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Abstract Dissections of mature and non-mature
European hake males and females (N=142) collected
in waters off the western coast of Norway and in the
Bay of Biscay (France) in 2004—2006 demonstrate for
the first time that this gadoid species contains
drumming muscles. There were differences in drum-
ming muscles weight with body length, sex and
maturity stage. This study shows that the difference
between females and males is primarily manifested
during the spawning season, seen both in the French
and Norwegian samples. For the mature females the
drumming muscles dry weight increases only slightly,
if at all, with increase in total length. For mature
males there is a corresponding rapid increase. There
does not seem to be any consistent difference between
the average dry weight of the drumming muscles in
immature male and immature and mature female hake
of the same length, tested on the Norwegian samples.
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Our results suggest that male hake, like the males of
other gadoids studied, may produce sounds in the
context of spawning.
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Introduction

More than 800 fishes from 109 families are known to
produce sounds, though this is likely to be an
underestimate (Rountree et al. 2003). It is evident
that most of these sounds are deliberate rather than
incidental. These sounds have a role in communica-
tion, i.e., are used as exchange of information
between individual fish as part of their social
behaviour (Hawkins and Myrberg 1983). Thus, fish
produce sounds in a variety of contexts. Sounds are
produced by some species when disturbed or when
approached by a predator. Likewise, sounds are also
produced by fish which are competing with one
another for food or space (Ladich and Myrberg 2006).
In many sound-producing fish males produce sounds
during courtship of the female to advertise their nest
sites, to attract the female, and promote courtship and
spawning (Myrberg and Lugli 2006). The gas-filled
swimbladder is a characteristic feature of the viscera
of teleost fish. It contributes to the ability of a fish to
control its buoyancy, and thus to stay at the current

@ Springer


https://core.ac.uk/display/30926739?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

Environ Biol Fish

water depth without having to waste energy in depth-
compensating swimming activity. Another function of
the gas bladder is the use as a resonating chamber to
produce or receive sound and in some species is
equipped with drumming muscles (DM) for sound
production. Sounds are produced by contracting DM
associated with the swimbladder and thereby vibrating
the swimbladder wall (Jones and Marshall 1953; Brawn
1961).

It is known that one particular family, the
Gadidae, includes a number of vocal species
(Hawkins and Rasmussen 1978), including haddock
(Melanogrammus aeglefinus) (Hawkins and Chapman
1966), lythe (Pollachius virens) (Hawkins and
Rasmussen 1978), tadpole fish (Raniceps raninus)
(Hawkins and Rasmussen 1978) and Atlantic cod
(Gadus morhua) (Brawn 1961).

In their work on cod Nordeide et al. (2008)
found that the DM mass was similar in both sexes a
couple of months prior to spawning but became
sexually dimorphic at the onset of spawning and
continued being sexually dimorphic (bigger in
males) for several months after the termination of
spawning.

To date, no studies have investigated whether
European hake (Merluccius merluccius) possess
drumming muscles. This is somewhat surprising in
view of the importance of this species, and the fact
that the presence of drumming muscles have been
reported in other gadoid species.

European hake is a semi-demersal, multiple batch
spawner found in waters from Mauritania to Norway.
It is believed that hake spawning and reproduction
occur at depth ranging 100-200 m (Alvarez et al.
2001; Olivar et al. 2003). The peak spawning time of
hake is in March in waters south of the Bay of Biscay
(France), and occurs progressively later at higher
latitudes (Casey and Pereiro 1995).

In the present study we sampled wild hake males
and females from French (Bay of Biscay) and
Norwegian waters at different times of the year to
search for the presence of drumming muscles and, if
so, to quantify variation among individuals in
drumming muscles size. Specifically, our objectives
were to (a) record differences in drumming muscle
appearance and mass in relation to sex, spawning
status, and body size; and (b) compare hake drum-
ming muscles with what has been observed in other
gadoids.
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Material and methods
Fish collection

A total of 142 wild European hake were sampled
offshore Western Norway (Nw) (61°34’N, 5° 56'W)
and in the Bay of Biscay, France (Fr) (47°44'N, 4°2'W)
(Table 1). Each fishing trip typically lasted 1-3 days.
Non-mature fish were captured by trawl in Nw waters
while mature fish were captured at both locations by
gillnets set overnight at depths of between 30—180 m
over sandy sea bottom. Recently dead fish (few hours)
were retrieved from the gillnets.

Fish dissection

The fish were transported to laboratory to be dissected
within 12-32 h of sampling, and all showed muscles
attached to the swimbladder on both sides. For each
individual examined we recorded total body length (N=
140; TL to the nearest 0.1 cm was measured for all fish
except for one individual with damaged tail), total (i.e.,
ungutted) body mass (N=138; TW) and gonad mass
(N=61) (to the nearest 0.1 g consulting only gonads
which were not smashed or deteriorated by stripping).
Sex and maturity stage (immature, ripening, ripe/
spawning, and spent) were recorded. Only two groups
of individuals were considered: “spawning” (sp.) for
ripening or ripe/spawning individuals (N=69) and
“non-spawning” (n. sp.) for immature or spent
individuals (N=73). The pair of DM was easily
separated from the surrounding tissue using forceps.
After excision, DM were dried at 65°C for 3 days to
obtain dry weight to the nearest 0.001 mg (N=141).
The following fish characteristics were calculated:
condition factor (K = {Total weight/(TL)? | x 100,
N=138); gonadosomatic index (GSI = [Gonad
weight/TW] x 100 in %, N=61), and hepatosomatic
index (HSI = [Liver weight/TW] x 100 in%, N=71).

Statistical analysis

Data were presented as means + SD. Measured and
calculated characteristics of the dissected fish were
combined (Table 2). Statistical analyses were per-
formed using the software SigmaStat 3.1. Statistical
significant difference between two groups were tested
at the probability level 0.05 using Student f-test (when
data were distributed normally and variances were not
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Table 1 Summary of
spawning and non-
spawning European hake

Spawning fish, N= Non spawning fish, N=

captured in the Bay of Date Origin Females Males Females Males
Biscay (France, Fr) and in
waters western Norway 20 March 2006 Fr 9 10 0 0
(Nw) at different dates in 04 April 2006 Fr 6 14 0 0
2004-2005-2006 17 August 2005 Nw 7 6 0 i

22 August 2006 Nw 1 1 0 0

23 August 2004 Nw 0 0 9 6

23 August 2005 Nw 0 1 0 1

01 September 2005 Nw 6 5 1 0

12 September 2006 Nw 1 2 0 0

27 September 2004 Nw 0 0 10 13

12 October 2004 Nw 0 0 14 13

13 October 2006 Nw 0 0 2 2

30 November 2004 Nw 0 0 0 1

Total I5Nw+15Fr 15Nw+24Fr 36Nw 37Nw

significantly different) or Mann-Whitney Rank Sum
test (if one of these two previous conditions, or both,
were invalidated). As the fish dissection resulted in an
uneven number of left (V=141) and right DM (N=
120) a pilot analysis was run to test for any differences
in dry weight between them, which turned out not to
be the case (Mann-Whitney rank sum test, P>0.05).
Therefore, in the following analysis dry weight of the
left DM were used and named DM. ANCOVA with
total length as covariate was used to test for differences
in drumming muscle mass in relation to sex and
spawning status (i.e. “spawning” (sp.) for ripening or
ripe/spawning individuals and “non-spawning” (n. sp.)
for immature or spent individuals). Relationships
between DM dry weight and characteristics of sp.
and n. sp. individuals (TL, TW, K, GSI and HSI) were
investigated with Pearson correlations. Correlations

Table 2 Mean + SD values of fish characteristics measured on
spawning and non-spawning hake for male and female (Fem.)
captured in the Bay of Biscay (France, Fr) and western Norway

were investigated separately for Norwegian and French
fish and for males and females.

Results
Fish and observations of drumming muscles

Nw-spawning individuals for both sexes showed
significant higher GSIs compared to Fr-spawning
individuals (Table 2).

The present study showed the presence of DM in
hake: a pair of muscular structures is located at the
anterior end of the swimbladder, close to its ventral
wall (Nw female: Fig. 1a; Nw male: Fig. 1b). Note
that the DM are rounded at the posterior end but
slightly pointed anteriorly and considerably larger in

waters (Nw): total length (TL), total weight (TW), dry weight
of the left drumming muscles (DM), gonadosomatic index
(GSI), condition factor (K) and hepatosomatic index (HSI)

Maturation state ~ Origin ~ Sex N  TL (cm) TW (g) DM (mg) GSI (%) K HSI (%)
Non-spawning Nw Fem. 37 28.7+152 327.2+815.1 3.12+£5.41 1.56£2.89  0.57+£0.06 2.60+1.58
Male 37 27.1+11.6 143.7+166.1 10.15+23.74  0.17+0.05  0.56+0.05  1.58+0.03
Spawning Nw Fem. 15 755+75 3085.3+1273.1  23.27+8.96 9.38+4.25  0.69+0.08  4.98+5.20
Male 15 69.1+8.7 2477.1+852.2 225.7+123.6  4.12+2.78  0.69+0.06 2.71£1.06
Fr Fem. 15 64.7£13.0 2120.1+1423.1 18.38+9.41 5.10+£2.03  0.71+0.06  3.33+0.83
Male 24 45.7+134 784.3+£690.3 98.75+78.29  1.44+0.88 0.63+0.07 2.20£1.07
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Fig. 1 Dissection of spawn-
ing hake caught on 18
August 2005 in waters off
Western Norway. Total
length (TL), total weight
(TW) and the dry weight of
the left drumming muscles
(DM) are indicated. (a)
Dissection of a spawning
female. TL=83 cm, TW=4
270 g and dry weight of left
drumming muscles=22 mg.
(b) Dissection of a spawning
male. TL=80 cm, TW=3
440 g and dry weight of left
drumming muscles=266 mg
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the male than in the female of similar length
(=80 cm), i.e., in the present example the male DM
dry weight was 12 times larger than in the female.
The DM of the female sits as a flat structure on the
swimbladder wall whereas for the mature male it
appears much thicker. For mature specimens there
was noticed a difference in the colour of the male and
female DM as viewed in situ: the DM of the mature
male for all size classes tends to be reddish flesh-
coloured, while light pinkish for females.

Relation of drumming muscles dry weight to length,
sex and maturity stage

There were examples of significant correlations
between DM dry weight and fish total length
(Fig. 2; Table 3). However, for spawning females
the DM dry weight increased only slightly with length
while for spawning males there was a rapid increase
at larger lengths. For the same length, Nw spawning
males had a significantly heavier DM compared to
Nw non-spawning males (Fig. 2b) (P<0.001)

1] L S S e e S
0 10 20 30 40 50 60 70 80 90 100

— T T T T —
0 10 20 30 40 50 60 70 80 90 100

Fish total length (cm)

(ANCOVA). The same result appeared when com-
pared to Nw non-spawning females (Fig. 2a+b) (P<
0.001) and also very much in relation to Nw
spawning females (Fig. 2a+b) (P<0.01). The
ANCOVA also showed that Fr spawning males had
significantly heavier DM compared to Fr spawning
females (Fig. 2c+d) (P<0.001).

Discussion

Observations of the drumming muscles of male
and female hake

The present study showed the presence of a sexually
dimorphic muscle in hake males and females. The
main evidence that this fish produce sounds is
provided by the presence of a pair of muscles, one
on either side of the swimbladder, similar to those
found in known vocalists (as e.g., haddock, cod, lythe
(Pollachius pollachius), and tadpole-fish (Raniceps
raninus)) (Serensen 1884; Hagman 1921; Jones and

Table 3 Regression equa-

tions describing left drum- Maturation state  Origin ~ Sex Regression equations Sample size 7”2 P-values

ming muscle dry weight ()

as a function of total length Non-spawning ~ Nw Fem. y=0.333x-6.45 37 0.937 P<0.001

(x) for female and male Male y=1.721x —36.96 36 0.835 P<0.001

hake from Western Norway Spawning Nw Fem. y=0.833x —39.65 15 0.701  P<0.01

(Nw) and France (Fr) (Bay

of Biscay) in non-spawning Male y = 10.402x — 492.76 15 0.734  P<0.01

and spawning conditions Fr Fem. »=0.623x—21.87 13 0.864 P<0.001
Male y=5.264x — 141.55 24 0.904 P<0.001
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Marshall 1953; Templeman and Hodder 1958). In
cod, Delaroche (1809) and Serensen (1884) describe
the weak, flattened muscles which pass from the sides
of the swimbladder at its anterior end to the ribs of the
anterior vertebrae. Jones and Marshall (1953) label
these external swimbladder muscles of the cod as
drumming muscles (DM). In the European haddock,
special groups of muscles attached to the ventral wall
of the swimbladder defined as well as drumming
muscles were described by Templeman and Hodder
(1958). These anatomical similarities found between
the DM described in cod or in haddock in comparison
with the muscles presently described in hake provide
more circumstantial evidence for the idea that hake
produce sounds. Sound production is caused by rapid
contraction and relaxation of the DM attached to the
swimbladder, as mentioned earlier (Templeman and
Hodder 1958; Brawn 1961; Hawkins and Rasmussen
1978; Hawkins and Amorim 2000).

Relation of drumming muscles dry weight to length,
sex and maturity stage

Presently collected Norwegian (Nw) spawning indi-
viduals showed significant higher GSI compare to the
French (Fr) spawning individuals, respectively for
females and for males. The low GSI values for the Fr
samples indicate that the sampling in the Bay of
Biscay was done at the end of the reproductive
season. However, sexual differences in DM were
observed also for spawning Fr individuals. Male hake,
as described for cod, may present sexually dimorphic
DM during and sometime after the termination of
spawning (Nordeide et al. 2008). Non-spawning
individuals could not be captured in French waters
as the two cruises (sampling programmes) were
restrained to the supposed reproductive period. For-
tunately, in Nw waters both fish from mid-September
until late November including spawning and non
spawning individuals could be collected.

The drumming muscles of the male hake swim-
bladder clearly enlarge as the male becomes sexually
mature. In female hake, on the other hand, there is no
increase in the size of the DM with sexual maturity
and no significant increase with increase in the size of
the fish. Similarly, controlling for the influence of
body size, Rowe and Hutchings (2004) found that
male Atlantic cod have larger DM than females and
that among males, DM increase in mass before
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spawning and decline thereafter. In haddock, which
also belongs to the cod family (Gadidae), the sexually
dimorphic drumming muscles of mature males in-
crease to nearly twice their normal size during the
spawning period (Templeman and Hodder 1958;
Hawkins et al. 1967). Templeman and Hodder
(1958) found no significant difference between the
volumes of the DM of female haddock at different
seasons. This sex-specific developmental pattern may
reflect the important function of the drumming
muscles, and thus of sound production, in the
reproductive behaviour of haddock (Templeman and
Hodder 1958). Both sexes of cod and haddock call
during most of the year, whereas only males seem to
call during the spawning period (Brawn 1961;
Hawkins and Rasmussen 1978; Hawkins and Amorim
2000). Both male and female haddock were observed
in tank to produce short sequences of repeated
‘knocks’ during agonistic encounters. In cod, grunts
are produced during defensive and aggressive beha-
viour by both sexes when examined in aquarium
tanks in the laboratory and in netting enclosures in the
sea (Hawkins and Rasmussen 1978). During the
spawning season, however, male fish produce sounds
which vary in their characteristics as courtship pro-
ceeds (Hawkins and Amorim 2000). Sexual dimor-
phism and seasonal variation in sound-producing
musculature have been documented for several other
fishes, including weakfish (Connaughton and Taylor
1994), plainfin midshipman (Porichthys notatus)
(Brantley and Bass 1994; Bass 1997) and Opsanus
tau (Gray and Winn 1961). In some members of the
family Sciaenidac only the males possess specially
developed DM, e.g. the gray squeteague Cynoscion
regalis (Fish 1954). For others, both sexes produce
sound, as for the sea horse, Hippocampus brevirostris,
in which both males and females make sounds most
intense and most frequent during the breeding period
(Dufossé 1874).

We suggest that mature male hake use their
drumming muscles more often than either mature
females or immatures of either sex, because these
muscles in mature males are more highly vascularised
(darker red) than those of mature females (light pink).
As well, drumming muscle mass in males and females
is similar prior to spawning, but during the spawning
season it increases significantly in males. According
to Lucio et al. (2000), first maturity is reached in
Merluccius merluccius around 42 cm (both sexes
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combined). We could therefore expect that hake males
and females do not have significant different DM
until their first maturity.

Conclusion

This study showed for the first time the presence of
drumming muscles in hake. During the spawning
season only drumming muscles from male individuals
are hypertrophied. Based on comparisons established
with other gadoids we can thus suppose that sound
production by adult males is more frequent during the
spawning season than during the rest of the year. It is
suggested that differences in size of the drumming
muscles of male and female hake reflect changes in
sound production with sex, sexual maturity, and season.
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