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Synopsis 

Size variation in the sagittal otoliths of six species of the genus Merluccius, and five species of the genus 
Coelorhynchus was compared, using a digital image processing system and multivariate analysis. It is pro- 
posed that otolith growth occurs under dual regulation, overall shape is regulated genetically, and otolith size 
is influenced by environmental conditions. The decline of temperature with increasing habitat depth seems to 
be an important factor regulating the growth of otoliths in carbonate-saturated levels. The relative growth of 
the otoliths is usually negatively allometric. 

Introduction 

The otoliths of teleostean fishes are calcareous 
structures composed of aragonite crystals. Each in- 
dividual possesses three pairs of otoliths in the inner 
ear, the largest of which are the sagittae. The sagit- 
tae are the most variable between species (Platt & 
Popper 1981). Morphology and morphometrics of 
sagittae have been used in trophic studies and in 
identification of populations or species (Saetersdal 
1953, Templeman & Squire 1956, Botha 1971, Mess- 
ieh 1972, Beamish 1979, Yefanov & Khorevin 1979) 
and to determine ages (Menon 1950, Boehlert 
1985). Since the morphometry of otoliths is used for 
these different purposes, it is important to deter- 
mine the factors that affect otolith variability. 

Studies of morphology, especially of the outline 
shape and of the sulcus acusticus, found that the 
shape of otoliths is genetically determined and re- 

flects phylogenetic relationships (Schmitt’, Gaem- 
ers 1976, Nolf & Steurbaut 1989, Lombarte et al. 
1991). However, morphology is not only directly re- 
lated to genotype, but there is a strong variability 
related to environmental factors (Aldrich 1989). 
Thus, Wilson (1985) indicated that otolith growth 
and shape in abyssal fish is affected by undersatura- 
tion of the carbonates (this effect is produced by the 
low temperatures and high pressures of the abyssal 
habitat). 

In this paper we investigate: (1) whether there is 
an environmental effect over otolith growth above 
the undersaturation levels, and therefore, whether 
this effect is independent of the carbonate satura- 
tion, (2) whether there exists a dual regulation (ge- 
netic and environmental) over the growth of the 
otoliths, in order to determine how each factor acts 
on otolith morphology. We analyze the intra- and 
interspecific growth variability of the sagitta among 

’ Schmitt, W. 1969. The otoliths as a means for differentiation between species of very similar appearance. Proc. Symp. Ocean. Fish. 
Resources of Sea tropical Atlantic, FAO and OUA: 339-396. 
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Fig. 1. Distribution of 5 species of the genus Coelorhynchus in SE Atlantic waters off Namibia. q C. coelorynchus, El C. fasciatus, !%I C. 
occa, q C. parallelus, and H Coelorhynchus sp. 

closely phylogenetically related species using mor- 
phometric measurements. Depth/habitat effects 
were examined in the genus Coelorhynchus (Mac- 
rouridae) from the waters off Namibia (SE Atlan- 
tic) in five species which live above the carbonate 
undersaturation level. Six species from the genus 
Merluccius (Merluccidae), which have a worldwide 
distribution, were selected to study the relation- 
ships between otolith size and environmental fac- 
tors. In a previous study, the otolith shape variabil- 
ity of these species of the genus Merluccius was ana- 
lyzed independently of the otolith size. To accom- 
plish this, the outlines of the otoliths were broken 
down numerically and classified according to nu- 

TableI. Distribution, length range (TL), and sample size of intra- 
specific and interspecific analyses of the species of the genus 
Merluccius studied. 

Species 

M. bilinearis 
M. cape&s 
M. gayi 
M. gayi 
M. merluccius 
M. paradoxus 
M. productus 
M. productus 

Geographic 
distribution 

NW Atlantic 1.5-50 27 10 
SE Atlantic 15-80 239 10 
SE Pacific (Chile) 8-71 13 8 
SE Pacific (Peru) 11-76 24 7 
NW Mediterranean 6-78 74 13 
SE Atlantic 15-85 225 13 
NE Pacific (Canada) 37-69 19 6 
NE Pacific (USA) 18-74 23 8 

TL (cm) Sample size 

intra inter 

merical taxonomic methods (Lombarte & Caste 
lion 1991). 

Materials and methods 

The six species of the genus Merluccius selected 
were: M. productus (Ayres, 1853, M. gayi (Guiche- 
not, 1848), M. bilinearis (Mitchill, 1814), M. merluc- 
cius (Linnaeus, 17.58) M. capensis Castelnau, 1861 
and M. paradoxus Franca, 1960. The length range 
and the geographical distribution of each species is 
shown in Table 1. 

The five species of the genus Coelorhynchus se- 
lected were C. coelorhynchus Risso, 1810, C. fascia- 
tus (Gunther, 1878) C. occa (Goode &Bean, 1886), 
and C, parallelus (Gunther, 1877). The fifth species, 
Coelorhynchus sp., was well differentiated from the 
other species of this genus, but it was not possible to 
identify it to species level (possibly C. flabellispi- 
nis). The depth distribution range is different for all 
the species considered (‘B.uon et al. 1986, Table 2, 
Fig. 1). 

One and two dimensional measures of otoliths 
were obtained using a digital image-processing sys- 
tem. Such systems have been used in previous bio- 
metric studies of otoliths with good results, in terms 
of measurement uniformity and accuracy, particu- 
larly in the case of two dimensional measurements 
(Lombarte 1992). The outline of each sagitta and 
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the sulcus acusticus was drawn with the aid of a 
camera lucida and a binocular microscope, and the 
resulting image was recorded using a video camera, 
digitized, and calibrated in square millimeters. The 
image analyzing system used was a high-resolution 
video camera and a VINIX digital processor 
equipped with a CYTIX morphometric and quanti- 
fication package. 

The following measurements were taken on each 
otolith: maximum sagitta length (mm), maximum 
sagitta height (mm), areas of the sagitta and the sul- 
cus acusticus (mm2), perimeters of the sagitta and 
sulcus acusticus (mm) (Fig. 2). Sagitta weight (mg) 
was also determined. 

To carry out the statistical analyses, fish body size 
and allometry effects were avoided by normalizing 
all measurements to a standard body size, taking in- 
to account the allometric relationships. For each of 
the seven otolith measurements (2 linear lengths, 2 
perimeter lengths, 2 surfaces and 1 weight) the allo- 
metric relationship with body length of the fish was 
calculated. For Merluccius, the total body length as 
an independent variable was used. Due to the 
weakness of the tail of Coelorhynchus, the preanal 
length was used as the independent variable for 
specimens of this genus. The equation used was the 
standard Y = aXb, fitted using logarithmic transfor- 
mation to homogenize residuals. Each measure Y,, 
where i= 1,7 is the variable and j the individual, is 
transformed into Zij according to 

Table 2. Preanal length range of the individuals studied, depth 
distribution range, and sample size of intraspecific and interspec- 
ific analyses of the species of the genus Coelorhynchus from SE 
Atlantic. 

Species Preanal Depth range Sample size 
length range (m) 
(4 intra inter 

C. coelorhynchus 6-9 10%350 10 10 
C. fasciatus 2-13 150-600 41 10 
C. occa 5-9 350-700 10 9 
C. parallelus 3-12 375475 38 9 
Coelorhynchus sp. 6-16 600-900 10 10 

b 

a 

Fig. 2. Measurements taken on each otolith by a digital image- 
processing system: a - maximum sagitta length (mm), b - maxi- 
mum sagitta height (mm), c - area of the sagitta (mm’), d - area 
of the sulcus acusticus (mm*), e -perimeter of the sagitta (mm), f 
- perimeter of the sulcus acusticus (mm). 

where X, is the body length of the individual j, X, is 
the reference body length, and bi is the allometric 
parameter relating the dependent variable Y, with 
the independent variable X. Z, is the value that 
would measure Y, if the fish length were &, consid- 
ering its allometric growth and residual. For Mer- 
luccius 40cm was used as reference length (X,), for 
Coelorhynchus the preanal reference length was 
8cm. 

Standardized weights of otoliths from Coeloryn- 
thus and Merluccius of SE Atlantic (off Namibia) 
were employed to study the relationship between 
size and temperature. The bottom temperature of 
each trawl was either directly measured with a CTD 
device after each trawl or estimated after Shannon 
(1985) and Maso & Manriquez (1987). 

Results 

Intraspecific variability 

For each species, all allometric relationships be- 
tween otolith measurements and size of fish were 
calculated (Table 3,4). The correlation coefficients 
and standard errors of b are within expected ranges. 
The majority of allometries obtained were nega- 
tive. Merluccius merluccius yielded allometric val- 
ues near isometry. The only examples showing posi- 
tive allometry were the length of the sagitta of M. 
bilinearis and the area and the perimeter of the sul- 
cus of M. merluccius. 
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Interspecific variability 

Two principal components analyses (PCA) on cor- 
relation matrices of the seven standardized mea- 
surements of otoliths are presented to analyze in- 
terspecific variability. One was applied to otolith 
variability in the sympatric species of Macrouridae, 
the second was used to study otolith variability in 
Merluccius spp. In all PCAs only the first and sec- 
ond axes are presented since the third, and follow- 
ing axes, never have eigenvalues greater than 1, so 
they explain less variance than the first two varia- 
bles (Table 5). The axes were not rotated. 

total of 48 otoliths from 5 species of Coelorhynchus. 
The first component (accumulating 85.4% of total 
inertia) placed the otoliths according to their rela- 
tive size (Fig. 2). C. coelorhynchus and C. fasciatus 
have a large relative otolith size, C. parallelus has an 
intermediate size, and C. occa and Coelorhynchus 
sp. a small size. The second component (6.8%) or- 
dered the otoliths according to more or less elongat- 
ed shape. Rounded otoliths, as in C. coelorhynchus 
and C. occa, have positive values, whereas elongat- 
ed otoliths (C. fasciatus and Coelorhynchus sp.) 
have negative values (Fig. 3). 

Otolith size variability in the genus Merluccius 
Otolith size variability in the genus Coelorhynchus 

PCA was performed on standardized data from a 
A total of 75 otoliths from 6 species of Merluccius 
were analyzed. Analysis of the standardized varia- 

Table 3. a and b parameters for the equation Y = aXb, and standard error of b (0). x= total length of the individual in cm and y each of the 
biometric variables of the otoliths for the following species of Merluccius: MB1 M. bilinearis, MCA M. capensis, MGG M. guyi from Chile, 
MGP M. gayi from Per& MME M. merluccius, MPA M. paradoxus, MPC M. productus from Canada, MPU M. productus from USA. 

MB1 MCA MGG MGP MME MPA MPC MPU 

Sample size 21 239 13 24 74 225 19 23 

length a 0.47 0.76 0.69 0.63 0.51 0.72 0.58 0.69 
sagitta b 1.01 0.83 0.86 0.90 0.98 0.82 0.90 0.86 

(mm) 0 0.03 0.01 0.02 0.02 0.01 0.01 0.06 0.02 

height a 0.62 0.42 0.40 0.44 0.27 0.43 0.70 0.77 
sagitta b 0.62 0.73 0.78 0.74 0.92 0.63 0.62 0.58 

6-4 0 0.03 0.01 0.02 0.03 0.01 0.01 0.09 0.04 

area a 0.25 0.22 0.20 0.20 0.09 0.22 0.38 0.44 
sagitta b 1.55 1.57 1.62 1.62 1.90 1.51 1.43 1.39 

(mm*) 0 0.05 0.01 0.03 0.04 0.02 0.01 0.11 0.06 

perimeter a 1.29 2.04 1.89 1.77 1.29 2.03 1.78 1.95 
sagitta b 0.98 0.82 0.85 0.87 0.98 0.81 0.86 0.83 

(mm) 0 0.03 0.03 0.02 0.02 0.01 0.03 0.05 0.02 

area 
sulcus 

(mm’) 

0.05 
1.67 
0.10 

perimeter 
sulcus 

(mm) 

1.19 
0.89 
0.05 

weight a 0.05 
sagitta b 2.18 

(mk9 0 0.06 

0.04 
1.71 
0.02 

1.20 
0.88 
0.04 

0.10 
1.97 
0.02 

0.04 0.03 0.01 0.03 0.04 0.06 
1.80 1.80 2.23 1.72 1.75 1.63 
0.03 0.02 0.06 0.02 0.21 0.09 

1.10 1.23 0.51 1.44 1.23 1.47 
0.91 0.87 1.15 0.83 0.87 0.82 
0.01 0.04 0.01 0.04 0.10 0.03 

0.03 0.03 0.01 0.11 0.07 0.14 
2.32 2.32 2.59 1.87 2.01 1.86 
0.06 0.06 0.02 0.02 0.18 0.10 



bles showed the first component accumulating 
79.5% of the system inertia. The ordination ob- 
tained can be explained according to interspecific 
size differences (Fig. 4). The species with the largest 
otoliths (M. merluccius) was found to be associated 
with the most positive values; species with smaller 
otoliths (M. paradoxus and M. productus) were as- 
sociated with the most negative values. M. bilinea- 
r& M. capensis and M. gayi have intermediate oto- 
lith sizes and were placed in the intermediate val- 
ues. The second axis (with 10.7% of the inertia) sep- 
arates M. bilinearis from the rest of the species (Fig. 
3). We interpret this second axis as resulting from 
the height/length otolith relationship, since the oto- 
liths of M. bilinearis are longer than those of other 
species of the genus Merluccius. The other four spe- 

Table 4. a and b parameters for equation Y = aXh, and standard 
error of b (0). x= preanal length of the individual in cm and y 
each of the biometric variables of the otoliths for the following 
species of Coelorhynchus: CC0 C. coelorhynchus, CFA C. fas- 
ciatus, COC C. occa, CPA C. parallelus, CSP Coelorhynchus sp. 

cc0 CFA cot CPA CSP 

Sample size 

length a 
sagitta b 
(-1 0 

height a 
sagitta b 
(mm) 0 

area a 
sag&a b 
(mm’) CT 

perimeter a 
sagittu b 
(mm) 0 

area a 
SlClCUS b 
(mm’) 0 

perimeter a 
sulcus b 
(ms) 0 

weight a 
sagitta b 

0 

10 41 

2.00 2.48 
0.75 0.71 
0.16 0.03 

1.49 1.67 
0.68 0.59 
0.12 0.02 

1.60 2.84 
1.57 1.32 
0.28 0.05 

6.11 6.55 
0.71 0.73 
0.14 0.04 

0.20 0.46 
1.93 1.50 
0.35 0.07 

3.39 3.99 
0.82 0.58 
0.15 0.03 

1.14 2.35 
2.26 1.87 
0.34 0.07 

10 38 

2.33 2.62 
0.60 0.58 
0.08 0.04 

1.44 1.43 
0.61 0.64 
0.06 0.05 

2.19 2.61 
1.24 1.23 
0.10 0.08 

3.8.69 6.14 
0.91 0.63 
0.19 0.04 

0.51 0.63 
1.13 1.10 
0.20 0.10 

3.72 4.33 
0.67 0.63 
0.11 0.07 

0.23 2.88 
0.94 1.58 
0.18 0.07 

10 

2.27 
0.60 
0.04 

1.42 
0.61 
0.04 

2.15 
1.21 
0.09 

0.63 
0.05 

0.37 
1.36 
0.14 

2.27 
0.60 
0.05 

0.16 
1.12 
0.05 
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ties appear in mixed clusters. No clear structure can 
be seen in this mixture, either among species or be- 
tween different geographical populations of the 
same species (e.g. M. gayi and M. productus). 

In both analyses (Coelorhynchus and Merlucci- 
us) the individuals (otoliths) were separated first 
according to relative size. Relative sizes can be in- 
terpreted as particular characteristics of these spe- 
cies. 

Relationship between relative weight 
and temperature 

The relationship between the standardized weight 
of otoliths and temperature for Coelorhynchus 
showed a significant relationship (Fig. 5a) (r2= 0.63; 
a= -9.50+ 16.47; b= 13.47+ 1.01). The relative 
weight increased with temperature. C. coelorhyn- 
thus, which lives in the warmest waters, has the 
greatest relative size of otoliths, and Coelorhynchus 
sp., which lives in the coldest waters has the smallest 
otoliths. Similar relationships were observed in 
Merluccius capensis and M. paradoxus from Nami- 
bia (Fig. 5b) (r2= 0.64; a= 41.45f 13.89: b= 9.15~~ 
1.37). 

Discussion 

The decrease in relative otolith size with increasing 
body size appears to be common within the order 
Gadiformes, to which Merluccius and Coelorhyn- 
thus belong (Saetersdall953, Beamish 1979, Frost 
& Lowry 1981, Wilson 1985, Lombarte & Morales- 
Nin 1989, Lombarte 1992). Campana (1990) sug- 
gests that the decrease in otolith growth rate is re- 
lated to the decrease in body growth rate with in- 

Table 5. Sample size and accumulated percentages in the first. 
second and third axes of the CPAs. 

Sample 
size 

Axis 1 Axis 2 Axis 3 

Merluccius 75 79.48 90.18 95.06 
Coelorhynchus 49 85.39 92.23 95.94 
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Fig. 3. Representation of the variability of 49 sagittae of Coelorhynchus from Namibia, in the first two principal components, 

creasing age, but it is unlikely that growth rate is the 
only variable which can influence relative otolith 
size. Since larger fish of these genera live in deeper 
water than smaller ones (Macpherson & Duarte 
1991) there may be environmental influences on 
otolith growth rate. Thus, M. merluccius from the 
Mediterranean Sea (the only species studied herein 
with an otolith growth rates near to isometry in rela- 
tion with body growth), mainly inhabits depths of 
between 100 and 400m, where temperatures remain 
fairly constant between 13”C-14°C (Salat & Font 
1987). 

A decrease of otolith relative size with increasing 
depth of capture, as seen in individuals within a giv- 
en species (intraspecific variability), can also be ob- 
served between species (interspecific variability). 
The distribution of otolith sizes in the species of 
Coelorhynchus in the first component showed in- 
terspecific variability of size that followed the depth 
distribution (Fig. 3, Table 2). Relationships be- 

tween depth and specific otolith size were also 
found in abyssal macrourids (Wilson 1985). 

The decrease of temperature with increasing 
habitat depth seems to be an important factor regu- 
lating the growth of otoliths (Wilson 1985). Addi- 
tionally, the otolith growth rates continue to in- 
crease above the temperatures of maximum somat- 
ic growth (Mosegaard et al. 1988). Gauldie (1991) 
also found a linear relationship between average 
microscopic growth increment width and temper- 
ature. Our results corroborate the relationship be- 
tween otolith growth and temperature. In the SE 
Atlantic the relative size of the otoliths of Coelor- 
hynchus and Merluccius increased with increasing 
bottom water temperature. 

In other taxa, such as foraminifera, brachiopods, 
shelled molluscs and echinoderms, a similar rela- 
tionship between temperature and growth in calci- 
um structures exists. Species which live in cold wa- 
ters have smaller, thinner and less sculptured shells 
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Fig. 4. Representation of the variability of 75 sagittae of Merluccius, in the first two principal components 

than warmer water species (Arnaud 1974, Vermeij 
1978). 

Otolith growth has a different response to envi- 
ronmental factors than somatic growth. The deposi- 
tion of material in the otolith is an extracellular pro- 
cess which is under different physiological control 
than somatic cellular growth (Simkiss 1974). The 
chemical processes involved in otolith growth are 
more directly affected by temperature than the me- 
tabolic processes involved in body growth (Cassel- 
man 1990). 

For fish inhabiting carbonate-saturated levels, 
like Merluccius and Coelorhynchus (e.g. in the 
North Atlantic), the depth of the undersaturation 
level was roughly at 2000m (Milliman 1974). The 
most plausible explanation for the decrease of ot- 
lith relative size with increasing depth is a slowing 
down of the chemical and metabolic processes in- 
volved in the incorporation of calcium carbonate. 

This slowing was produced by the reduction of wa- 
ter temperature (Vermeij 1978). An increase in the 
proportion of carbonates and trace elements is 
found in otoliths as temperature increases (Wood- 
head 1968, Gauldie et al. 1980, Radtke & Targett 
1984, Morales-Nin 1987, Kalish 1989). A similar re- 
lation between temperature and the concentration 
of organic constituents of otoliths found in blood 
has been reported (Mugiya 1964). 

Application of multivariate analysis to character- 
istics such as length, height, perimeter or area 
makes it possible to interpret differences in relation 
to the size of an object, but not in relation to its form 
because there is not a clear relation between mea- 
sure and shape (Lefebvre 1976). The results of the 
PCA of Merluccius otoliths (Fig. 3) showed a simi- 
lar relationship between size and temperature as 
seen in Coelorhynchus. M. merluccius from the 
Northwestern Mediterranean, whose otoliths have 
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the largest relative size, live in the warmest waters 
(13 to 14°C) (Salat & Font 1987). M. guyi, M. bilinea- 
ris and M. capensis species with intermediate oto- 
lith relative sizes live in waters with temperatures of 
7” C-12” C. M. paradoxus and M. productus, which 
live in the coldest waters (4”-10°C) (Botha 1971, In- 
ada 1981) have the smallest otoliths. Similar rela- 
tionships between geographical variations of tem- 
perature and otolith sizes have been found in other 
teleosts (Yefanov & Khorevin 1979, Dawson 1991). 
Present results dealing with otolith relative size do 
not show any strong relationship between otolith 
size and interspecific genetic distance. Thus, M. 
productus and M. paradoxus, which have the small- 
est relative size, belong to two differentiated phylo- 
genetic lines within the genus Merluccius (Inada 
1981, Ho 1990). 

When otoliths of the same species of Merluccius 
were analyzed using methods of classifying shapes 
(that do not depend on such measures, but rather on 
the outline of the object per se), the groupings ob- 
tained were different (Lombarte & Castellon 1991). 
The otoliths from individuals larger than 20cm 
were classified into two geographic and phyloge- 
netic groups: an Euro-African group (M. merlucci- 
us, M. capensis and M. paradoxus) with a caudal tip 
rounded, and an American group (M. bilinearis, M. 
productus and M. guyi) with an elongated caudal 
tip. 

We suggest that otolith development occurs un- 
der dual regulation: genetic conditions regulate the 
form of the otolith, while environmental condi- 
tions, mainly temperature in carbonate-saturated 
waters, regulate the quantity of material deposited 
during the formation of the otolith. 
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