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Abstract Two groups of juvenile gilthead sea bream
were kept on two diVerent swimming regimes (Exercise, E:
1.5 body length s¡1 or Control, C: voluntary activity) for
1 month. All Wsh were Wrst adapted to an experimental diet
low in protein and rich in digestible carbohydrates (37.2%
protein, 40.4% carbohydrates, 12.5% lipid). The cellularity
and capillarisation of white muscle from two selected areas
(cranial (Cr), below the dorsal Wn, and caudal (Ca), behind
the anal Wn) were compared. The body weight and speciWc
growth rate (SGR) of group E rose signiWcantly without an
increment in feed intake, pointing to higher nutrient-use
eYciency. The white muscle Wbre cross-sectional area and
the perimeter of cranial samples increased after sustained
activity, evidencing that sustained exercise enhances hyper-
trophic muscle development. However, we cannot conclude
or rule out the possibility of Wbre recruitment because the
experimental period was too short. In the control group,
capillarisation, which is extremely low in gilthead sea
bream white muscle, showed a signiWcantly higher number
of Wbres with no surrounding capillaries (F0) in the cranial
area than in the caudal area, unlike the exercise group.

Sustained swimming improved muscle machinery even in
tissue normally associated with short bouts of very rapid
anaerobic activity. So, through its eVect on the use of tissue
reserves and nutrients, exercise contributes to improve-
ments in Wsh growth what can contribute to reducing nitro-
gen losses.
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Introduction

The locomotor strategies of animals play an important role
in their response to life challenges, conditioning their nour-
ishment, predator–prey interactions and reproduction, and
determining migration capacity. Farmed Wsh lead a more
sedentary life than their counterparts in the wild. Mechani-
cal loads are involved in the development and maintenance
of vertebrate tissue (Buchanan and Marsh 2002; Davison
1997). Comparative studies of farmed and wild Wsh reveal
useful data about Wsh domestication processes and provide
an insight into Wsh nutrition, physiology and production.
Several studies have shown that wild Wsh have superior
swimming performances than farmed Wsh. This is the case
for brook trout (Vincent 1960), coho salmon (Brauner et al.
1994), Atlantic salmon (McDonald et al. 1998) and gilthead
sea bream (Basaran et al. 2007). Consequently, wild Wsh
show superior aerobic and anaerobic capacities. Moreover,
Wsh-rearing conditions also aVect Wsh quality, with cultured
Wsh presenting a higher fat content than their wild counter-
parts (Vincent 1960; Thorstad et al. 1997; Grigorakis et al.
2002).

Two basic responses to exercise training can be
described in humans and in some other mammals. Activities
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such as running, swimming and cycling increase the aero-
bic capacity of muscle, which improves endurance
(Holloszy and Booth 1976; Hoppeler et al. 1985), whereas
isometric exercise (for example, weightlifting) results in
Wbre hypertrophy and an increase in muscle strength
(Goldspink et al. 1976; Hoppeler 1986). Fewer studies have
been carried out on exercise in lower tetrapods, such as
amphibians and reptiles, due to the diYculties involved in
forcing them to exercise at repeatable work rates and the
highly anaerobic nature of any exercise (Bennett 1978). But
by their nature, Wsh can easily be exercised by forcing them
to swim against the stream. Swimming speeds of two body
lengths per second (b.l.s¡1) or less are acceptable for train-
ing Wsh without any notable consequences for Wsh welfare
or stress (Sänger and Stoiber 2001). Fish oVer several
advantages over mammalian models in exercise training
studies. Many species of Wsh control buoyancy via their
swim bladder, which limits the eVects of gravitational
forces compared with terrestrial animals. The locomotory
musculature of Wsh is relatively simple: it is located around
the axial skeleton, distributed in discrete myotomes, and the
slow and fast muscle Wbres are spatially segregated. More-
over, in contrast to mammals in which the recruitment of
new skeletal muscle Wbres ends soon after birth (Goldspink
1972), limiting muscle development and growth to hyper-
trophy, Wsh have the capacity to recruit new skeletal muscle
Wbres not only throughout larval life but also throughout
juvenile and adult stages (Weatherley et al. 1988; Rowler-
son and Veggetti 2001).

Fish myotomal muscles are arranged to provide the
power for diVerent swimming styles. Red muscle, com-
posed of slow oxidative Wbres, produces the force required
for slower, routine and sustainable movements, including
migration over long distances. White muscle is composed
of fast glycolytic Wbres, which are recruited to produce the
force required for rapid movements, such as sprint swim-
ming and escape responses (Gibb and Dickson 2002). In
many Wsh species, an intermediate pink muscle is usually
present between the two types of muscle. The white muscle
usually represents 35%-50% of body weight, although in
male salmon and tuna it can be nearly 70%, whereas red
Wbres comprise approximately 0.5–13% of body mass
(Goolish 1989; reviewed by Dickson 1996). The pattern of
Wbre number and Wbre size distribution and the pattern of
capillaries surrounding each Wbre in a particular muscle
section are commonly referred to as muscle cellularity and
capillarisation, respectively (Johnston 1999; Stoiber et al.
2002). Moreover, muscle cellularity is also the main deter-
minant of both muscle growth and Xesh quality (Johnston
1999).

Exercise is a powerful factor in improving growth rate
and food conversion eYciency in many species (reviewed
in Davison 1997). Increases in cell diameter and Wbre

numbers in aerobic muscle seem to be general features in
teleost Wsh when exercise is moderate—swimming speeds
below 1.5 b.l.s¡1—but the eVects on white muscle are con-
troversial. Some studies have reported that swimming has
no eVect on white muscle cellularity (Davie et al. 1986;
Sänger 1992), but others show increases in white muscle
Wbre diameter (Hinterleitner et al. 1992; Davison 1994). It
has also been demonstrated that the aerobic capacity of the
swimming muscles increases due to exercise (Farrell et al.
1991), which is also linked to the changes in the contractile
machinery. The reported data regarding the eVects of train-
ing upon capillarisation are also controversial; no changes
were observed in salmonids (Johnston and Moon 1980;
Davison 1983), whereas studies on cyprinids (Sänger 1992)
and rainbow trout (Davie et al. 1986) reported that training
led to higher capillarisation, mainly in red muscle.

Here we examine the eVect of mechanical load on
gilthead sea bream white muscle by submitting Wsh to a
1-month training period. During this period Wsh were fed
on an experimental diet (40.4% CHO, 37.2% protein,
12.5% lipid). Two zones of the Wsh body (cranial and cau-
dal) were selected to evaluate the eVects of exercise on the
reared Wsh. Since these variables are of crucial importance
in commercial terms and are usually used as growth mark-
ers, our study focuses on white muscle cellularity and
capillarisation.

Materials and methods

Fish rearing

Juvenile sea bream (Sparus aurata L.) were purchased from
a commercial supplier (Cripesa, Tarragona, Spain) who
reared the Wsh in marine cages. One hundred Wsh were
transferred and maintained indoors in the facilities of the
Faculty of Biology (University of Barcelona, Barcelona,
Spain), in six 200-L seawater tanks equipped with a semi-
closed recirculation system with physical and biological
Wlters, ozone skimmers and continuous aeration at 20°C
and 12L:12D, with a 35% weekly seawater renewal rate.
Fish were Wrst acclimated to a carbohydrate-rich diet (com-
position: 37.15% protein; 12.51% lipid; 40.04% carbohy-
drate; 1.77% Wbre; and 8.52% ash) and fed to satiation for
2 weeks. After this period, Wsh were slightly anaesthetised,
weighed and randomly distributed in trial tanks (initial
body weight and length data are shown in Table 1). Control
groups (C: 12 Wsh per tank, in triplicate) were kept under
normal rearing conditions in 200-L circular tanks with a
water Xow of 350 L/h (vertical water entrance). Exercise
groups (E: 12 Wsh per tank, in triplicate) were kept in 400-L
circular tanks in the same semi-closed circuit. To obtain
sustained activity, the Wsh were prevented from entering the
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central area of lower velocity by a cylindrical tube. This
results in a living area corresponding to an eVective space
of 200 L with the same Wsh density as in the control tanks.
Water Xow was 700 L/h with a circular and uniformly dis-
tributed Xow induced by a perpendicular water entrance
and one additional submerged water pump (at the bottom of
the tank and isolated from the Wsh living area). This design
resulted in a swimming velocity of 1.5 body lengths per
second measured at three diVerent tank depths (at the sur-
face, mid-tank and near the bottom). During the experimen-
tal period all groups were fed until apparent satiety twice a
day (9:30 a.m. and 5:30 p.m.) and intake was recorded
daily.

Sampling and histochemical procedures

After 4 weeks, 10 Wsh randomly sampled from both C and
E groups were sacriWced by severing their spinal cord and
the Wnal body weight and body indices (hepatosomatic,
muscle-somatic and perivisceral fat content) were recorded.
For muscle composition, epaxial white muscle samples
were obtained and immediately frozen in liquid nitrogen
and then kept at –80°C until the main components were
analysed. Muscle composition in water, glycogen, lipid,

protein and DNA were analysed as explained elsewhere
(Ibarz et al. 2007a, b).

White muscles samples for histochemical examination
were dissected from the cranial (Cr) and caudal (Ca)
regions. Small strips of white muscle with an approximate
length of 1 cm, a width of 1 cm and a thickness of 0.5 cm
were obtained from each region. Each sample was immedi-
ately soaked in 3-methyl-butane pre-cooled to ¡160°C and
stored in liquid nitrogen until subsequent sectioning (Dubo-
witz 1985). Serial transverse sections from each sample
were cut at a thickness of 16–20 �m in a cryostat (Frigocut,
Reichart-Jung, Heidelberg, Germany) at ¡22°C. Sections
were mounted on gelatinised slides and incubated for 5 min
in a buVered Wxative (Viscor et al. 1992) in order to prevent
shrinkage or wrinkling. After rinsing the slides thoroughly,
we used the ATPase method developed by Fouces et al.
(1993) in order to reveal muscle capillaries and a histo-
chemical assay for succinate dehydrogenase to demonstrate
the aerobic or anaerobic characteristics of muscle Wbres
(Nachlas et al. 1957).

Morpho-functional measurements

Images of the stained sections were obtained using a light
microscope (BX40, Olympus, Tokyo, Japan) connected
to a digital camera (KP-C550, Hitachi, Tokyo, Japan). To
ensure accurate calibration of all measurements, an image
of a stage micrometer was obtained each time images of
samples were taken. All the parameters listed below were
empirically determined from 2 £ 105 �m2 windows of tis-
sue from two diVerent zones or muscle Welds in each sam-
ple. After testing for the absence of diVerences between the
two muscle Welds from each sample (see “Statistics”), the
data obtained from both Welds were considered together so
that the sample size was large enough. The following
parameters were counted or calculated: capillary density
(CD), Wbre density (FD), the number of capillaries in con-
tact with each Wbre (NCF), the percentage of Wbres having
no capillaries in contact with them (F0) and the percentage
of Wbres in contact with at least one capillary (F+). Capil-
lary and Wbre counts were calculated to be expressed as
capillaries and Wbres per mm2. The Wbre cross-sectional
area (FCSA) and Wbre perimeter (FPER) were determined
directly using a personal computer connected to a digitiser
tablet and SigmaScan software (Systat Software Inc., San
Jose, CA, USA) from digital images. The total number of
Wbres analysed in each sample muscle ranged from 200 to
300. Two indices expressing the relationship between
NCF and the FCSA: CCA = NCF £ 103/FCSA or FPER:
CCP = NCF £ 102/FPER, were also calculated. These indi-
ces are considered a measure of the number of capillaries
per 1,000 �m2 of muscle FCSA and the number of capillar-
ies per 100 �m of muscle FPER. The maximal diVusion

Table 1 Growth, body indices and muscle composition of gilthead
sea bream submitted to two regimes of swimming activity

SGR speciWc growth rate in % per day = 100 £ [ln (Wnal weight) – ln
(initial weight)]/21 days; CF condition factor = body weight £
100 £ total length¡3; HSI hepatosomatic index = liver weight £ 100 £
body weight¡1; Periv. fat index perivisceral fat index = fat
weight £ 100 £ body weight¡1; MSI musculosomatic index = total
muscle weight £ 100 £ body weight¡1

* SigniWcant diVerence by Student’s t test (p < 0.05)
a Values are mean § standard error of the mean of triplicate tanks
b Values are mean § standard error of the mean of 10 Wsh for each
condition

Control Exercise

Growtha

Initial weight (g) 88.4 § 0.98 90.5 § 1.17

Final weight (g) 98.2 § 2.3 107 § 2.2*

SGR 0.61 § 0.15 0.76 § 0.06*

Body indicesb

CF 1.50 § 0.03 1.41 § 0.06

HSI 2.06 § 0.16 2.09 § 0.15

Periv. fat index 2.15 § 0.13 2.01 § 0.13

MSI 40.9 § 0.78 40.6 § 0.65

Muscle compositionb

% protein 20.5 § 0.18 20.6 § 0.18

% lipid 2.17 § 0.14 1.68 § 0.15*

�g DNA/g 214 § 8 201 § 3*
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distance (MDD) between the capillary and the central
region of the Wbre was also calculated for every capillary of
the region analysed. A shape factor (SF), circularity, was
measured as a function of the FPER and the FCSA follow-
ing the formula: SF = (4�FCSA)/FPER2. Circularity indi-
cates the degree of adjustment of the Wbre transverse
section to a circular shape (SF = 1 for a perfect circle).

Statistics

Data for growth, body indices and white muscle composition
under each condition, initially analysed by one-way
ANOVA, did not show any diVerences between the three
tanks. The data were then grouped and Student’s t tests were
performed using n = 3 tanks for the growth study, and n = 10
animals per condition for the remaining parameters. To test
for the absence of diVerences between both muscle Welds
from each muscle sample, the non-parametric Wilcoxon
rank-sum test was performed. For the percentage of Wbre
types, the arcsine transformation was applied as a previous
step. The normality of the data was tested by the Kolmogo-
rov–Smirnov test (with Lilliefors’ correction) and the com-
parisons between the control and exercise groups were
analysed by the Student’s t tests. Data for all the parameters
are expressed as sample means § standard error of the mean.

For FCSA histograms a dynamic Wtting by nonlinear
regression was performed for each section (caudal and cra-
nial). The approximation was done by a log-normal (four
parameters) equation with a dynamic Wt option of 200 for
both total number of Wts and maximum number of itera-
tions. Log-normal equations have been reported with
R value and coeYcients and standard errors for each param-
eter (a, b, x0 and y0). Individual data were linearised by an
ln (x + 1) transformation, thus avoiding negative values and
possible ln (0). With this linearisation, a linear regression
was obtained to test for the diVerence in regression slope.
All statistical analyses were performed using SigmaStat 4.0
(in SigmaPlot 11.0 Software, Systat Software Inc., San
Jose, CA, USA) with signiWcance at p < 0.05.

Results

Table 1 shows the body weight and organ indices, growth
rate and muscle composition of gilthead sea bream submit-
ted to two swimming-activity regimes. Noticeably, the Wsh
that maintained a swimming speed of 1.5 b.l.s¡1 for
1 month presented a signiWcantly higher body weight with-
out any diVerences in food intake (C: 2.8 § 0.1 vs. E:
2.6 § 0.1 g of feed per 100 g body weight). Other body
indices, such as the condition factor (CF), hepatosomatic
index (HSI), body percentage of perivisceral fat and
muscle-somatic index (MSI), did not alter signiWcantly

(Table 1). Epaxial white muscle samples of the exercising
Wsh reduced lipid content by 30% compared to the control
group values, but protein percentage did not change. There-
fore, the increment in total body weight with similar mus-
cle-somatic index and protein percentage implies increased
muscle mass with a net gain of total protein content in
white muscle. A slight decrement in the DNA content (7%)
was observed in Wsh under sustained activity, but there was
no diVerence in the DNA content of total white muscle
mass (calculated by multiplying body weight per MSI per
DNA levels) between the C and E groups (total muscle
DNA ranged from 8.6 to 8.7 mg).

Muscle cellularity and capillarisation were studied in
two diVerent zones: cranial (Cr) and caudal (Ca). For both
zones and conditions the histochemical assay for succinate
dehydrogenase (SDH) revealed a lack of staining, indicat-
ing the absence of SDH activity and thus the anaerobic
character of those muscle sections. Illustrative images from
muscle section are shown in Fig. 1. Morphometrical Wbre
parameters and Wbre density (cellularity) from both muscle
samples are shown in Table 2, and capillarisation parame-
ters in Table 3. Fish under the sustained swimming regime
presented signiWcant increases in the parameters related to
muscle Wbre size in the cranial zone (Table 2). Likewise,
the Wbre perimeter was 11% higher and the Wbre area was
17% higher than the control ones. These increases took
place without any change in the shape factor of the Wbres.
Fibre cross-sectional area (FCSA) distributions, along with
adjust equations, in both sections of the gilthead sea bream
white muscle are shown in Fig. 2, and linearised regression
parameters of those equations are reported in Table 3. The
slope for the cranial area of control group was higher (in
absolute value) than those of the other groups. The number
of small Wbres (FCSA < 2,500 �m2) was signiWcantly
higher for the cranial area of control group, whereas white
muscle Wbres with FCSA > 9,000 �m2 were lower (Table 3),
indicating that, in the short 1-month period of sustained
activity, white muscle Wbres achieved higher perimeters
and areas.

The measures of capillarisation shown in Table 3 are the
number of capillaries per Wbre and distance (NCF and CD),
two derived indices relating, respectively, the capillaries
that surround a Wbre to its cross-sectional area and perime-
ter (CCA and CCP), and the mean diVusion distances of the
capillaries to the centre of the Wbre (MDD). Moderate but
sustained exercise aVected the capillarisation of the caudal
area by slightly increasing the surrounding capillarity of the
Wbre perimeter (CCP data, p < 0.05, Table 3). However,
white muscle capillarisation was very low in both the cra-
nial and caudal localisations, scarcely reaching a mean of
one capillary per Wbre. Unlike the exercised Wsh, the gilt-
head sea bream in the control group presented a high
proportion of Wbres with no capillaries (F0) in contact with
123
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them, these being signiWcantly (p < 0.05) more abundant in
the cranial zone (38.3 § 3.4% and 27.2 § 2.8%, CrC vs.
CaC, respectively, Fig. 3). Moreover, those Wbres in contact
with capillaries (F+) generally only had contact with one or
two, with a maximum of four capillaries observed on only a
few occasions. This determines high diVusion distances,
which conWrms the mainly anaerobic character of the Wsh
white muscle.

Discussion

The present work is the Wrst attempt to study the muscle
cellularity of gilthead sea bream using sustained activity as

a rearing condition to enhance the growth of Wsh on a rich
carbohydrate diet. During recent years, new extrusion feed
techniques permit improved availability of highly digest-
ible carbohydrates and recent studies of sea bream have
focused on this source to diminish dietary protein levels
and waste nitrogen (Georgopoulos and Conides 1999;
Venou et al. 2003; Fernández et al. 2007). The aim of
replacing dietary protein and lipid by using a carbohydrate
source also aims to increase the quality of meat by reducing
lipid deposition in the sedentary Wsh. In the present study,

Fig. 1 Illustrative images of 
cross-sectional muscle of juve-
nile gilthead sea bream. 
a Cranial section of control Wsh, 
b cranial section of exercised 
Wsh, c caudal section of control 
Wsh, d caudal section of exer-
cised Wsh. All images corre-
spond to one representative 
serial transverse section and cap-
illaries revealed by an ATPase 
detection method (see “Materi-
als and methods” for further 
information). Cp capillaries, 
FCSA Wbre cross-sectional area, 
FPER Wbre perimeter

Table 2 Morphometrical Wbre parameters and Wbre density (cellularity)
in cranial (Cr) and caudal (Ca) muscles of control (C) and exercising
(E) Wsh

Values are mean § standard error of the mean (n = 5 animals)
SigniWcant diVerences (p < 0.05) between groups are indicated following the
code: *CrC versus CrE; +CrC versus CaC
FCSA Wbre cross-sectional area, FD Wbre density, FPER Wbre perimeter,
SF shape factor (circularity)

CrC CrE CaC CaE

FCSA (�m2) 3749 § 216 4399 § 122* 4430 § 107+ 4333 § 152

FPER (�m) 244 § 7.6 270 § 3.1* 273 § 4.5+ 270 § 4.9

SF 0.68 § 0.01 0.66 § 0.01 0.66 § 0.00 0.65 § 0.01

FD (Wbres/mm2) 243 § 18 201 § 5 198 § 9 215 § 17

Table 3 Capillarisation parameters in cranial (Cr) and caudal (Ca)
muscles of control (C) and exercising (E) Wsh

Values are mean § standard error of the mean (n = 5 animals)

SigniWcant diVerences (p < 0.05) between groups are indicated follow-
ing the code: *CrE versus CaE

CD capillary density (capillaries/mm2), NCF number of capillaries in
contact with each Wbre; CCA = NCF £ 103/FCSA, relationship between
NCF and the FCSA; CCP = NCF £ 102/FPER, relationship between
NCF and the FPER; MDD maximal diVusion distance between the
capillary and the centre of the Wbre

CrC CrE CaC CaE

CD 56 § 3.1 56 § 4.9 65 § 7.2 71 § 7.6

NCF 0.73 § 0.08 0.84 § 0.13 0.98 § 0.09 1.03 § 0.06

CCA 0.58 § 0.07 0.50 § 0.04 0.49 § 0.04 0.58 § 0.04

CCP 0.58 § 0.02 0.53 § 0.02 0.56 § 0.03 0.60* § 0.02

MDD (�m) 42 § 1.8 48 § 1.8 46 § 0.9 45 § 1
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Fig. 2 White muscle cross-
sectional area histograms. 
a cranial-control, b cranial-
exercise; c caudal-control, and 
d caudal-exercise. Muscle Wbre 
areas were grouped in 
50 £ 1,000 �m2 groups and the 
data correspond to mean § SEM 
frequency of Wve animals. 
Regression parameters are 
shown and analysed in Table 4. 
See “Materials and methods” 
(“Statistics”) for further 
information Fibre cross-sectional area (x1,000 μm2)

%
 o

f f
ib

re
s

0

2

4

6

8

10

12

14
a

%
 of fibres

0

2

4

6

8

10

12

14

Fibre cross-sectional area (x1,000 μm2)

b

%
 o

f f
ib

re
s

0

2

4

6

8

10

12

14

Fibre cross-sectional area (x1,000 μm2)

c

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16

%
 of fibres

0

2

4

6

8

10

12

14

Fibre cross-sectional area (x1,000 μm2)

d

Table 4 Regression parameters for cranial (Cr) and caudal (Ca) Wbre cross-sectional area (FCSA in �m2) of white muscles of gilthead sea bream
submitted to two swimming regimes (C: voluntary activity, and E: 1.5 b.l.s¡1)

The R values of both Wt regressions (log-normal and linear regression) were signiWcant (p < 0.0001) in all groups. For further explanation see
“Statistics”

DiVerent letters correspond to signiWcant diVerent groups (p < 0.05)
a Log-normal regression (four parameters) adjusts the proWles shown in Fig. 1 to the following equation: F = y0 + a £ exp(¡0.5 £ (ln(x/x0)/b)2)
b Data was linearised by ln(x + 1) transformation and follow the equation: F = y0 + a £ x
c N corresponds to the number of individual data from Wve Wsh for each condition

Parameters CrC CrE CaC CaE

Log-normal regressiona

R 0.87 0.84 0.87 0.79

a 10.91 § 0.84 ¡6.60 § 0.64 10.91 § 0.84 ¡6.25 § 0.44

b 1.14 § 0.13 0.67 § 0.13 1.14 § 0.13 0.53 § 0.09

x0 1.49 § 0.10 16.07 § 2.76 1.49 § 0.10 13.15 § 1.15

y0 ¡1.52 § 0.95 6.71 § 0.33 ¡1.52 § 0.95 6.54 § 0.36

Linear regressionb

R 0.91 0.85 0.80 0.80

y0 2.48 § 0.06 2.37 § 0.07 2.32 § 0.08 2.27 § 0.08

a ¡0.173 § 0.007 a ¡0.151 § 0.008 b ¡0.150 § 0.009 b ¡0.147 § 0.009 b

Nc 149 152 149 154

Percentage of muscle Wbres with

FCSA · 2,500 42.0 § 2.7 a 31.9 § 1.9 b 30.8 § 3.3 b 35 § 4.7 a,b

2,500 < FCSA · 6,000 37.1 § 0.9 40.5 § 1.8 44.0 § 4.5 40.5 § 4.3

6,000 < FCSA · 9,000 15.1 § 1.5 17.5 § 1.5 16.6 § 2.2 15.1 § 1.5

FCSA > 9,000 5.8 § 1.4 a 10.1 § 1.5 b 8.6 § 0.9 b 9.4 § 2.2 b
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the reduction of dietary protein did not limit energy avail-
ability as Wsh were fed to apparent satiety and thus, the
levels of dietary protein proposed (37.2%) should be not
considered as a limiting factor for growth. In studies on
other species, mainly salmonids, diVerences in Wbre size
and number along the length of the body (Stickland 1983;
Mascarello et al. 1995) or in ventral and dorsal regions
(Kiessling et al. 1991) have been reported. Our data show
that untrained gilthead sea bream (with body weight of
approximately 100 g) had cranial Wbres with lower cross-
sectional areas and perimeters than caudal Wbres. However,
Abdel et al. (2005) did not show signiWcant diVerences in
white muscle size distribution when measuring muscle cel-
lularity in the cranial and caudal areas of sea bass (D. lab-
rax) with body weights of over 350 g. Although there are
few published data, this disparity could be related to the
Wsh size and age, which would mean that muscle growth
potential is not the same in early stages of live as in adults.
In fact, Wsh muscle plasticity has been strongly linked to the
existence of seasonal cycles (reviewed by Johnston 1999).

Our results also show that the dynamics of gilthead sea
bream growth are highly sensitive to swimming regimes.
Thus, induced swimming at 1.5 b.l.s¡1 aVected white mus-
cle Wbres at cranial level, with increases in both area and
perimeter values, but it did not modify the caudal Wbres.
Larger Wbre sizes led to increased muscle masses and a
higher total body weight, supporting the theory that normal
sedentary rearing conditions under-exploit the growth
potential of Wsh muscle. Indeed, exercise is a powerful
stimulus in muscle hypertrophy, although the eVects of
muscle recruitment on hyperplasia have not been deter-
mined (Johnston 1999). Little is known about the origin of
new Wbres produced during the post-larval growth phase,
and hyperplasic and hypertrophic growth usually occurs
simultaneously in Wsh (reviewed by Johnston 1999). Never-
theless, in fast-growing Wsh, including cultured species that
reach larger sizes, hyperplasia usually continues for longer

than in small Wsh, in which hyperplasia stops earlier and
hypertrophy is a more eVective growth mechanism (Kies-
sling et al. 1991; Valente et al. 1999; Rowlerson and Vegg-
etti 2001; Aguiar et al. 2005). In the current trial, the
changes observed in the distribution of the muscle Wbre
cross-sectional area were interpreted as markers of changes
in the relative contribution of hyperplasic and hypertrophic
growth processes. Muscle protein percentage and total mus-
cle DNA content remained invariable, which indicates that
hypertrophy is the main muscle-growth mechanism in this
short-term exercise, although hyperplasic eVects cannot be
ruled out, since the test period was short (1 month).

Few studies exist on muscle capillarity in Wsh, but all
show that Wsh white muscle is poorly capillarised compared
with mammal muscles, reXecting the low O2 Xuxes that Wsh
white muscle needs. Only highly aerobic Wsh muscle pre-
sents high capillary-to-Wbre number ratios. In carp, it was
2.2 at 28°C, but increased to 4.8 as the Wbre size increased
with acclimation to 2°C (Johnston 1982a); in tuna red mus-
cle it was below 2, but with a relatively small Wbre size
(Mathieu-Costello et al. 1996), and it was 12.9 in the highly
aerobic muscle of anchovy (Johnston 1982b). Therefore,
the fact that 30–40% of the Wbres in the white muscle of
gilthead sea bream had no surrounding capillaries (F0)
should be not surprising. Apart from escape bouts or prey
capture, the low capillarisation of Wsh white muscle paral-
leled very low tissue metabolic activity rates and slow oxy-
gen and nutrient supplies, these being lower in the cranial
location of untrained Wsh than in exercised. The induced
sustained activity, however, increased the number of capil-
laries in contact with each Wbre (NCF) in the caudal area.
Capillarisation in this zone relates to a higher number of
pink Wbres in the caudal area and, as a consequence, a
greater need for oxygen.

In general, Wsh appetite is stimulated by activity and
exercised Wsh generally consume more food. Nevertheless,
a unit mass of growth is achieved when a lower amount of
food is consumed, and the mass gain is achieved faster
(Davison 1997). Another important aspect of the present
study is that for gilthead sea bream under the conditions
studied, muscle growth, and consequently whole-body
growth, was achieved without signiWcant increases in food
consumption. Moreover, the lipid content of white muscle
diminished in trained Wsh, an important aspect that can con-
tribute to increased muscle quality, thus avoiding the exces-
sive fat deposition of many cultured Wsh species (Cakli
et al. 2007; Grigorakis 2007).

Conclusions

All the present results lead to the conclusion that Wrstly,
moderate sustained activity improves whole-body growth

Fig. 3 White muscle capillary surrounding. Bar chart showing the
percentage of Wbres with no surrounding capillaries (F0) and the
percentage of Wbres contacting at least one capillary (F+). CrC cranial-
control, CrE cranial-exercise, CaC caudal-control, and CaE caudal-
exercise. Data are mean § SEM of Wve animals. SigniWcant diVerences
between groups are indicated on the graph
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through hypertrophic white muscle growth, and secondly,
through its eVects on the use of tissue reserves and nutri-
ents, the exercise would contribute to a reduction in water
contamination by lowering nitrogen waste from dietary
protein. The markedly higher white muscle development
was seen in the cranial region.
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