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Abstract Understanding the energy expenditure of top
predators is important because a collapse in them could
trigger trophic cascades through ecosystems. One such top
predator, Japanese sea bass Lateolabrax japonicus, helps
to balance the structure of the coastal marine ecosystem
through predation. In this study, accelerometry was applied
to the Japanese sea bass to estimate its energy expendi-
ture under natural conditions. We attached accelerometers
to five wild fish and measured metabolic rates such as the
oxygen consumption rate (VOy, mg O, kg~! min~"') using
a swim tunnel. Body beat frequency (BBF) was measured
using the accelerometer. The BBF was correlated with the
tail beat frequency (TBF) by analyzing video recordings.
VOz was related to swimming speed (U), TBF, and BBF.
We estimated the standard (45.9 kJ kg~! day™") and active
(124.0 kJ kg~ ! day™!) metabolic rates when fish were not
swimming and when they were swimming at the optimum
swimming speed, respectively. The energy required to com-
pensate for the above metabolic rates are between 83.3 and
275.6 kJ kg~! day~' using an assimilation efficiency of 0.7
and assuming that the growth rate is zero. These costs were
comparable to consuming one or two prey fish per day
(e.g., Japanese sardine: mean total length 155 & SD 6 mm).
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Introduction

Top-level predators play a significant role in balancing the
whole structure of the aquatic ecosystem by foraging on
lower-level organisms [1]. For example, Frank et al. [2]
reported the collapse of Atlantic cod Gadus morhua and
several other species that are top predators of fish and
microinvertebrates in the continental-shelf ecosystem.
The associated trophic cascade, which was caused by
overexploitation of the benthic fish community, coincided
with increased abundances of small pelagic fishes and
benthic macroinvertebrates (crabs and shrimps) and also
with a decline in the zooplankton in the Eastern Scotian
Shelf ecosystem, Canada. On the other hand, increased
predation by killer whales probably caused a decline in
sea otter numbers which led to an increase in sea urchin
abundance (sea otter prey) and thus the disappearance of
kelp forests (sea urchin food) [3]. A collapse in top preda-
tors can cause a trophic cascade that affects the ecosys-
tem at all levels. Such predator—prey interactions can be
described as energy flows. These fluctuations in the abun-
dance and changes in the amount of energy consumed by
top predators were very important influence through the
coastal and offshore ecosystems [1-3]. Therefore, evalu-
ating the energy requirements of top predators represents
the first step towards understanding the energy flow in an
ecosystem. The amount of energy required by a predatory
fish is described by the following equation [4]:

C=R+E + P,
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where C is the total quantity of prey energy consumed by
a predator, R is the energy consumed by a predator that
is used by it for respiration (total metabolism), E is the
energy content of products excreted by the predator (i.e.,
feces and urine), and P is the metabolic production costs
for the predator (i.e., for growth and reproduction) [4].
Note that R includes both physiological and kinematic
costs. In ectotherms, the physiological cost is affected by
the temperature. The resting metabolic rate and swimming
ability of fish have been found to increase as the water
temperature increases, up to an optimum temperature [5].
The kinematic locomotion cost, which depends on the
activity of the animal, is more variable than the physio-
logical cost. Energetic studies on fishes have traditionally
been conducted using respirometry in a swim tunnel to
measure the dissolved oxygen concentration in the water
[5-9]. It has been found that swimming speed is strongly
positively correlated to oxygen consumption rate [4]. In
addition, tail beat frequency, heart rate, and dynamic body
acceleration (DBA) are strong predictors of the oxygen
consumption rate [4, 10-12]. There have recently been
many studies that have used DBA parameters, especially
overall dynamic body acceleration (ODBA) and the vec-
tor of the DBA (VeDBA), as proxies for activity and to
estimate energy expenditure [13—16].

Activity-related parameters such as the swimming
speed, tail beat frequency, and DBA of free-ranging fish
have been recorded using animal-borne devices, which can
also simultaneously record environmental variables [17,
18]. Therefore, it is possible to estimate the energy expend-
iture of free-ranging fish from time-series information on
activity and environmental variables (especially tempera-
ture) by instrumenting the animals with appropriate data
loggers or acoustic transmitters [11, 16, 19, 20].

Japanese sea bass Lateolabrax japonicus is an abun-
dant top-level predator in estuarine and coastal ecosystems
in Japan [21]. It lives in fresh water, brackish water, and
seawater (it is amphidromous). It is commercially fished
using trawl, round haul, and gill nets, especially in Tokyo
Bay, Japan [22]. It can grow to >1 m in total length and is a
popular catch in sports fishing. It feeds on fish, crustaceans,
and polychaeta. As it matures it becames more piscivorous
[23]. Some previous studies have investigated the feeding
habits [24, 25], distribution [26, 27], and migration [24, 28]
of larval and juvenile Japanese sea bass. Nevertheless, only
a few studies have considered the energetics of adult Japa-
nese sea bass [29, 30].

In the study reported in the present paper, accelerom-
etry was applied to estimate the oxygen consumption rate
of Japanese sea bass using relationships between activ-
ity parameters (swimming speed, tail beat frequency,
body beat frequency, and DBA), and the feasibility of
using these activity parameters to estimate the energy
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expenditure of Japanese sea bass in subsequent field stud-
ies was evaluated. In addition, we attempted to quan-
tify the energetic requirements of sea bass (assuming no
growth) and to estimate the number of prey species that a
sea bass consumes per day.

Materials and methods
Respirometry experiments

Respirometry experiments were conducted in August—
November 2012 and November-December 2014. We cap-
tured Japanese sea bass (n = 5, total length 344-461 mm,
body mass 0.35-0.83 kg) using fishing gear around Banzu
tidal flats (35°26/N, 139°53’E) at Kisarazu City, Chiba,
and the estuaries of the Arakawa and Kyu-Edogawa riv-
ers (35°38'N, 139°52'E), Edogawa-ku, Tokyo, Japan. Fish
were transported in a 500-1 seawater tank to the Atmos-
phere and Ocean Research Institute, University of Tokyo,
at Kashiwa City, Chiba, Japan. There, fish were acclimated
in a circular 1000-1 seawater tank for several weeks. The
circular tank was maintained at 20 °C using a temperature
control system in an air-conditioned room. Fish were fed
on Japanese anchovy Engraulis japonicus 4-5 times per
week. Japanese sea bass were fasted for a total of two days
before respirometry trials.

Before transferring them into the swim tunnel, each fish
was anesthetized with 0.1-0.5 %o 2-phenoxyethanol, and
then its total length and body mass were measured to the
nearest | mm and 10 g, respectively. Two small holes (ca.
2 mm in diameter) were then drilled into the body near the
base of the first dorsal fin, and an accelerometer (ORI400-
D3GT: 45 mm length, 12 mm diameter, 10 g in air, Little
Leonardo Ltd., Tokyo, Japan) was attached in front of the
first dorsal fin using two plastic cables that were passed
through the holes. After it had recovered from the anes-
thesia, each fish was placed in a 127-1 Blazka-type swim
tunnel, as described by Van den Thillart et al. [9]. This
swim tunnel has one propeller at the end of the tunnel
that controls the flow speed of the water (Fig. 1). The dis-
solved oxygen level in each swim tunnel was continuously
measured using an oxygen sensor (InPro6050 series, Met-
tler Toledo Inc., Greifensee, Switzerland) in a 1-1 cylinder
tube (Fig. 1) and then recorded on a computer using Lab-
view software (National Instruments Co., Tokyo, Japan).
The oxygen level varied between 100 and 60 % oxygen
saturation during respirometry trials. The water in the flush
tank was saturated with oxygen and circulated between the
swim tunnel and the tank. In each respirometry trial, water
in the swim tunnel was circulated in closed condition by
closing the valves on the tubes connected to the flush tank
(Fig. 1). Dissolved oxygen gradually decreased due to the
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Fig.1 Schematic diagram of a Blazka-type swim tunnel A and B
PVC stream tube, C accelerometer, D propeller, E electromotor,
F pump, G dissolved oxygen sensor, H 240-1 flush tank, / tempera-
ture control system with pump, J valve, K digital high-vision video
camera with infrared light. Closed and open arrows show the direc-

respiration of the fish, so the oxygen consumption rate
(VO,, mg O, kg~! min~") was calculated via

VO, = 127A0, A 'BM 7!, 1)

where AO,At™! is the average decrease in dissolved oxy-
gen (mg O, 17!) within the respirometry system over time
(min) and BM is the body mass of the fish (kg).

Before V02 measurements were performed, each fish
instrumented with an accelerometer was placed in the swim
tunnel with water flowing at a speed of 0.2 m s~' for an
acclimation period of at least 24 h. During this acclima-
tion period, the fish hovered and swam intermittently, so
we defined this behavior as corresponding to static condi-
tions. After the acclimation period, VOZ measurements
were initiated at a flow speed of 0.1 m s™!. Each run pro-
ceeded for 30-60 min in darkness (to exclude any observer
effects). The flow speed was increased stepwise by 0.1 or
0.2 m s~! in subsequent runs. After each VO, measure-
ment, the valves on the tubes were opened and the water
was recirculated between the swim tunnel and the flush
tank to reoxygenate the water. The fish were then rested for
30-60 min at 0.2 m s~'. All VOQ measurements were con-
ducted until a flow speed of 0.9 m s~! was attained or the
fish was fatigued (i.e., the fish was pressed against the PVC
stream tube at the end of the swim tunnel). During all VO,
measurements, the behavior of the fish was recorded by a
digital HD video camera (HDR-CX700, Sony Co., Tokyo,
Japan) in night mode with an infrared light. In addition, the
tail beat frequency (TBF) was measured for the first 5 min
of each HD video recording of fish behavior. When the fish
was fatigued and could not swim continuously in the swim
tunnel, the measurements taken during that period were

tions of water flow during measurements of the oxygen consumption
rate and during flushing, respectively. At the end of the swim tun-
nel, water flows down through the dissolved oxygen sensor and is
returned to the swim tunnel via a pump

excluded from the analysis. The water temperature was
kept constant at 20.7 £ 0.1 °C by the temperature control
system in the pump and an air conditioner in the experi-
ment room. In the present study we used the relative swim-
ming speed (U: body length per second, BL s™') instead of
the swimming speed (m s~') to account for variations in
fish body size.

Swimming ability of Japanese sea bass

VOz was fitted to U, TBF, and body beat frequency (BBF),
calculated as described below, by exponential regression
[16]:

VO, = exp(a + bX), )

where a and b are constants and X is the variable (i.e., U,
TBF, or BBF). We used generalized linear mixed models
(GLMM) to estimate these parameters. We used the func-
tion glmer, in the Ime4 package of the R (version 3.0.2)
statistical software environment, using fish ID as a ran-
dom effect. We also calculated dynamic body acceleration
parameters (ODBA and VeDBA) using methods employed
in previous studies [13, 15, 16], and then fitted them to VOQ
with

VO, = ¢ + dZ, 3

where ¢ and d are constants and Z is the variable (ODBA
or VeDBA). Finally, we compared models using Akaike’s
information criterion (AIC).

Resting metabolic rate (RMR), which is the metabolic
rate of the stationary fish (i.e., when it was not swimming),
was difficult to measure accurately using our respirometry
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system. Thus, the oxygen consumption rate at a swimming
speed of zero was considered to be the standard metabolic
rate (SMR) [4].

To evaluate the swimming efficiency of Japanese sea
bass, VOz was converted into the cost of transport (COT,
J kg~! km™") using an oxycalorific value of 14.1 J mg O
[4]. Furthermore, the optimum swimming speed (U,,) was
estimated as the swimming speed at which the COT was
minimized (COT,,;,). COT was calculated with the same
parameters (a and b) included in Eq. 2 using the following
equation [4]:

exp(a + bU)
— 0

COT = 4

The metabolic rate when the fish swim at U, was
defined as the active metabolic rate (AMR,). SMR and
AMR,, were also converted into daily metabolic rates
(kJ kg~ ! day™") using the oxycalorific value.

Data logger and analysis

We used a triaxial accelerometer in the V02 measurements.
This accelerometer recorded depth, temperature, and tri-
axial (lateral, longitudinal, and dorsoventral) accelerations.
Depth and temperature data were recorded at a frequency
of 1 Hz and acceleration data were recorded at a frequency
of 20 Hz. The measurement ranges were from 0 to 400 m
for depth, from —20 to 50 °C for temperature, and +4 g
(ca. 39.2 m s~?) for acceleration.

To analyze the swimming data for the fish, we used the
Ethographer [31] for IGOR Pro software, version 6.2.2
(WaveMetrics, Lake Oswego, OR, USA). Ethographer can
generate spectrograms of lateral acceleration for frequency
spectrum analysis with wavelet transformation. We gener-
ated a spectrogram from the raw lateral acceleration (rang-
ing from 0.3 to 10 Hz) based on continuous wavelet trans-
formation, and then grouped the data into 1-s intervals.
Next, the dominant frequency of lateral acceleration was
calculated using the peak tracer function in Ethographer.
Peak tracer can extract the peak of the dominant cycle of
acceleration every 1 s. Then we set the threshold entropy of
peak tracer for each individual at 0.90-0.96 to remove noise
and weak lateral acceleration signals. We assumed that the
reciprocal of the dominant cycle was the dominant fre-
quency (Hz) of lateral movement for the fish (BBF). BBF
corresponds to movement recorded by the attached point
accelerometer, and is not the same as TBF. It is impossible
to measure TBF directly using an accelerometer. Therefore,
we calculated a regression line between BBF and TBF to
estimate the TBF of fish under natural conditions.

ODBA and VeDBA were calculated using methods uti-
lized in previous studies [15, 16]. In order to estimate the
static acceleration component of the raw acceleration along
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each axis, a running mean of 2 s was used. Dynamic accel-
eration was calculated by subtracting the static accelera-
tion from the raw acceleration along each axis. Indices of
dynamic body acceleration were calculated using the fol-
lowing equations:

ODBA = |Ax| + |Ay| + |Az|, (5)

VeDBA = \/sz + Ay? 4+ AZ2, (6)

where Ax, Ay, and Az are the dynamic accelerations along
the lateral, longitudinal, and dorsoventral axes, respec-
tively. The mean ODBA and VeDBA were calculated every
2 s. The time taken to measure each VOz value was used to
extract the mean ODBA and VeDBA values over the cor-
responding time period.

Measuring the calorific value each prey item

Various prey items of Japanese sea bass were reported by
Miyahara et al. [23], and other prey species were collected
around estuarine and coastal areas in Oita prefecture, Japan,
using fishing gear and by fishermen using purse seining. Prey
items were frozen and sent to our laboratory. After thawing
out the prey samples, body length and wet mass were meas-
ured to the nearest 1 mm and 0.1 g, respectively. They were
then dried for 24-48 h using an automatic oven (DX302,
Yamato Scientific Co., Ltd., Tokyo, Japan), and dry mass was
measured to the nearest 0.01 g. Finally, the calorific value of
each was measured (in J per 1 g dry mass) using a bomb calo-
rimeter (C2000 basic, IKA-Werke, Offenburg, Germany).

Results
Swimming ability

A total of 26 measurements from five fish were used for
analysis (Table 1). All fish were alive after the respirom-
etry experiments. Three of the fish were fatigued when the
swimming speed was 2.0 BL s~! (TBF: 2.7-3.0 Hz). The
fish displayed unsteady swimming (alternating swimming
and coasting), with their pectoral fins fluttering, when the
swimming speed was less than 0.5 BL s~! (TBF <1.2 Hz,
Table 2). The fish adopted steady swimming by undulat-
ing their caudal fin continuously when the swimming speed
was between 0.7 and 1.5 BL s~! (1.5-2.4 Hz), except for the
biggest individual, no. 5 (Tables 1, 2). When the fish swam
at speeds >1.5 BL s~! (2.4-2.7 Hz), they adopted burst-and-
glide swimming, except in the case of no. 5 (Table 2).

The relationship between swimming speed (U) and
oxygen consumption rate VO, was fitted using Eq. 2
[VOz =exp(0.815 + 0.686 U), n = 26, Fig. 2a]. Furthermore,
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Table 1 Details of the Japanese sea bass used in the respirometry measurements
ID no. Total length Body mass SMR Uopt COT in Acclimated tem-  Number of
(mm) (kg) (mg (BLs™ d kg*l km™) perature measurements
0, kg™! min~") (°O)
1 344 0.35 2.26 1.7 2514 20.8 3(1)
2 454 0.65 1.54 0.9 2538 20.7 4(1)
3 428 0.53 1.96 1.1 2158 20.7 4(1)
4 382 0.49 2.46 1.8 2722 20.6 9
5 461 0.83 1.86 1.3 2374 20.9 6
Mean 414 0.57 2.26 1.5 2390 20.7
Number in parentheses indicates the number of measurements excluded from the analysis due to fish fatigue
Table 2 Swimming patterns ID no. <05BLs™'  07-10BLs™'  11-15BLs”'  1520BLs”'  2.1-23BL"!
of Japanese sea bass used in (<12 Hz) (1.5-1.9 Hz) (2.0-2.4 Hz) (2.4-2.7 Hz) (2.7-3.0 Hz)
respirometry measurements at
each swimming speed 1 NA S S B B
2 0] S S B B
3 U S S B B
4 U S S B B
5 S NA S S B

Ranges in parentheses indicate the mean tail beat frequencies observed in video recording at each swim-

ming speed

U unsteady swimming with pectoral fin, S steady swimming with caudal fin, B burst-and-glide swimming,

NA not available

the mean TBF determined from the video recordings and
the BBF calculated from lateral acceleration were also fit-
ted to VO, using Eq. 2 [VO, = exp(0.292 + 0.632 TBF),
n = 26, Fig. 2b] and [VO, = exp(0.497 + 0.518 BBF),
n = 26, Fig. 2c]. The mean VeDBA and ODBA calculated
via Eqs. 4 and 5, respectively, were also fitted to VO, using
Eq. 3 (VO, = 1.794 + 115.30 ODBA, n = 26, Fig. 3a;
and VO, = 1.880 + 158.90 VeDBA, n = 26, Fig. 3b). In
addition, we evaluated the feasibility of using these proxies
(U, TBE, BBE, and DBA) to estimate the V02 of Japanese
sea bass. The AIC of the model using U as an explanatory
variable was the lowest of all the models (Table 3). On the
other hand, the model using BBF as an explanatory varia-
ble had the highest AIC value. A significant linear relation-
ship between 7BF and U was fitted with a regression line
(U = 0.884 TBF — 0.667, R* = 0.932, F = 156.444, n = 26,
P < 0.0001, Fig. 4a). There was also a significant linear
relationship between BBF calculated by lateral acceleration
and U (U = 0.706 BBF — 0.330, R*> = 0.848, F = 64.393,
n = 26, P < 0.0001, Fig. 4b). Furthermore, there was also
a significant linear relationship between BBF and TBF
(TBF = 0.815 BBF + 0.346, R> = 0.949, F = 215.170,
n = 26, P < 0.0001, Fig. 4c). On the other hand, there
was an exponential relationship between VeDBA and U
(R? = 0.737, F = 32.231, n = 26, P < 0.001, Fig. 5). The
relationship was described by the following equation [16]:

VeDBA = 0.0057 exp(1.00350). %)

The SMR when the swimming speed was zero was cal-
culated as 2.26 mg O, kg~! min~! using Eq. 2 (Fig. 2a). The
SMR in the models including TBF and BBF as explana-
tory variables was estimated using the activity value when
the swimming speed was zero. SMRygr and SMRggg
were found to be similar to SMR (2.29 and 2.39 mg
0, kg~' min~!, respectively). The calculated values for
COT,p;, and U, were 2390 J kg~' km™" and 1.5 BL s/,
respectively (Fig. 6). VO, at U, was then calculated as
6.11 mg O, kg~' min~! using Eq. 2. Therefore, the daily
metabolic rate (DMR) when fish were not swimming (SMR)
and when the fish swam at U, (AMR,,,) were estimated as

45.9 and 124.0 kJ kg~ ! day ", respectively (Fig. 8b).

Calorific values of prey items and metabolic rate
of Japanese sea bass

Calorific values of seven prey species (6 fishes and 1
prawn)—Japanese anchovy Engraulis japonicus, Japanese
sardine Sardinops melanostictus, Japanese jack mackerel
Trachurus japonicus, spotnape ponyfish Nuchequula nucha-
lis, sweetfish Plecoglossus altivelis altivelis, grey mul-
let Mugil cephalus, and freshwater prawn Macrobrachium
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Fig. 3 Relationship between oxygen consumption rate (VOy)
and a overall dynamic body acceleration (ODBA) or b vectorial
dynamic body acceleration (VeDBA) calculated from the triaxial
acceleration. Solid lines indicate the relationship between VO, and

nipponense—were measured (Fig. 7a). The calorific val-
ues per g dry mass of the various species differed signifi-
cantly (Kruskal-Wallis test, P < 0.05, df = 6). The calorific
value per g dry mass of sweetfish Plecoglossus altivelis
altivelis was highest amongst the prey species tested. How-
ever, the mean dry mass of the prey species ranged from
1.51 £ 0.79 g (grey mullet) to 10.68 £ 1.06 g (Japanese jack
mackerel) (Fig. 7b). In terms of the whole calorific value of
each prey species, Japanese sardine (229.4 £ 19.6 kJ) and
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a ODBA (VO, = 1.794 + 115.30 ODBA, n = 26) or b VeDBA
(VO, = 1.880 + 158.90 VeDBA, n = 26), respectively. Each symbol
on the plot indicates a fish

Japanese jack mackerel (218.9 + 30.2 kJ) were higher than
those of the other species (Fig. 8a).

Discussion
Japanese sea bass adopted three different swimming

styles—unsteady, steady, and burst-and-glide swimming—
by modulating U and TBF (Table 2). It was assumed that
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Table 3 Generalized linear mixed models that use fish activity
parameters (U, TBF, BBF, ODBA, and VeDBA) to describe VO3
(gamma error distribution)

Variable a b Link AIC AAIC
U 0.815 0.686 log 71.52 -
TBF 0.292 0.632 log 72.32 0.80
BBF 0.497 0.518 log 77.90 6.38
ODBA 1.794 115.30 identity 75.19 3.67
VeDBA 1.880 158.90 identity 75.70 4.18

AAIC indicates the difference in AIC value between each model and
the best model. In all models, the ID number of the fish was consid-
ered a random effect

these swimming styles are selected for various situations
(e.g., resting, migration, chasing, and escaping). Although
it is difficult to observe the behavior of fish under natural
conditions, the animal-borne device used in this work can
measure their movements and convert them into time-series
data. Our results showed a linear relationship between
TBF, BBF, and U (Fig. 4). Therefore, we can identify
the swimming styles (unsteady, steady, and burst-and-
glide swimming) using the relationships between swim-
ming style and U, TBF, and BBF under natural conditions
(Fig. 4; Table 2). In addition, the activity parameters of the
fish—U, TBF, and BBF—were correlated with the oxygen

consumption rate (Fig. 2). We evaluated the feasibility of
using these proxies (U, TBF, BBF, ODBA, and VeDBA) to
estimate the VO, of Japanese sea bass under natural condi-
tions in future studies. Upon comparing the AIC values of
the models, the model including U as the explanatory vari-
able was found to have the lowest AIC, while the model
including TBF as the explanatory variable had a similar
AIC value to the U model (Table 3). This suggests that U
and TBF are the best proxies to estimate VO,. On the other
hand, the models that included ODBA and VeDBA as
explanatory variables had higher AICs than the U and TBF
models. The ODBA and VeDBA models had similar AIC
values. This result is similar to those noted in previous stud-
ies [15, 16]. The model including BBF as the explanatory
variable had a higher AIC than the DBA models. Dynamic
body acceleration (DBA) parameters (e.g., VeDBA and
ODBA) are widely accepted as proxies for animal activ-
ity and are used to estimate energy expenditure. However,
the value of DBA is affected by both the frequency and the
amplitude of animal movement. If the experimental con-
ditions (such as the location of the accelerometer on the
body of the fish and the size of the fish) vary, the calculated
value of DBA could vary between individuals that are pre-
senting the same activity level. For example, the results of
the present study were compared with those obtained in a
previous study [16]. In the present study, an accelerometer

1 (b) X

1 X
+
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Fig. 5 Relationship between swimming speed (U) and vecto-
rial dynamic body acceleration (VeDBA). The solid curve indi-
cates the best-fitting regression [VeDBA = 0.0056 exp(1.0014 U),
n = 26, R? = 0.737]. The dotted curve indicates the regression line
(VeDBA = 0.0109 exp(1.3911 U), R? = 0.870) for European sea bass
Dicentrarchus labrax, as reported by Wright et al. [16]. Each symbol
on the plot indicates a fish
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Fig. 6 The relationship between the cost of transport (COT;
J kg7! km™!) and the swimming speed (U). The COT was mini-
mized when the swimming speed was 1.5 BL s™! (COT,;;:
2390 J kg~! km™"). Each symbol on the plot indicates a fish

was deployed on the back of each Japanese sea bass tested
(344461 mm in total length, Table 1), whereas an accel-
erometer was inserted into the body cavity of the Euro-
pean sea bass Dicentrarchus labrax (523 £ 21 mm in total
length) in a previous study. The VeDBA needed to attain
a particular swimming speed differed greatly between the
two experiments (Fig. 5). This point should be considered
when comparing estimated energy expenditures by DBA
obtained in different studies. On the other hand, swimming
speed, TBF, and BBF may be less affected by experimen-
tal conditions. The relationship between TBF and U for
European sea bass (288 4= 4 mm in total length) as reported
by another previous study [32] was consistent with the
relationship observed for Japanese sea bass in the present
study (Fig. 4a). Therefore, we are able to estimate a robust

@ Springer

value for the energy expenditure using parameters such
as U, TBF, and BBF. However, BBF did not completely
correspond to TBF in our experiment (Fig. 4c). The value
of BBF tended to be lower than the value of TBF at slow
swimming speeds (Fig. 5b). This bias was likely caused by
the difficulty involved in detecting oscillations of the body
when the fish swam slowly, especially when the TBF was
less than 1.2 Hz (Table 2). Therefore, we must be careful to
take this into account when we estimate energy expenditure
using BBE.

The VO, when U is zero (SMR) was estimated to be
2.26 mg O, kg~! min~' using Eq. 2 (Fig. 2a). Similar val-
ues were obtained from other activity indices. SMRqygg
and SMRyg: were estimated to be 2.29 and 2.39 mg O,
kg™' min~!, respectively. The SMR was found to be
45.9 kJ kg~! day~! at a water temperature of 20 °C using
the oxycalorific value (14.1 J mg 02’l [4]). The estimated
SMR of Japanese sea bass was close to corresponding
values reported in previous studies. Yasuda et al. [33]
reported that the SMR of red sea bream Pagrus major was
46.7 kJ kg~! day~! at 20 °C. Claireaux et al. [5] reported
that the SMR of juvenile European sea bass Dicentrarchus
labrax was 30.4 + 7.2 and 38.7 + 9.1 kJ kg~! day™! at
18 and 22 °C, respectively. Steinhausen et al. [10] reported
that the SMR of saithe Pollachius virens and whiting
Merlangius merlangus was 24.2 and 24.4 kJ kg~! day™!
at 10 °C, respectively. SMR was found to be affected by
water temperature [4, 5]. Oy, is an alternative index of tem-
perature sensitivity transformed by the Arrhenius equation.
Clarke and Johnston [34] reported that the temperature sen-
sitivity, i.e., the Q,, value, of resting oxygen consumption
in a range of teleost fishes (69 species) was 1.83. There-
fore, the SMR in saithe and whiting was converted to 44.3
and 44.7 kJ kg~! day ™' at 20 °C using the Q,, value. The
SMR estimated in the present study is comparable with
those results.

The optimum swimming speed (U,,) of Japanese sea
bass was estimated to be 1.5 BL s~! (Fig. 6). This value
was in the range of U, values reported for 9 teleost fish
species that swim with lateral undulation of the body and
caudal fin (0.7-2.8 BL s™') by Videler [4]. The COT,;,
of Japanese sea bass (2390 J kg~! km~!) when it swam
at U, was similar to those reported for other fishes with
a similar body shape (subcarangiform) [35]. Videler [4]
reported that the COT,,;, of striped bass Morone saxa-
tilis was 3136 J kg~! km~! at 15 °C when the swimming
speed was 1.7 BL s~!. Beamish [36] reported that the
COT,,;, of largemouth bass Micropterus salmoides was
2058 J kg~ km™! at 15 °C when the swimming speed was
1.9 BL s™'. On the other hand, the COT,;, of European
eel Anguilla anguilla, which has a different body shape
(anguilliform), was 522-705 J kg~' km~! at 18-19 °C
when the swimming speed was 0.74-1.02 BL s~! [37].
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Adult European eels are well known to migrate long dis-
tances to the Sargasso Sea for spawning. The Japanese
sea bass shows a similar swimming ability to other coastal
fish, but its COT;, was higher than that of the long-dis-
tance swimmer (A. anguilla). These results suggest that
Japanese sea bass is adapted to the coastal area, and might
not swim long distances.

Miyahara et al. [23] investigated the stomach contents
of Japanese sea bass and reported its feeding habits in the

umns indicate the DMR and the DER at the standard metabolic rate
(SMR, open) and the active metabolic rate (AMR,,,, closed), respec-
tively. DERI and DER?2 were calculated by combining the estimated
components of the energy budget shown in Table 5

Harima-nada water area in Japan. As Japanese sea bass
mature, they became more piscivorous. The main prey of
adult Japanese sea bass include Japanese sardine Sardinops
melanostictus, Japanese anchovy Engraulis japonicus, and
Japanese jack mackerel Trachurus japonicus [23]. In this
study, Japanese sardine and Japanese jack mackerel pos-
sessed higher calorific values than the daily metabolic rate
(DMR) of Japanese sea bass per day (Fig. 8b). However,
organisms cannot use all of the calories contained in their
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Table 4 Details of prey items

Prey item
of Japanese sea bass

Body length (mm)

Dry mass (g) Whole calorific value (kJ)

Japanese anchovy (3)
Engraulis japonicus
Japanese sardine (5)
Sardinops melanostictus
Japanese jack mackerel (3)
Trachurus japonicus
Spotnape ponyfish (3)
Nuchequula nuchalis
Sweetfish (3)
Plecoglossus altivelis
Grey mullet (3)

Mugil cephalus

Freshwater prawn (3)
Macrobrachium nipponense

125+ 8 2.03 £0.36 413%£7.0
155+6 9.80 + 0.91 229.4+19.6
153 £7 10.68 + 1.06 218.9 +£30.2
106 £ 6 355+1.15 75.8 £26.2
110+ 2 4.49 +£0.32 115.0+9.3
93+ 13 1.51 £0.79 26.0 £16.8
93+9 3.24 £ 1.05 41.9 £ 12.7

Mean =+ S.D. Each number in parentheses in the “Prey item” column is the total number of samples of that

prey species

prey. Assimilation efficiency must be considered when
calculating energy expenditure. Hatanaka and Sekino [30]
reported that daily feeding rates per body mass in wet tis-
sue (when the daily growth rate was zero) corresponded
to 2.45-2.97 % of Japanese sea bass body mass, so the
energy gains from prey fish (Japanese anchovy) could be
83.3-100.9 kJ kg~' day~!. Previously, total metabolism
R was subdivided into three components: Rg, the standard
metabolic rate (SMR); R, the energy required for swim-
ming and activity; and Ry, the energy required for the pro-
cesses of digestion, movement, and excretion of food items
(i.e., the apparent specific dynamic action, SDA) [4, 38,
39]. Therefore, the components of the energy budget when
P growth is zero are described by the following equation:

C =Rs + Rr + R + E. ®)

In addition, it was reported that the ratio of energy intake
C to excretion E is 1.0:0.3, i.e., the assimilation efficiency is
0.7 [39, 40]. Furthermore, when sea bass were resting during
the feeding examination reported by Hatanaka and Sekino
[30], R, was assumed to be nearly zero. Therefore, we can
finally estimate the SDR (Rp) using the equation (Table 4)

C = (R + Rp) + 0.3C. )

R¢(SMR) had already been estimated using respirome-
tory trials in the present study. Hence, the apparent SDA
of Japanese sea bass was estimated to range from 12.1-
24.7 kJ kg~ day~! under SMR conditions (Table 5). The
apparent SDA then was estimated as 15-25 % of the energy
intake. According to Beamish [41], the specific dynamic
action (SDA) of largemouth bass Micropterus salmoides
did not change across a range of swimming speeds from
1.4 to 2.5 BL s~! (until the maximum swimming speed
was achieved). The overall mean apparent SDA 4+ SD was
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Table 5 Components of the energy budget (kJ kg~! day™') of Japa-
nese sea bass assuming a growth rate of zero

Fish condition Rg Ry Ry E C
DER1 at SMR 45.9 0 12.4 25.0 83.3
(53 ©) s) (30) -
DER1 at 459 78.1 338 67.6 225.5
AMR,, (20) (35) 15) (30) =)
DER2 at SMR  45.9 0 24.7 30.3 100.9
(45) ©) (25) (30) -)
DER?2 at 459 78.1 68.9 82.7 275.6
AMR (17 (28) (25) (30) =)

opt

Ry standard metabolic rate, R, energy required for swimming and
activity, R specific dynamic action, E excretory products (feces and
urine), and C the total quantity of prey energy consumed by Japanese
sea bass, respectively. The feeding rate in each daily energy require-
ment (DER) was assumed to be 2.45 % (DER1) and 2.97 % (DER2)
per body mass in the wet tissue, respectively [30]. Numbers in paren-
theses indicate the percentage of each component of C

14.19 £+ 4.19 % of the energy ingested. In addition, the
SDA varies from 5 to 20 % in other fish species [38]. There-
fore, we also applied the percentage of SDA, 15-25 % of
the energy intake, when the fish was in the SMR condition,
and estimated each component of the energy budget when
the fish was in the AMR,,; condition (at a swimming speed
of 1.5 BL s™!) using the following equation:

C = Rs +aC + 0.3C, (10)

where « was set to either 0.15 or 0.25 according to the SDA
estimation above. The daily energy requirement (DER) of
Japanese sea bass then ranged from 83.3 (SMR) to 275.6
(AMR,) kJ kg~' day~" (Fig. 8b; Table 5). These results
suggest that the energy expenditure of Japanese sea bass
is comparable with the calories contained in a few prey
fish, e.g., the wet tissue mass was 12.4—41.2 g in Japanese
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sardine Sardinops melanostictus and 14.6-48.1 g in Japa-
nese jack mackerel Trachurus japonicas in the present
study. These values correspond to 0.4-1.3 fish (mean TL
155 £ 6 and 153 + 7 mm, respectively). According to a
feeding experiment and an investigation of stomach con-
tents, Hatanaka and Sekino [25] reported that the maximum
feeding rate (percentage of wet body mass) of Japanese sea
bass (>1 year old) ranged from 4.4 to 5.4 %. The energy
intake values for these feeding rates were converted to 1.3—
1.6 fish (Japanese sardine) and 1.2-1.4 fish (Japanese jack
mackerel) per day, respectively. On the other hand, if Japa-
nese sea bass predate low-calorific prey, e.g., grey mullet
Mugil cephalus or freshwater prawn Macrobrachium nip-
ponense, they need to feed on approximately 3.3—11.1 or
2.0-6.6 individuals per day, respectively, to consume the
same amount of energy.

We estimated the metabolic rates and energy require-
ments of Japanese sea bass under two conditions: not
swimming (SMR) and swimming at the optimum speed
(AMR,,,) at a water temperature of 20 °C. AMR,, was 2.8
times as much as SMR. Although AMR,, varies between
species, it is commonly assumed that metabolism in the
active condition ranges from zero to four (almost three)
times the metabolism in the SMR condition [42, 43]. There-
fore, it is necessary to measure the activity to estimate the
metabolic rate under natural conditions. If we measure the
activity of free-ranging Japanese sea bass, BBF measure-
ments obtained with an accelerometer could allow us to
estimate the energy expenditure of each fish.
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