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Introduction

Chub mackerel (Scomber japonicas) is one of the com-
mercial target species, widely distributed in the Atlantic, 
Indian, and North Pacific Ocean [1, 2]. In Japanese coastal 
waters, chub mackerel stock has been decreasing from 1980 
and still remains at the low level. Therefore, restriction has 
been imposed on commercial catch by the total allowable 
catch system (TAC) since 1997 to prevent both overfishing 
and stock decrement. Recently, several researches to estab-
lish the artificial reproduction of chub mackerel have been 
conducted, and already succeeded in full-cycle culture in 
land-based tanks without hormone injection [3, 4]. Further 
studies related to egg collection method and mass seeding 
production have also been continued [4–6].

Although much effort has been undertaken to establish 
sustainable aquaculture for chub mackerel in recent years in 
thinking about its great consumer demands and future per-
spectives, the unavailability of a suitable formulated feed 
is a serious bottleneck. For chub mackerel husbandry, the 
formulated feed for other fish has been used. Since there 
is species-specific requirement of nutrients and energy, 
advance knowledge of the characteristics of energy utili-
zation by chub mackerel would help to establish a suitable 
formulated feed to facilitate the sustainable aquaculture.

Bioenergetics approaches such as energy partitioning 
is helpful to establish a cost-effective artificial formulated 
feed based on the energy or nutrients utilization of fish spe-
cies. By this approach, it has been revealed that red sea 
bream (Pagrus major) and tiger puffer (Takifugu rubripes) 
consume more protein for their maintenance than lipids [7]. 
Conversely, Pacific bluefin tuna (PBT) (Thunnus orientalis) 
and yellowtail (Seriola quinqueradiata) mainly consume 
lipid for maintenance to retain protein for their growth [8, 
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9]. Moreover, Ohnishi et al. [9] showed that juveniles PBT 
adjust their swimming speed and maintenance energy with 
feeding due to a ram-ventilator. In the case of chub mack-
erel, since there have been only a few studies on the par-
tial assessment of energy partitioning [10], little is known 
about the whole image of energy partitioning, detail change 
of daily energy expenditure, and utilization of each nutri-
ent. Chub mackerel belongs to the same scombridae fam-
ily as PBT. The diet for PBT juveniles has been composed 
of enzyme treated fish meal (EFM) as a protein source. To 
provide an opportunity to compare the energy partitioning 
with PBT, the diet in this study was also composed of EFM 
as a protein source.

In this study, we revealed the time series variation of 
metabolic rate and energy partitioning of juvenile chub 
mackerel through monitoring the changes in oxygen con-
sumption rate (ḾO2) and swimming speed during a 2-week 
feeding trial. This study aimed to determine the character-
istic of ingested energy allocation for different purposes in 
chub mackerel to contribute to the further development of 
sustainable aquaculture.

Materials and methods

Experimental animals, feed and husbandry

Fifty-four artificially produced chub mackerel juveniles 
(12.1 ± 1.1 cm TL, 16.6 ± 5.0 g BW) were obtained from 

the Fisheries Laboratories, Kinki University, Shirahama, 
Wakayama, Japan. Fifty-four juveniles were divided into 
two groups [tank 1 (24 fish) and 2 (30 fish)], and were 
stocked into each of two 2500  L circular experimental 
tanks (2.0 m diameter × 0.8 m depth; E-25B, Earth Busi-
ness Corporation, Tokyo, Japan). The juveniles were reared 
for 2 weeks. Tank 1 was used to measure both daily meta-
bolic rate and swimming speed fluctuation. Tank 2 was 
used to assay the apparent digestibility coefficient (ADC) 
and growth performance. The remaining six fish in tank 2 
were sampled at the start of the feeding trial to measure 
both mean initial body weight and carcass proximate com-
positions in the feeding trial. The fish were fed an experi-
mental diet (Table  1) with pellets 1.5  mm diameter and 
3.0 mm length containing 0.5 % chromium oxide (Cr2O3) 
as an inert marker [9, 11]. The diet was produced by a labo-
ratory pellet machine (Meat-chopper, Iizuka Industrial Co. 
Ltd., Tokyo, Japan), freeze-dried (Freezone 2.5 plus, Lab-
conco Corporation, Missouri, USA) and stored at −40 °C 
until use. During the feeding trial, the diet was given 3 
times a day at 08:00, 13:00, and 18:00 until apparent satia-
tion. Fluorescent lights (60 W × 2) were situated at 30 cm 
above the water surface at the center of tank to provide 24 h 
lighting in order to measure swimming speed. During the 
experiments, oxygenated seawater was supplied to each 
tank at 1 L min−1, and dissolved oxygen (DO) and water 
temperature were 7.6 ±  0.6  mg L−1 and 27.1 ±  1.0  °C, 
respectively.

Measurement of metabolic rate and swimming speed

Metabolic rate, expressed as energy expenditure dur-
ing an hour, was measured from ḾO2. Before measure-
ment of ḾO2, fish were starved for 24 h. The experimen-
tal tank 1 was filled with filtered seawater and sealed with 
a transparent sheet (2  m diameter, 3  mm thickness). The 
DO was measured every 10  min for a day using an opti-
cal DO meter (Pro-ODO, YSI Nanotech, Japan), and ḾO2 
(mgO2 kg−0.80 h−1) was hourly calculated from the decre-
ment in DO in the experimental tank. The sensor of the 
DO meter was set at 30  cm below the water surface and 
50 cm from edge of the tank. Seawater in the experimental 
tank was partially replaced every 3 h to maintain levels of 
DO above 90  % saturation. However, the water flow was 
stopped during the remaining period. Our observation after 
water exchange confirmed that the DO was almost simi-
lar throughout the tank, suggesting uniform dispersion of 
newly introduced seawater. The measurement was repeated 
5 times under both feeding and fasting conditions.

The swimming behavior of juvenile chub mackerel was 
recorded for 5  min at 25  min intervals using a video cam-
era (HDR-XR350 V, SONY, Tokyo, Japan) set at 3 m above 
the experimental tank. For calculation of swimming speed, 5 

Table 1   Formula and proximate composition of the experimental 
diet

a  Profish S. A, Santiego, Chile
b  Nice feed oil (UEDA-SEIYU CO., Ltd, Japan)
c  Halver 1957

Ingredients Proportion (%)

Enzyme treated fish meala 43.9

Fish meal 30.0

Fish oilb 6.0

α-Starch 7.0

Soybean lecithin 2.0

Vitamin mixturec 6.0

Mineral mixturec 5.0

Magnesium l-ascorbyl 2-phosphate 0.1

Chromic oxide (Cr2O3) 0.5

Proximate composition (% dry matter)

 Crude protein 51.7

 Crude lipid 19.0

 Crude ash 10.3

 Sugar 14.0

 Energy (kJ g−1) 22.0
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sections of each video clip, in which fish showed swimming 
behavior without gliding or burst activity, were selected ran-
domly. Selected sections were then converted into a series of 
still images (2304 × 1296 pixel) in which folk lengths (FL) and 
distances moved (D) within 2 s were measured using Image-J 
image analysis software (NIH, Maryland, USA). Swimming 
speed (FL s−1) was calculated using the following formula:

Measurement of growth performance, ADC and energy 
partitioning

The growth performance was determined by measuring six 
fish at the start and all surviving fish at the end of the rear-
ing trial. Feces were collected every day from the bottom 
of experimental tank 2 by siphoning at 3–4  h after each 
feeding. At 30 min after each feeding, the tank bottom was 
cleaned to remove uneaten feeds immediately after feed-
ing. Collected feces were stored in a freezer at −40 °C, and 
used for calculation of ADC. The energy budget for dif-
ferent purposes was calculated by using all data of ḾO2, 
ADCs, growth performance, ingested energy, and nutrients.

Calculation of growth parameters and energy budget

Proximate compositions of diet, carcass, and feces were 
analyzed by the method of the AOAC (1984) [12], and the 
gross energy was assayed by an automated oxygen bomb 
calorimeter (IKA-Werke, Staufen, Germany). The sugar 
content of the experimental diet was assayed by the phe-
nol–sulfuric acid method [13]. ADCs were assayed by the 
method of Fukuhara and Tsukahara [14].

The growth parameters, retention efficiency of protein 
(PRE), lipid (LRE) and energy (ERE), and ADCs were cal-
culated by following formulas:

FL s−1 = (D/2)/FL.

Specific growth rate (SGR,%/day) = 100× {ln final weight (g)− ln initial weight (g)}/rearing period (day)

Daily feeding rate (DFR, %) = 100× total feed in take/{(average of final and initial no of fish

× average of final and initial mean weight)× rearing period (day)}

Feed conversion efficiency (FCE, %) = 100× total weight gain (g)/total feed in take (g)

Condition factor = 100× weight/(length)3

Survival rate (%) = 100× (number of fish which survived/initial number of fish)

PRE (%) = 100× protein retained/protein fed

LRE (%) = 100× lipid retained/lipid fed

ERE (%) = 100× energy retained/energy fed

ADC of nutrients or energy (%) = 100×
[

1−
{(

dietary Cr2O3/fecal Cr2O3

)

× (fecal nutrients or energy/dietary nutrients or energy)}
]

.

From the reviews of NRC (15), energy budget for gross 
energy in feed (GE), fecal energy (FE), digestible energy 
(DE), urinary and branchial energy (UE + ZE), metaboliz-
able energy (ME), energy of heat increment. and voluntary 
activity (HiE +  HjE), net energy (NE), standard metabo-
lism (SME), and retained energy (RE) were calculated by 
following formulas [14]:

where ∆ḾO2 fast indicates the daily ḾO2 (mgO2  
kg−1  24  h−1) under fasting conditions. Utilized energy 
was estimated from ḾO2 with the conversion rate of 1 mg 
of consumed oxygen equal to 14.32  J of energy [16]. 
UE +  ZE as nitrogen compounds excreted from gill and 
urine were tentatively considered as ammonia, multiplied 
by 24.9 kJ g−1 NH3 [17].

GE
(

kJ kg BW−1day−1
)

= feed in take× dietary energy

FE
(

kJ kg BW−1day−1
)

= GE× (1− digestibility)

DE
(

kJ kg BW−1day−1
)

= GE− FE

UE+ ZE
(

kJ kg BW−1day−1
)

= {nitrogen (N) in take− (N retained+ N in feces)} × 24.9

ME
(

kJ kg BW−1day−1
)

= DE− (UE+ ZE)

NE
(

kJ kg BW−1day−1
)

= SME+ RE

HiE+ HjE
(

kJ kg BW−1day−1
)

= ME− NE

SME
(

kJ kg BW−1day−1
)

= �ḾO2 fast

RE
(

kJ kg BW−1day−1
)

= retained nutrients × heat combustion of nutrients

,
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Statistical analysis

Correlation regression analysis was used to determine the 
relationship between post-feeding swimming speed and 
ḾO2. The ḾO2 and swimming speed of each time were 
compared between feeding and fasting conditions. Normal-
ity of the data were examined using the Kolmogorov-Smi-
mov test. A non-parametric Mann–Whitney U test was used 
for both comparisons due to non-normality of the data. 
All statistical analyses were performed on EZR (Saitama 
Medical Center, Jichi Medical University), a graphical user 
interface for R (The R Foundation for Statistical Comput-
ing) [18]. The P value less than 0.05 was considered statis-
tically significant.

Results

Metabolic rate and swimming speed

The feeding rate for each time measuring metabolic rate, 
and daily metabolic rate fluctuation in fed and unfed fish 
are shown in Figs. 1 and 2, respectively. In a fasting condi-
tion, there was no remarkable fluctuation in ḾO2 for all day 
with mean value 445 ± 44 mgO2 kg−0.80 h−1. There were 
little differences in feeding rate for each time. However, the 
fluctuation of post-feeding ḾO2 was varied among feeding 
times. Increment of ḾO2 after the first feeding was smaller 
than that of the others. The maximum values after the sec-
ond and the third feeding were 829 ± 138 and 865 ± 61 
mgO2  kg−0.80  h−1, respectively (1.9 ±  0.3 and 1.9 ±  0.1 
times of fasting level, respectively). After reaching a peak, 
the post-feeding ḾO2 decreased gradually until a similar 
level to that of the pre-feeding level condition within 4, 4, 
and 9 h from the first, second, and the third feeding, respec-
tively. However, post-feeding ḾO2 remained at higher val-
ues compared to a fasting condition for all day.

Change in post-feeding swimming speed similarly 
fluctuated as that of ḾO2 (Fig.  3). However, the swim-
ming speed declined for 8 h after the third feeding of the 

peak value, and the values returned to pre-feeding levels 
at 04:00. Swimming speed under a fasting condition also 
continued to decline from sunset (18:50) to sunrise (05:00). 
After 04:00, swimming speed increased in both groups of 
fish. Additionally, a significant positive exponential rela-
tionship between both ḾO2 and swimming speed was 
detected (Fig. 4).

Growth performance, ADC, apparent nutrient 
retention, and energy partitioning

Growth performance, and proximate composition of car-
cass, ADC, and retention efficiency are shown in Tables 2 
and 3, respectively. The final body weight increased 1.5 
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Fig. 1   Feeding rate variation at different times in a day for measur-
ing the metabolic rate (n = 5, mean ± SEM)

Fig. 2   Changes of oxygen consumption rate. Filled diamond post-
feeding oxygen consumption rate (n  =  5, mean  ±  SEM); dashed 
line oxygen consumption rate under fasting condition (n  =  5, 
mean ± SEM); arrowed lines feeding time. Asterisk indicates the sig-
nificant difference between feeding and fasting condition

Fig. 3   Changes of swimming speed. Filled diamond post-feeding 
swimming speed (n  =  5, mean  ±  SEM); dashed line swimming 
speed under fasting condition (n = 5, mean ± SEM); arrowed lines 
feeding time. Asterisk indicates the significant difference between 
feeding and fasting condition
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times the initial value in 2 weeks. Moreover, no fish died 
during the experimental period. ADCs of protein, lipid, 
and energy were over 90 %. However, PRE was as low as 
12.3 %, while LRE and ERE showed comparatively higher 
values compared with PRE.

Energy budget and energy partitioning rate of juvenile 
chub mackerel are shown in Table  4 and Fig.  5, respec-
tively. GE of the juveniles was 1474 kJ kg−1 day−1. Since 
the juveniles lost only 16.1 % of GE as FE and UE + ZE, 
they could use over 80  % of GE for metabolic activity. 
Energy partitioning rate for HiE  +  HjE and SME were 
approximately 35.9 and 23.5 %, respectively. On the other 
hand, the juveniles could use one quarter of GE for their 
RE.

Discussion

Daily fluctuation of metabolic rate and swimming speed

ḾO2 of fish was elevated after feeding due to digestive 
activity [19]. Since scombrid fish can breathe using ram-
ventilation, they need to elevate their swimming speed 
with increasing oxygen demand [20–22]. In this study, the 
post-feeding ḾO2 and swimming speed were increased 

and showed a positive exponential relationship between 
them. However, the magnitude of both parameters was 
increased remarkably after the second and the third feed-
ing compared to that of the first feeding. It was due to the 
increasing load of feed in the digestive organ from the first 
feeding onward.
ḾO2 under feeding conditions maintained higher val-

ues than that of the fasting group until next morning. These 
results might be related to the difference in swimming 
activity, which was higher until 04:00 under feeding condi-
tions compared to that of fasting conditions. Several stud-
ies revealed that the increase in oxygen demand was cov-
ered by an increasie in swimming activity for some fishes 
including chub mackerel [23, 24].

Although the swimming speed of chub mackerel 
decreased gradually during the night time irrespective of 
feeding condition, the ḾO2 was stable at night time. It is 
assumed that juvenile chub mackerel shifted respiratory 
strategy from ram-ventilation to branchial ventilation asso-
ciated with a decrement of swimming activity at night time. 
This is in order to maintain oxygen supply to the gills by 
the branchial pump system to compensate the decrement of 
ventilation volume associated with decreasing swimming 
speed. The same trend has considered for Atlantic mack-
erel (Scomber scombrus) blue runner (Caranx crysos), 
striped mullet (Mugil cephalus), and sharksucker (Echeneis 
Naucrates) [25, 26]. Since a fluorescent light had been 
turned on all day in this experiment to observe swimming 
behavior, the fish might had been more active than that of 
a condition with complete darkness [27]. However, since 
ḾO2 was stable for all day in spite of fluctuating swim-
ming speed, it is thought that the lightning conditions did 
not have an influence on the energy metabolism of juvenile 
chub mackerel.

Fig. 4   Relationship between post-feeding oxygen consumption rate 
and swimming speed. R2 = 0.6278, P < 0.001

Table 2   Growth performances of juvenile chub mackerel

Values are mean + SD (initial, n = 6; final, n = 24), or mean

Initial Final

Folk length (cm) 11.4 ± 1.2 12.7 ± 1.3

Body weight (g) 16.6 ± 5.0 25.5 ± 7.8

Specific growth rate (% day−1) – 3.1

Daily feeding rate (%) – 6.7

Feed efficiency (%) – 45.5

Condition factor – 2.2

Survival (%) – 100.0

Table 3   Proximate composition of carcass, apparent digestibility 
coefficient, and retention efficiency of juvenile chub mackerel

Initial Final

Moisture 71.3 69.2

Crude protein 16.2 16.3

Crude lipid 8.3 10.5

Ash 3.5 3.5

Gross energy (kJ g−1) 6.5 8.3

Digestibility (%)

 Protein 92.8

 Lipid 92.6

 Energy 92.6

Retention efficiency (%)

 Protein 12.3

 Lipid 29.8

 Energy 24.5
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Growth performance, digestibility, and energy 
partitioning

Although juvenile chub mackerel ingested 2–3 times more 
energy in this study than juvenile red sea bream and juve-
nile yellowtail, the energy excretion through FE was only 
about half compared to the above juveniles [8, 28]. The 
FE of as low as 7.4 % of GE is due to the higher digest-
ibility of experimental diet, which was composed of easily 
digestible EFM. However, the excreted energy through FE 
is also half when compared to PBT juvenile fed with the 
same feed [9]. Therefore, it is suggested that EFM in feed 
for juvenile chub mackerel may not be necessary, because 
this species has higher digestive and absorptive capacity 
than juvenile PBT.

The energy partitioning rate for UE +  ZE of juvenile 
chub mackerel was about 1.5 times greater than that of PBT 
[9]. Although the ADC of protein in juvenile chub mackerel 

showed over 90 %, the PRE was only about 10 %, which 
indicates that the consumed protein was mostly used as an 
energy source. Since the production of metabolic waste 
from protein is ammonia, the energy partitioning rate for 
UE + ZE increased with increasing protein expenditure as 
energy. The same trend has been observed for juvenile red 
sea bream and juvenile tiger puffer [7].

Energy partitioning rate for HiE + HjE was about double 
compared to that of juvenile PBT, which is the same as for 
scombridae fish [9]. The duration before post-feeding ḾO2 
increment with HiE +  HjE returned to pre-feeding levels 
for juvenile chub mackerel (4–9  h) was two-fold longer 
than that of juvenile PBT (2–4 h), suggesting that the dif-
ference in pace of the metabolic cycle caused the difference 
of the energy partitioning rate. Moreover, ADC of juve-
nile chub mackerel showed 10  % higher values than that 
of juvenile PBT, which indicates that the difference was 
also caused by the difference of energy partitioning rate for 
HiE + HjE.

The energy partitioning rate for SME of ME in juvenile 
chub mackerel was 3–8 % higher than that of juvenile red 
sea bream and juvenile yellowtail [8, 28]. However, the 
value was about half compared to that of juvenile PBT, 
which is a closely related species [9]. This is attributed to 
the difference in respiratory activity between the species. 
Although PBT need to swim continuously to intake oxygen 
because of the obligatory ram-ventilator [22], chub mack-
erel can shift respiratory strategy from ram-ventilation to 
branchial ventilation to fit the situation as mentioned ear-
lier. This respiratory strategy is one of the reasons of less 
than half metabolic rate per unit time in juvenile chub 
mackerel compared to that of juvenile PBT [9] under the 
same measuring conditions.

The energy partitioning rate for RE in juvenile chub 
mackerel was about 10  % lower than that of juvenile red 
sea bream and juvenile yellowtail [8, 28]. This is due to the 
lower retention efficiency of nutrients and energy [8, 28]. 
RE are met after being used in metabolic activity as excess 
energy [29]. Since juvenile chub mackerel need to consume 
more energy for their maintenance, they catabolize more 

Table 4   Energy budget (kJ kg 
BW−1 day−1) of juvenile chub 
mackerel

Energy budget components Energy budget (kJ kg BW−1 day−1)

Gross energy in feed (GE) 1474

Fecal energy (FE) 109

Digestible energy (DE) 1365

Urinary and branchial energy (UE + ZE) 128

Metabolizable energy (ME) 1237

Energy of heat increment and voluntary activity (HiE + HjE) 529

Net energy (NE) 708

Standard metabolism (SME) 347

Retained energy (RE) 361

Energy of heat increment and
voluntary activity (HiE + HjE)

35.9 (42.8)

Standard metabolism (SME)
23.5 (28.0)

Retained energy (RE)
24.5 (29.2)

Gross energy (GE)
100

Fecal energy (FE)
7.4

Digestible energy (DE)
92.6

Urinary and branchial energy
(UE + ZE)

8.7
Metabolizable energy (ME)

83.9 (100)

Net energy (NE)
83.9 (57.2)

Fig. 5   Energy partitioning rate (%) of juvenile chub mackerel. Value 
in parenthesis was calculated from ME as 100
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nutrients compared with the above juveniles. The same 
characteristic of low retention efficiency and high energy 
expenditure for maintenance was revealed in juvenile PBT 
[9]. However, since GE of juvenile chub mackerel showed 
a 2–3 fold value greater than that of the above juveniles, 
they can consume more energy for RE and grow up fast 
compared to the above juveniles [8, 28].

In conclusion, the present study revealed that juvenile 
chub mackerel increase their swimming speed after feed-
ing to meet the demand of increasing ḾO2. It is suggested 
that this species may change the respiratory strategy from 
ram-ventilation to branchial ventilation at night time. Since 
this species at this early growth stage uses much energy for 
maintenance, the retained energy is lower than that of juve-
nile red sea bream, juvenile yellowtail, and juvenile tiger 
puffer. Moreover, the lower retention of protein in spite of 
higher digestibility indicates that protein is being preferred 
as the energy source. This information will help to design a 
proper feed formula for juvenile chub mackerel to contrib-
ute towards the establishment of sustainable aquaculture. 
In the future, further studies are necessary to determine the 
influence of diet formula, feeding level, and growth stage 
on energy partitioning in chub mackerel.
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