the field, anomalous otoliths could
overlooked because staining and preservation co
tions in the sediment alter the translucent colour
their crystalline outer layer.

Compared to the most common otoliths, the gen
shape of anomalous sagittae is preserved, but a
of weight, varying between 2 and 19% (Table 1: Cl-
21 and Pe-5077), was observed between right and
otoliths, whereas there is no weight difference amo
normal specimens ofS. deliciosa [26].
3. Methods

A pair of modern otoliths ofCilus gilberti compris-
ing a typical and an anomalous specimen, along w
an archaeological anomalous right otolith ofSciaena
deliciosa, was selected for X-ray diffraction analys
and scanning electron microscope (MEB) investi
tion.

For X-ray powder diffraction analysis, a micro
sample (< 0.5 mm3) of otolith rough surface wa
crushed in an agate mortar and pestled on an X
diffractometer. The data were collected on INEL XR
3000 diffractometer coupled to CPS 120 multicha
nel detector with Cu Kα radiation and Ni filter at
the ‘Muséum national d’histoire naturelle’ (‘Minéralo
gie’), Paris, France. The operating conditions w
40-kV voltage and 1800–2400-s counting time.

The JEOL JSM 840 A scanning electron micr
scope of the UFR ‘Sciences de la Terre’ of the ‘Univ
sité Pierre-et-Marie-Curie’ (Paris-6), France, was u
in the backscattered-electron (BSE) and second
electron (SE) modes. The otoliths (either bulk ma
rial or polished transverse section of modern otolit
crosscutting the nucleus) were pasted on a grap
coated adhesive and carbon-coated. Cathodolum
cence (CL) spectra were recorded between 200
900 nm, with a CL spectrometer coupled to the SE
with an aluminium-plated parabolic mirror collector
specific cooled stage, a silica lens UV quality, a Job
Yvon H10.UV grating spectrometer and a Hamama
R636 AsGa photomultiplier[30–32]. Operating condi-
tions were 25-kV voltage, with 1× 107-A beam inten-
sity, 1-nm scan step and an integrating time of 0.
Such conditions provide a convenient signal for hig
resolution spectral measurements, while minimiz
defect production in analysed crystals.
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4. Results

According to X-ray diffraction data, aragonite is th
only CaCO3 polymorph in normal otoliths, in agree
ment with the only data we know for sciaenids[33].
By contrast, both calcite, aragonite and vaterite, w
identified in anomalous otoliths (Table 2). Calcite and

vaterite were identified in the translucent crystalline
outer layer. Euhedral crystals covering the umbo
both modern and archaeological sagittae are cle
identified as calcite. Vaterite and aragonite were o
detected in micro-sampling of inner face of the mo
ern anomalous otolith.

Scanning electron microscope images provide
ther identification clues. The aragonitic otoliths show

botryoidal surface (Fig. 2B1 and B2), which, at higher
Table 2
X-ray powder diffraction analyses of calcite, aragonite and vaterite of modern (A) and archaeological (B) otoliths

A – Modern otolith

Calcite Aragonite Vaterite

Time counting: 1800 s Time counting: 1800 s Time counting: 1800 s

d (Å) mes. Int-v h k l d (Å) mes. Int-v h k l d (Å) mes. Int-v h k l

3.8529 8.0 0 1 2 2.3898 52.0 1 1 1 4.2196 21.0 0 0 2
3.0384 100.0 1 0 4 3.2669 33.0 3.5704 58.0 1 0 0
2.7121 2.0 3.0253 3.0 3.2868 100.0 1 0 1
2.2835 8.0 1 1 3 2.6968 24.0 1 2 1 2.1137 17.0
2.0965 4.0 2 0 2 2.4733 45.0 1 0 2 2.0621 65.0 1 1 0
1.9237 25.0 0 2 4 2.4056 13.0 1.8522 29.0 1 1 2
1.8762 25.0 1 1 6 2.3693 63.0 2 1 0 1.8181 89.0 1 0 4
1.6030 3.0 1 2 2 2.1863 14.0 2 1 1 1.6440 31.0 2 0 2

2.1027 47.0 1 2 2 1.3102 12.0 1 1 5
1.9741 100.0 0 4 0 1.2858 12.0 2 1 2
1.8770 58.0 2 0 2
1.8112 21.0 2 1 2
1.7300 19.0 1 1 3
1.7241 19.0
1.5557 11.0 3 1 1
1.4963 10.0 2 4 1

B – Archaeological otolith

Calcite Aragonite

Time counting: 916 s Time counting: 2400 s

d (Å) mes. Int-v h k l d (Å) mes Int-v h k l

3.0302 100.0 1 0 4 2.3938 58.0 1 1 1
2.4913 5.0 3.2703 33.0
2.2817 16.0 1 1 3 2.7271 8.0
2.0918 10.0 2.6990 18.0 1 2 1
1.9091 41.0 0 2 4 2.4799 40.0 1 0 2
1.8715 15.0 2.4082 14.0
1.6012 7.0 1 2 2 2.3719 17.0 2 1 0
1.5229 6.0 2.3391 54.0
1.4372 5.0 2.1881 16.0 2 1 1

2.1042 40.0 1 2 2
1.9752 100.0 0 4 0
1.8783 37.0
1.8124 19.0 2 1 2
1.7570 4.0
1.7413 12.0
1.7252 20.0

Cu Kα radiation,U = 40 kV, I = 20 mA.
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l

Fig. 2. SEM micrographs of a modern anomalous and normal pair ofCilus gilberti otoliths. (A) Anomalous, left sagitta.A1: Umbo showing
prismatic calcite crystals;A2: inner face of the same sagitta showing euhedral, prismatic calcite and tabular vaterite crystals;A3–4: detail of
calcite crystals of outer face. (B) Normal, right sagitta.B1: Umbo exhibiting a typical botryoidal surface;B2: smooth inner face;a: detail
showing aragonite crystals;B3: botryoidal outer face showing different aragonite layers (arrow);B4: detail of the umbo, exhibiting the typica
orange skin-like surface;a: detail of a pore-like structure. All micrographs in BSE mode, exceptA1 andB1 in SE mode.
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Fig. 2. Continued.
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magnification, appears to be composed of suc
sive concentric, thin layers displaying an orange sk
like surface (Fig. 2B3 and B4). By contrast, anom
alous otoliths have a much more complex morph
ogy. Calcite in the umbo of the modern and arch
ological otoliths occurs as hexagonal prisms (50
700 µm) ended by a pyramid, a typical morpholo
of calcite from the Ge group, Phe+ subgroup[34]
(Fig. 2A1, A3, and A4). The inner face of anom
alous otoliths differs from that of normal otoliths b
two different classes of euhedral crystals (Fig. 2A2):
(1) hexagonal calcite crystals similar to those of
outer face, but of much smaller size (100–200 µ
and (2) small (50 µm), euhedral, lamellar prisms of
terite arranged as an ‘open book’. In polished sect
aragonitic normal otholiths show radial epitaxial cry
tal growth (Fig. 1D), as previously observed in broke
sections of otoliths[10]. The cores of the anomalou
otoliths preserve a similar structure that character
the early growth stages. Only the peripheral layers
responding to the latest growth stages display tran
cent calcite (± vaterite) crystals, instead of aragon
(Fig. 1D). These observations are in agreement w
those of Tomás and Geffen[13].

Cathodoluminescence (CL) easily discrimina
between carbonate polymorphs, especially calcite
aragonite. The spectra obtained on Peruvian scia
otoliths display two wide bands (Fig. 3). The first
band, observed at 363 nm for calcite and 380 nm
aragonite, is attributed to lattice defects[35–38]. The
second band, located at 615 nm for calcite and 540
for aragonite, results from Ca substitution by Mn
mineral lattice, and clearly discriminates between b
carbonate polymorphs[27,39].

5. Discussion

The fact that calcitic overgrowths have been d
covered in both modern and archaeological otol
precludes a diagenetic origin (i.e. post mortem
crystallization due to a diagenetic process) for calc
single-phase calcitic otoliths have not been found
all the otholiths studied display an aragonitic co
thus indicating that otoliths invariably start growing
aragonite synthesis. Aragonite is metastable in s
dard geological conditions (i.e.P = 1 bar andT =
25◦C) [40], but it does not transform into calcit
over archaeological or even palaeontological times
[41]. Thus, crystallization of calcite and vaterite
anomalous otoliths results from peculiar biologic
processes that occasionally occurred during the lif
the fishes affected.

The scarcity of anomalous otoliths indicates t
specific conditions must be met for calcite and
terite crystals to be synthesized after a period of n
mal growth. Accidental and/or pathological causes
the most likely. A genetic origin can be discard
as generally only one of the two otoliths is affecte
rarely both, and as, at least in our material, all otoli
have an aragonitic core. The calcification proces
dependent on the endolymph chemistry and on
organic matrix[42], and it is known that alteratio
of the homeostasis of the endolymph may gene
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Fig. 3. Typical CL spectra of Mn2+ activated luminescent ca
cite (A), aragonite (B), and vaterite (C) of anomalous sagitta o
Cilus gilberti, 200-µm spot size.

different forms of crystals in a single fish spec
[43]. This alteration could explain why the anoma
is sometimes bilateral. But the fact that an anomal
otolith can coexist with a normal one in the sam
fish strongly supports the assumption of an accide
cause, likely due to some dysfunction of the biomin
alisation process in the inner ear. In that hypothe
the occurrence of anomalous otoliths in both m
ern specimens and in archaeological populations r
out environmental modifications, for instance due
anthropic pollution, as the cause of the anomaly.
though relationships between craniofacial deform
tions and anomalous otoliths have been observe
reared populations of juvenile herringClupea haren-
gus [13], the studied fish specimens affected by m
formations of the inner ear generally show no exter
morphological evidence. Note that this hypotheti
physiological disorder mainly affects the outer fac
of the anomalous otoliths and not the inner fac
which are the most important, because they are in c
tact with the sensory hair cells of themacula sacculi.
Otoliths play an important role in hearing and balan
system[44], and density differences between right a
left otoliths may affect the sound perception[5]; hence
a fish with a completely anomalous otolithic org
would probably not survive for long in the wild. A
alternative explanation for the crystallization of c
cite and/or vaterite instead of aragonite could lie
some physiological mechanisms of compensation
regeneration, similar to those involved in shell reg
eration[45]. A significant weight loss characterizes
the anomalous otoliths (13.2% on average) compa
to normal otoliths, whereas there is no statistical d
ference between right and left normal otoliths amo
living Sciaena deliciosa [26]. This loss is consisten
with the lower density of calcite compared to that
aragonite (2.71 vs. 2.93)[46].

Another interesting observation is that anomalo
otoliths have been found mainly in marine fishes;
far as we know, the only freshwater (often reared a
phibiotic species) fishes displaying anomalous otol
are a few salmonid species (Oncorhynchus mykiss,
O. tshawytscha and Salvelinus namaycush) [20,47,
48]. Bowen et al.[48] suggested that prevalence
anomalous otoliths might reflect stress conditions,
pecially among reared fishes (see also[13]). Peru is
characterized by oceanic–climatic upheavals linke
the El Niño/La Niña phenomenon. Warm episod
strongly affect the Peruvian–Chilean temperate m
rine fauna[49], and this kind of stress might als
have an impact on the otolith crystalline synthes
It is also important to note that all the species c
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tive
cerned are from temperate waters, e.g., North Atlan
South Africa, New Zealand, and Peru. In this lat
country, even if the fishes mentioned here are fr
the intertropical zone, Peruvian waters are temper
due to the influence of the cold Humboldt current a
of the Peruvian upwelling. Hence variations in wa
temperature or salinity may be two controlling facto
of otolith crystalline growth, although it still should b
explained why the anomaly can be sometimes un
eral and sometimes bilateral. Understanding the me
anism causing this type of anomalies would help w
better understanding of the biomineralisation proce
and, accordingly, the species presenting these an
alies should constitute good models.

6. Conclusion

This is the first report of anomalous otoliths
Peruvian–Chilean sciaenids, both in present and
chaeological specimens. The use of selected mi
sampling and SEM coupled to CL investigation reve
(1) that anomalous otoliths do preserve aragon
cores, (2) that delicate calcite euhedral crystals co
the umbo of both modern and archaeological sagit
(3) that vaterite is present in anomalous otoliths.

Archaeological materials provide argument aga
diagenetic processes, and rule out any anthropic
fluence. Accidental and/or pathological causes
most likely, but water temperature (or salinity) m
also play a role. These parameters must be w
constrained before to use otoliths for speculating
life environment of fishes, palaeoecological enviro
ments that prevail, for example, along the south Pe
vian coast 8000 years ago.
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