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A comparison of 681 saccular otoliths (sagitta) from 134 species belonging to six demersal
communities from different depth strata and the epipelagic community from the north-western
Mediterranean Sea was made in order to study otolith relative size and function related
morphologies. A relationship between otolith size composition, habitat and depth was found.
The epipelagic community was characterized by species with very small and small otolith sizes
(68% of the epipelagic species). In the demersal communities, the proportion of species with
large sagitta increased with depth until 750 m (reached 50% of the species of the upper slope).
The abyssal community (between 1000 and 2000 m), however, was characterized by a decrease
in the mean otolith size and an increase in the proportion of species with very small otoliths.
With exception of the abyssal community, endogenous causes (a mixture of geneaology,
plesiomorph characters shared by the all species of the taxonomic group and recent adaptive
ones) may be even more important than exogenous factors in determining the otolith relative
size. Within the endogenous causes that condition sagitta size, the adaptive features associated
with specialization in acoustic communication are relevant. © 2007 The Authors
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INTRODUCTION

The three otolith pairs in teleosts have a large morphological variability. This
variability is especially true for the saccular otolith (sagitta) associated with the
inner ear organ, sacculus, in non-ostariophsean fishes (Platt & Popper, 1981).
The morphological differences affect both the size and shape of the otoliths
(Paxton, 2000; Wright ef al., 2002; Volpedo & Echevarria, 2003). Different fac-
tors influence the size of the otolith in relation to fish size. Exogenous factors
such as temperature, depth and food have well described effects (Simkiss, 1974;
Campana & Neilson, 1985; Wilson, 1985; Morales-Nin, 1987; Lombarte &
Lleonart, 1993). In closely related species or within populations, otoliths from
inhabitants of more temperate waters are relatively larger and heavier than
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those from colder water (Gauldie, 1993; Lombarte & Lleonart, 1993; Torres
et al., 2000). Otolith size differences could be caused by ontogenic factors, since
there is usually a relationship between the growth of the otolith and the growth
of the fish (Campana & Neilson, 1985; Secor & Dean, 1989; Secor et al., 1989).
There are also other endogenous factors that influence the otolith relative
size, such as phylogeny (Gaemers, 1984; Nolf, 1985) and adaptive aspects
related with the inner ear functions (Lychakov & Rebane, 2000; Paxton,
2000; Parmentier et al., 2001).

In a recent ecomorphologic study, Cruz & Lombarte (2004) quantified a clear
relationship between otolith size and communication strategies in four families
of the order Perciformes in the Catalan Sea (north-western Mediterranean Sea).
Species with relatively large otoliths belonged to groups that are considered
specialists in sound production (sciaenids and haemulids), while those with
small otoliths belonged to groups that rely on bright or contrasting colour
patterns for visual communication (labrids).

In deep waters, visible light is rapidly weakened by scattering and absorption
(Lythgoe, 1988). The light energy of some colours, such as red, orange and
yellow, is absorbed nearer the sea surface (Munz & McFarland, 1977). In
the Mediterranean Sea, environmental light was reduced to 50% at 20 m depth
(Jerlov, 1977). As a consequence, the visual field is reduced and the possibility
to communicate visually is decreased, with the exception of the bioluminescent
species (Hastings, 1983). Therefore, with the increase in depth and turbidity in
the water, there may be selection for alternative communication, such as chem-
ical, electric and acoustic systems (Zakon, 1988; Cambray, 1994; Lombarte &
Aguirre, 1997; Kotrschal et al., 1998; Buran et al., 2005), which compensate for
the reduced environmental light intensity.

If a relative large otolith size reflects adaptation to sound communication
(Ramcharitar et al., 2001, 2004; Cruz & Lombarte, 2004) there should be an
increase in the number of species with large otoliths in poor light environments.
To determine whether this relationship exists, the relative sizes of the otolith in
different communities of the north-western Mediterranean Sea were compared.
The differences in size of the four main taxonomic groups were also compared
in order to determine if there are phylogenetic effects on the relative otolith size.

MATERIAL AND METHODS

A total of 681 otoliths from 134 fish species, belonging to 56 families and 13 orders
(Appendix) were selected from six demersal communities of different depth strata
(between 5 and 2000 m) and one epipelagic community from the north-western Medi-
terranean Sea (Catalan Coast and Balearic Islands) (Fig. 1). The otoliths used in this
study were obtained from ICM Barcelona (CSIC) collection integrated in AFORO
database http://www.cmima.csic.es/aforo/(Lombarte et al., 2006).

To compare the effect of depth, six communities were selected at different depth
strata between the Catalan and Balearic coast: 1) the coastal community [stratum A
between 5 and 20 m of three different locations: Medes Islands (A1), Mallorca Island
(A2) and off Calafell (A3) on Fig. 1], 2) the upper continental shelf (stratum B, between
40 and 80 m), 3) the lower continental shelf (stratum C between 90 and 200 m), 4) the
upper slope (stratum D, between 300 and 450 m), 5) the middle slope (stratum E,
between 600 and 750 m) and 6) the abyssal community (stratum F, between 1000
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FiG. 1. Location of the different communities studied in the north-western Mediterranean Sea (Balearic
Sea). Al, littoral rocky bottom in Medes Islands at 5-15 m; A2, Posidonia seagrass meadows off
Mallorca Island at 10-20 m; A3, mixed rocky and muddy sand area at 10-20 m off Calafell; B, upper
continental shelf community at 40-80 m; C, lower continental shelf at 90-200 m; D, upper slope
300—450 m; E, middle slope 600-750 m; F, abyssal community 1000-2000 m.

and 2000 m). In each community the most abundant species were selected (Stefanescu,
1991; Garcia-Rubies, 1997; Moranta et al., 1998; Massuti & Refiones, 2005; Recasens
et al., 2006) (Appendix).

Left saccular otoliths were digitized and the area of their orthogonal projection on
the medial side (sulcus acusticus side) was measured. Processing, calibration and mea-
suring of digital images were done using the Optimas v. 6.0 (Optimas Co., Houston,
TX, U.S.A.)) KRONOMORPHOS software (Morales-Nin er al., 1998). The length
(O1) and area (Op) of the inner side of the sagitta was used as the reference value
for size (Paxton, 2000; Cruz & Lombarte, 2004).

For each species the measurements obtained were standardized by removing the
effect of allometry (by normalizing all measurements while taking allometric
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relationships into account) (Lleonart ez al., 2000). In order to remove the otolith shape
effect, an index of otolith relative size (Or) was calculated for each otolith according to
Or = IOOOOALT , where Lt = fish total length (mm). The otolith relative s1ze value of
each species was calculated using the index Og. Also, the relationship O L;! was taken
into account for each species (Appendix).

According to Og, otoliths were divided into four categories: very small (Or < 0-10),
small (0-10-0-32), medium (0-33-0-65) and large (>0-65) and the percentage of each
otolith size category was calculated in each community. For each community, the mean
of the otolith relative sizes (Or) for the characteristic species in the communities studied
were calculated (Appendix). The mean index Og value and the proportion of the differ-
ent size categories in the four main taxonomic groups studied (Gadiformes, Perci-
formes, Pleuronectiformes and Scorpaeniformes) were also calculated to determine
possible phylogentic effects on the otolith relative size.

An ANOVA was carried out to evaluate differences between mean sagitta size of dif-
ferent communities and taxonomic groups. Independence of saccular otollth size groups
with environmental factors (depth) and phylogeny were tested by a x> contingency table
(STATISTICA 5.1). In both analyses a confidence level of 99% was set.

RESULTS

The mean otolith area at transformed Lt (mean Ly in mm) and the relative
size category for each species studied are shown in Appendix. The otolith rela-
tive size ranged between Or = 0-01 for Lepidopus caudatus (Euphrasen) to 1-84
for the deep water dwelling Hoplostethus mediterraneus mediterraneus Cuvier.

ANOVA of mean relative otolith size of the seven communities (six epipe-
laglc and one pelagic) showed significant differences (F¢ 133, P < 0-01). The
x> contingency table indicated that sagitta s1ze composition of the community
was dependent on depth strata (Pearson y2, d.f. = 18, P < 0-01).

The epipelagic community was characterized by having a greater proportion
(37-5%) of species with very small sagittae (Or < 0-10) compared with the
demersal communities and the absence of these with large otoliths [Fig. 2(a)].
Comparing demersal communities at different depths, an increase in the
proportion of species with large sagittaec was observed. In the continental shelf
communities (strata A, B and C) the percentage of species with large sagittae
varied between 11 and 24%. In the upper slope this percentage (stratum D)
increased to 33%, and reached 50% of the species in the depth range of
600-750 m (stratum E). In the abyssal community (F), however, the percentage
of species with large sagittae decreased to 20%. There was also a decrease in
the percentage of species with small sagittae [Fig. 2(a)]. The proportion of
small otoliths decreased from 51% of the species in stratum A (between 5
and 20 m) to 13% of the species in stratum F. The proportion of very small
otoliths increased in the deepest stratum (F) and reached 26% in the abyssal
community. When comparing the continental shelf communities (B and C
strata), medium sized sagittae were clearly more abundant than small and large
ones. When the mean relative size of the sagitta was compared between the dif-
ferent communities, epipelagic species clearly had relatively smaller otoliths
than the demersal ones [Fig. 2(b)]. Comparing demersal communities, there
was a significant tendency for the mean relative sagitta size to increase with
depth, except for the abyssal species, where there was a decrease in size com-
pared with the slope species.
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FiG. 2. (a) Percentage of species with different relative sizes [ll, large (0-65); 4, medium (0-33-0-65); P4, small
(0-10-0-32); [, very small (<0-10)] of the saccular otolith (sagitta). (b) A box-whisker plot (], +1:96 s.E.;
[, £1-00 s.E.; [0, mean) of the relative otolith size (Og; see Appendix) in different depth strata of
demersal and epipelagic communities. n, number of species analysed. Taxa by each strata are indicted in
Appendix.
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ANOVA of mean relative otolith size of the four groups showed significant
differences (F 104, P < 0-01). The x> contingency table indicated that sagitta
size composition of the community was dependent of the taxonomic group
(Pearson %2, d.f. =9, P < 0-01).

When comparing the four main taxonomic groups studied (Gadiformes, Per-
ciformes, Pleuronectiformes and Scorpaeniformes), significant differences in the
proportion of the sagittae relative size were observed in the gadiforms, which
are generally characterized by large otoliths (62:5% of total of gadiform spe-
cies) (Fig. 3). The pleuronectiforms showed a larger number of species with
small otoliths than other groups (76:5%), and scorpaeniforms and perciforms
were characterized by a large variety of sizes, with more medium and small
otoliths. The order perciforms included some epipelagic species with very small
sagittae (Fig. 3).

DISCUSSION

A relationship between sagitta size composition, habitat and depth was
found. When comparing the distribution of the sagitta relative sizes between
communities there was an increase in the mean otolith relative size, relating
to an increase in the percentage of species with large otoliths, as the depth
of the community increased. The only exception was related to the abyssal
depths. The communities of the upper and medium slope located between
300 and 750 m included numerous species with large otoliths.

To explain the interspecific size differences that were observed it is relevant
to take into account that otoliths are a very important part of the fish’s inner
ear (Platt & Popper, 1981) and play an important role in the sound transduc-
tion process (Popper & Fay, 1993). Variability in otolith size is an indicator of
the way how the teleostean inner ear functions, as suggested by Gauldie (1988),
Lychakov & Rebane (2000), Paxton (2000) and Parmentier et al. (2001). This
morpho-functional interpretation suggests that the importance of acoustic com-
munication is correlated with a large otolith size in deep waters in order to
compensate for the reduction of light with depth. The present results coincide
with the enlargement of the regions of brain associated with the octavolateralis
system (Kotrschal er al., 1998), the recent description of sound production in
deep-sea fish species (Mann & Jarvis, 2004) and the description of ultrastruc-
tural adaptations in the inner ear of deep water fish species (Buran et al., 2005).

A similar increase in otolith size exists for species that are nocturnally active,
such as many coastal species like sciaenids and holocentrids. These groups all
display soniferous behaviour, and there is a similar relationship between large
otolith relative size and acoustic communication (Lugli et al., 1995; Luczkovich
et al., 1999; Paxton, 2000). Furthermore, brightly coloured species like labrids,
callionimids, dactylopterids, blennids and others, which live in littoral waters
are characterized by relatively small sagittae (see Appendix). Epipelagic species
are also characterized by small sagittae (Klingenberg & Ekau, 1996; Paxton,
2000). Paxton (2000) associated this small saccular otolith relative size with
the diverse adaptive aspects of a high luminosity and noisy epipelagic environ-
ment near the sea surface. In epipelagic fishes visual communication is espe-
cially relevant (Fernald, 1988).
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Fic. 3. (a) The percentage of species with different relative sizes [ll, large (>0-65); 4, medium (0-33-0-65);
@, small (0-10-0-32); [, very small (<0-10)] of saccular otolith (sagitta). (b) The box-whisker plot ([,
+1-96 s.e.; [, £1-00 s.E.; [J, mean) of the otolith relative size (Or; see Appendix) in the main four
taxonomic groups. n, number of species analysed.

There is a clear relationship between taxonomic groups and otolith relative
size (Nolf, 1985). In the present results some taxonomic groups like gadiforms
tend to have medium or large sagittae, and others such like pleuronectiforms
showed the opposite tendency. As pleuronectiforms have a wide range of depth
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distributions, this tendency could be related with a plesiopmorph feature
shared by all species of this order (historical or genealogical character) on oto-
lith size, which is independent of the recent adaptations. Gadiforms, however,
are the dominant group between 200 and 700 m. The scorpaeniforms and espe-
cially the perciforms, with their great ecological and morphological variability
(Nelson, 1994), exhibit a wide range of otolith sizes. Despite this variability, the
sagittae of epigonids, the deepest species of perciforms, are characterized by
a larger Or (0-94-1-02).

Some authors have suggested that differences in sagitta size are related to the
body growth rate of the fish (Secor & Dean, 1989), but closely related species
with similar otolith sizes show very different growth rates (K). This is the case
of some Mediterranean coastal labrids with relatively small otoliths. Gordoa
et al. (2000) described very different growth rates for each species based on
daily rings in otoliths of Labrus merula L. (K = 0-358), Symphodus tinca (L.)
(K = 0-808) and Coris julis (L.) (K = 0-107). This last value of K is close to
the Merluccius merluccius (L.) growth rate (K = 0-12), which is a species with
a medium-large otolith relative size (Recasens et al., 1998). So, the body growth
rate of the fish cannot be considered a determining factor in the interspecific
differences in relative otolith size.

The environments occupied by each species can influence otolith growth
(Morales-Nin, 1987), which is closely related to temperature and depth (Simkiss,
1974; Wilson, 1985). Closely related species or populations from temperate or
shallower waters have relatively larger otoliths than those from colder or deeper
water (Gauldie, 1993; Torres et al., 2000). The differences in otolith relative size
described for the species that live in different environmental conditions (depth,
temperature), however, are not as extensive (Lombarte & Lleonart, 1993) as
those observed in the present study, with the exception of the abyssal communi-
ties below 1000 m depth. In this last case, exogenous factors such as the low tem-
perature and high pressure in abyssal waters cause carbonate under-saturation,
which affects otolith shape and relative size (Wilson, 1985). Furthermore, exog-
enous factors alone cannot explain the high degree of size variation within each
community, as species develop in similar environmental conditions. It is evident
that other endogenous factors act on otolith size (Mosegard et al., 1988).

In conclusion, aspects related to their phylogeny [a mixture of geneaology,
plesiomorph characters shared by the all species of the taxonomic group and
recent adaptive ones (Losos & Miles, 1994)] may be even more important than
exogenous factors in determining the sagitta relative size. Within the phyloge-
netic causes that condition sagitta size, the adaptive features associated with
specialization in acoustic communication are important.
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