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Abstract To investigate the effects of starvation and
acclimation temperature on the escape ability of
juvenile rose bitterling (Rhodeus ocellatus), we mea-
sured the fast-start escape and constant acceleration
swimming performance of fish fasted for O (control), 1
and 2 weeks and half-lethal periods (6 or 4 weeks) at
two temperatures (15 and 25 °C). Fish acclimated at a
high temperature exhibited shorter response latency
(R), higher maximum linear velocity (V,,.x) and longer
escape distance during escape movement (D0,s) than
those at the low temperature. Starvation resulted in a
significant decrease in Vy,,x and D15os at either low or
high temperature and a significant increase in R at only
the high temperature in the half-lethal period groups
(P < 0.05). The relationship between V.« (Y, m s
and starvation time (X, week) was Y5 = —0.062X +
1.568 (r = —0.665, n = 36, P < 0.001) at low tem-
perature and Y,s = —0.091X + 1.755 (r = —0.391,
n = 40, P = 0.013) at high temperature. The relation-
ship between U, (Y, cm sfl) and starvation time (X,
week) was Y5 = —1.649X + 55.418 (r = —0.398,
n=234, P =0.020) at low temperature and
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Y5 = —4917X 4+ 62916 (r=—-0.793, n = 33,
P < 0.001) at high temperature. The slopes of equa-
tions showed a significant difference between low and
high temperature (F 3 = 9.688, P = 0.003), which
may be due to the different energy substrate utilization
when faced with food deprivation at different
temperatures.
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Introduction

Locomotor ability is a key organismal performance
trait in the chain of interactions that link morpholog-
ical, physiological and biochemical traits to fitness
(Arnold 1983). The essential ecological functions,
such as predator—prey interactions, reproductive activ-
ities or foraging, are dependent upon an animal’s
capacity for movement in many fish species (Marras
et al. 2010). The fast-start swimming is initiated by the
Mauthner cells and characterized by a rapid acceler-
ation that is anaerobically fueled (Eaton et al. 1977;
Domenici and Blake 1997), which is commonly used
by fish species as a component of anti-predator
behavior used to evade an attack by a potential
predator (Webb 1986; Law and Blake 1996; Walker
et al. 2005). The constant acceleration test (CAT)
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evaluates the swimming performance that fish may
employ when being pursued by strong swimming
predators, trying to escape a fishing trawl or maneu-
vering through strong currents (Marras et al. 2010).
The fast-start escape movement, which is completed in
seconds, is powered by intracellular stores of adeno-
sine triphosphate (ATP) and creatine phosphate (PCr),
and it is most likely limited by neuromuscular
morphology and physiology (Reidy et al. 2000).
Constant acceleration swimming in fish generally
involves the use of three endogenous fuels stored
within the white muscle: glycogen, ATP and PCr. In
the early stages of acceleration swimming, energy is
largely derived from the breakdown of PCr and ATP
(Dobson and Hochachka 1987; Marras et al. 2010),
whereas glycogenolysis provides the majority of the
ATP required to sustain muscular exertion at later
stages (Dobson and Hochachka 1987; Wood 1991).
Because of environmental and seasonal changes,
such as temporal and spatial patchiness of food
availability, long and/or short periods of starvation
are common for aquatic species (Méndez and Wieser
1993). The ecophysiological effects of starvation on
fish species have been studied for several decades
(e.g., Jobling 1980; Sheridan and Mommsen 1991;
Kieffer and Tufts 1998; Martinez et al. 2003; Fu et al.
2011; Pang et al. 2014). Such research demonstrated
that starvation resulted in the reduction in energy
reserves and the impairment of physiological func-
tions (Méndez and Wieser 1993; Martinez et al. 2003;
McCue 2010; Tang et al. 2010; Fu et al. 2011; Zhao
etal. 2012; Luo et al. 2013). Previous research showed
that starvation had a profound negative effect on both
fast-start and constant acceleration swimming perfor-
mance in some fish species (Wang et al. 2012; Pang
etal. 2014). Temperature is an important abiotic factor
in the habitats of ectothermic animals and has been
called the ‘ecological master factor’ for animals (Brett
1971). Fish are subjected to large diurnal and seasonal
changes in temperature as ectotherms in natural water
bodies (Lee et al. 2003; Claireaux et al. 2006).
Temperature may have direct, negative effects on the
swimming performance in fish species through phys-
ical and biochemical manners (Kieffer and Tufts 1998;
Lee et al. 2003; Claireaux et al. 2006; Lyon et al. 2008;
Burt et al. 2012; Penghan et al. 2014a). Temperature
also indirectly affects the swimming performance, as
the food supply of fish displayed strong seasonal
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oscillations (Shulman 1974). Under natural condi-
tions, fish must face two exogenous stresses, low
temperature and insufficient food resource, at the same
time (e.g., in winter). Consequently, fish possibly
developed different strategies of swimming activity to
face starvation at different temperatures (Pang et al.
2014).

The rose bitterling (Rhodeus ocellatus) is a small,
freshwater fish species belonging to the family
Cyprinidae. It is one of the most abundant fish species
in southern China and typically lives in still or slow-
flowing water with dense aquatic vegetation and sand-
silt bottom, such as lowland ponds, canals, slow-
flowing rivers, backwaters and oxbows (Ding 1994).
Thus, maintaining the fast-start escape and constant
acceleration swimming performance is vital for its
predator avoidance. The water temperature in southern
China showed large seasonal changes that varied from
approximately 15 °C in winter to 25 °C in summer in
recent years. The aims of this study were to: (1) assess
the effects of starvation (0, 1 and 2 weeks and half-
lethal period) and acclimation temperature (15 and
25 °C) on both fast-start and constant swimming
performances and (2) test whether the responses of
measured swimming performance to starvation varied
with the acclimation temperature in this species.

Materials and methods
Experimental fish and holding conditions

Juvenile rose bitterling (0.5-0.9 g, n = 300) was
caught from local pond in Chongqing, China, in
autumn. The fish were maintained in a water recircu-
lating system (1.5 m x 0.6 m x 0.5 m) at Chongg-
ing Normal University for 2 weeks before the
experiments. During this period, the temperature of
the fresh dechlorinated water was maintained at
20 £ 0.5 °C, the water oxygen content was main-
tained above 7.0 mg L™, the pH ranged from 6.5 to
7.3, and the ammonia-N was maintained below
0.025 ppm. The photoperiod was maintained at 12-h
light/12-h dark light cycle. The fish were fed daily to
satiation at 9:00 a.m. with a commercial diet (Tong-
wei Group, Chengdu, China; composition: 41.2 %
protein; 8.5 % lipid; 25.7 % carbohydrate and 12.3 %
ash).



Fish Physiol Biochem (2016) 42:909-918

911

Experimental protocol
Temperature acclimation

After 2 weeks in the recirculating tank, 300 fish were
randomly selected and divided into two groups (15 and
25 °C) of 150 fish, and individuals from each temper-
ature group were then transferred to two similar water
recirculating systems (allowing for 15 % mortality
during starvation, 300 fish were acclimated in the
present experiment). The water temperature was
20 °C when the fish were transferred, and the temper-
ature was then increased or decreased by 1 °C day ™
until it reached the prescribed temperature (Lee et al.
2003). The fish were maintained at the experimental
temperature for another 2 weeks. During the acclima-
tion period, the fish were fed once daily to satiation.

Starvation treatment

Once the temperature acclimation was complete, 20
fish from each temperature group were transferred to
two similar water recirculating systems as a pilot
experiment to determine their half-lethal (50 % death)
period (the half-lethal periods were 6 and 4 weeks at
low and high temperature, respectively). The remain-
ing fish from each temperature group were fasted for
different periods (0, 1 and 2 weeks and the half-lethal
period). Fish individuals were randomly selected
along with starvation. The fish in the control group
(0 weeks) were fasted for 24 h before any swimming
performance measurements for the reduction of
digestion effects. The rearing conditions during the
experimental period were consistent with those used
during the temperature acclimation period.

Measurement of swimming performance
Measurement of fast-start swimming performance

The fast-start instrument was developed by the
Laboratory of Evolutionary Physiology and Beha-
viour, Chongqging Normal University. The device
included a Basler A504K high-speed camera
(500 frames sfl; www.baslerweb.com), a light emit-
ting diode (LED) matrix light source and a tank
(40 cm x 40 cm x 15 cm) engraved with 1 cm x
1 cm grid lines on the bottom. Electrodes at two inside
walls of the tank were connected to a 20 V direct

current, and both electrodes and the LED light shared a
control switch (Yan et al. 2012). The sides of the
experimental tank were lined with black paper. The
water in the tank was 10 cm deep. The fish were
anesthetized with neutralized tricaine methane sul-
fonate (MS-222, 50 mg Lfl), and the body mass and
length of experimental fish were measured to the
nearest 0.1 g and cm, respectively (Table 1). Then, the
experimental fish was marked dorsally at the center of
mass position with titanium oxide. After 2 h of
recovery, the fish were individually transferred to the
experimental glass tank and kept for another 1 h.
Escape responses were elicited by an electrical
impulse (0.5 V cm™!'; 30 ms) administered when the
fish maintained a position at the center of the filming
zone. The recording was initiated as soon as the LED
(synchronized with the electrical stimulus) was illu-
minated (0 ms delay). The high-speed camera was
used to record the entire escape process (time span
3 s). The resulting images were analyzed using image
processing software (ACDsee 10) and digitized using
TpsUnil and TpsDig software (http://life.bio.sunysb.
edu/morph/) to define the track of the centroid of the
locomotion performed by the fish during its escape
response. Based on the centroid locomotion track and
the time interval of each adjacent track, the following
variables were calculated. Response latency (R) was
defined as the time elapsed between the initiation of
the stimulus (LED light) and the time when the escape
behavior was observed. The maximum linear velocity
(Vmax) was calculated from the maximum distance
moved by the center of mass in 2 ms (two consecutive
video frames). The maximum linear acceleration
(Amax) was further calculated by the change of V..
The escape distance during the first 120 ms (approx-
imate time course of fast-start movement in rose bit-
terling) (D120ms) Was the total distance moved by the
center of mass during the first 120 ms immediately
after the stimulus.

Measurements of U,y

A Brett-type swimming tunnel respirometer with a
swim chamber that had a 19.9-cm? cross-sectional
area was used to measure the fish’s U, [total volume
3.1 L; similar to Pang et al. (2010)]. The fish were
anesthetized, and the body mass and length of
experimental fish were measured to the nearest 0.1 g
and cm, respectively (Table 1). Then, fish were
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Table 1 Body morphological parameters of rose bitterling (R. ocellatus) used in fast-start and constant acceleration test speed (U,

(mean £ SEM)

Temperature (°C)

Starvation period

0 week 1 week 2 weeks Half-lethal period”
Fast-start
N 15 10 8 9 9
25 10 10 10 10
Body mass (g) 15 0.83 + 0.02° 0.71 £ 0.03*  0.72 + 0.01° 0.68 + 0.02°
25 0.86 & 0.02* 0.74 £+ 0.02°  0.67 + 0.02° 0.69 + 0.03%
Body length (cm) 15 3.40 £ 0.03%* 334 £ 0.02  3.37 £ 0.02%° 3.31 & 0.02%*
25 3.53 £ 0.03* 337 £0.02° 338 +0.02° 3.53 £ 0.03"
Condition factor® (g cm™ %0) 15 21.16 £ 0.47™*  19.14 + 0.63°  18.97 & 0.45>*  18.72 & 0.32>*
25 19.54 + 026  19.27 £ 0.38* 1726 &+ 0.38°  15.80 + 0.90°
Ucar
N 15 8 9 9 8
25 8 8 8 9
Body mass (g) 15 0.84 + 0.03° 0.74 £ 0.03*  0.73 + 0.02° 0.70 £ 0.03%*
25 0.79 + 0.02* 0.75 £+ 0.03**  0.70 + 0.03° 0.61 % 0.02°
Body length (cm) 15 3.44 + 0.03* 337 £ 0.03**  3.39 4+ 0.03° 3.29 £ 0.04>*
25 3.51 + 0.06 341 £ 0.04 3.42 £ 0.04 3.43 £ 0.02
Condition factor (g cm™ %0) 15 20.55 £ 0.35™% 1922 + 0.44°  18.87 & 0.37°*  19.61 & 0.45%*
25 18.29 + 0.56®  18.75 £ 0.46* 17.25 + 0.33°  15.17 + 0.30°

* Significant difference between temperatures within the same fasting period

% Values in each row without a common superscript are significantly different (P < 0.05)

# Half-lethal periods were 6 and 4 weeks at 15 and 25 °C, respectively
$ Condition factor (g em™ %0) = 1000 x body mass/(body length)®

individually transferred into the swim tunnel and were
allowed to recover for 1 h at a water velocity of
6 cms~'. The flow of aerated water through the
respirometer was maintained continuously during this
recovery period. The water temperature in the swim-
ming chamber was controlled within +0.2 °C using a
water bath connected to a stainless steel heat
exchanger. The water velocity in the swim tunnel
was then steadily increased at a rate of 0.1667 cm s>
(10 cm s~ min™"). A computer outputted various
electric pulse to the stepping motor of swimming
tunnel respirometer and thus changed the water
velocity in the tunnel. The water was accelerated at
this rate until the fish were exhausted. The water
velocity at which the fish were exhausted was used as
the value of the U., (Reidy et al. 2000; Marras et al.
2010). Fatigue was defined as the failure of the fish to
move away from the rear honeycomb screen of the
swimming chamber for 20 s (Lee et al. 2003).
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Date analysis and statistics

STATISTICA 6.0 (StatSoft, Inc, Tulsa, OK, USA)
was used for the data analysis. All of the values were
presented as the mean £ SE, and P < 0.05 was used
as the level of statistical significance. The effects of
temperature (20 and 25 °C) and starvation periods (1,
2 weeks and half-lethal) on R, V .y, Amaxs D120ms and
U.,. were determined using a two-way covariance
analysis of variance (ANCOVA) with body length as
the covariate. The ANOVA was followed by a
Duncan’s multiple range test (among different starva-
tion groups) or t test (between two temperature
groups) if a statistical evaluation comparing different
starvation or temperature group values was necessary.
The relationships between Vi,.x, Ucy and starvation
time (7) at each temperature were also determined
using a one-way covariance analysis of variance
(ANCOVA); i.e., we performed a regression for each



Fish Physiol Biochem (2016) 42:909-918

913

treatment group and then did a comparison of their
coefficients.

Results
R

The temperature and starvation both had significant
effects on R (P < 0.05; Table 2). The R was generally
shorter at the high temperature when compared to
those at the low temperature (P = 0.026). Starvation
resulted in an increase in R at the high temperature, but
not at the low temperature (P < 0.05).

vmax

The temperature and starvation both had significant
effects on V.« (P < 0.05; Table 2). Fish acclimated
at the high temperature generally showed higher V.«
than those acclimated at the low temperature
(P = 0.006). Vyax gradually decreased with the star-
vation period, and there was a significant difference
between the control and half-lethal period groups at
both temperatures (P = 0.001). The relationship
between V. (Y, ms~ ') and starvation time (X,
week) was Y5 = —0.062X + 1.568 (r = —0.665,
n =36, P<0.001) at the low temperature and
Y5 = —0.091X + 1.755 (r = —0.391, n =40,
P =0.013) at the high temperature (Fig. 1). The
ANCOVA indicated that the slopes of equations
showed no significant difference between the low
and high temperatures (F 7, = 0.796, P = 0.375).

Amax

The acclimation temperature resulted in a significantly
higher A,.x (P = 0.025), while starvation showed no
significant effect on A« (Table 2).

D 120ms

The temperature and starvation both had significant
effects on Dyroms (P < 0.001). Dypoms Was generally
longer at the high temperature than at the low
temperature (P < 0.001). Fish in the half-lethal period
showed significantly shorter D59, than those of the
control group at the high temperature and all of the
other three groups at the low temperature (P < 0.05).

Ucat

Starvation resulted in a significant decrease in U, in
both temperature groups (P < 0.001, Table 2). In the
control group, fish acclimated at the high temperature
showed a significantly higher U, than fish acclimated
at the low temperature; however, this difference
vanished as fish in the high temperature showed a
more profound decrease with starvation (31 vs. 18 %
after starvation for the half-lethal period). The
relationship between U, (Y, cm sfl) and starvation
time (X, week) was Y5 = —1.649X + 55418
(r = —0.398, n = 34, P = 0.020) at the low temper-
ature and Y,5 = —4.917X 4 62916 (r = —0.793,
n = 33, P < 0.001) at the high temperature (Fig. 2).
The ANCOVA indicated that the slopes of equations
showed significant difference between the low and
high temperatures (F g3 = 9.688, P = 0.003).

Discussion

Effect of starvation on fast-start and constant
acceleration swimming performance

Many ectotherms can withstand weeks, months or
even years of food deprivation without mortality (Biro
etal. 2004; Wang et al. 2012). However, the half-lethal
periods of rose bitterling were only 6 and 4 weeks at
the low temperature and high temperature, respec-
tively, which may be related to the small body mass
and low energy reserve in rose bitterling (Biro et al.
2004).

There were many factors that could affect the
‘successful escape’ of fish, such as body size, habita-
tion, environmental factors and body functionalities
(Webb 1976; Domenici and Blake 1991; Domenici
2003; Gerry et al. 2012; Penghan et al. 2014a). Among
them, the fast-start escape ability and constant accel-
eration swimming performance are two of the main
determining factors of a ‘successful escape’ in fish
species (Penghan et al. 2014a). In the present study,
rose bitterling showed a typical C-start movement
(Domenici 2003). The maximum swimming speed in
both fast-start and acceleration swimming (i.e., Viax
and U.,,), which were the two most reliable parameters
of these two swimming capacities, showed no
decrease until fish were fasted to the half-lethal period
at both temperatures (except that U, at the high
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Fig. 1 Relationship between maximum linear velocity (Vi,.x)
of fast-start swimming and starvation time (X) at the low
temperature (Y;s, filled circles) or high temperature (Y55, open
circles) in rose bitterling (R. ocellatus)
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Fig. 2 Relationship between constant acceleration test speed
(U.q) and starvation time (X) at the low temperature (Y5, filled
circles) or high temperature (Y»s, open circles) in rose bitterling
(R. ocellatus)

temperature showed a significant decrease after
2 weeks of starvation). Thus, the results suggested
that short-term starvation had no effect on both
swimming capacities, hence the escape ability of this
fish species. This result was consistent with the results
of previous studies in crucian carp (Carassius caras-
sius) and southern catfish (Silurus meridionalis),
which showed 28 and 30 days, respectively, of
starvation had no effect on V., (Penghan et al.
2014b; Yan et al. 2015). The conservativeness of fast-
start and acceleration swimming performances to
starvation was possibly due to their important roles
in prey—predator interactions which became utmost
important under starvation (Domenici and Blake
1997; Reidy et al. 2000; Penghan et al. 2014b; Yan
et al. 2015).

In the present study, the starvation treatments
resulted in a 25 and 21 % decrease in V,,, and a 17
and 30 % decrease in U, after starvation for the half-
lethal period. These results meant that both swimming
capacities and the escape ability were eventually
impaired after long-term starvation. These results
were consistent with the results of previous studies in
some fish species, which showed a 81 % decrease in
Vmax after 6 weeks of starvation in gingbo (Spinibar-
bus sinensis), a 20 % decrease in V., in southern
catfish after 4 weeks of starvation and a 32 % decrease
in U,,, in crucian carp after approximately 4 weeks of
starvation (Wang et al. 2012; Penghan et al. 2014b;
Yan et al. 2015). It is because that the energy stores in
fish, such as ATP and PCr in the muscles, which play
an important role during both swimming performances
would profoundly decrease after long-term starvation
(Fournier and Weber 1994; Weber 2011; Zhao et al.
2012). Furthermore, long periods of starvation can
lead to the degradation of skeletal muscle, as structural
proteins are catabolized for fuel (Killen et al. 2014),
while the atrophic muscle fibers might impair the
contraction function of muscles and, hence, the fast-
start and constant acceleration swimming perfor-
mances (Méndez and Wieser 1993; Maddock and
Burton 1994; Martinez et al. 2003). In the present
study, the long-term starvation treatments produced
significant decreases in the condition factor at both
temperatures. These results suggested that the muscle
glycogen level decreased to some extent, which may
have had a significant effect on U, (Kieffer and Tufts
1998; Tang et al. 2010; Zhao et al. 2012). This might
be the reason that fish at the high temperature showed a
significantly lower U, after 2 weeks of starvation
than the control group. The V,,x and U, at the low
temperature showed significant decreases until the
half-lethal period, as muscle glycogen decreased more
rapidly at the high temperature and only affected U,,.
Nevertheless, long-term starvation eventually resulted
in the impairment in the fast-start and acceleration
swimming performances, and the effect manifested
more profoundly in U, when fish were acclimated at
the high temperature.

Effect of acclimation temperature on fast-start
and constant acceleration swimming performance

In this study, the V,.x and U, of non-starvation rose
bitterling were higher at the high temperature than at

@ Springer



916

Fish Physiol Biochem (2016) 42:909-918

the low temperature. This result was similar to
previously published data in some fish species (e.g.,
Lyon et al. 2008; Yan et al. 2012; Penghan et al.
2014a). The reduction in swimming performance with
a decreasing temperature could stem from changes in
both the external and internal environments of the fish,
e.g., increased water viscosity, and hence, increased
drag force when swimming at low temperatures
(Temple and Johnston 1997), reduced metabolic
power and skeletal muscle contractility generated by
the muscle (Randall and Brauner 1991; Day and Butler
2005), decreased biochemical reaction rates (Franklin
1998) and lower contents of some energy substrates
(PCr and ATP) in the bodies of fish living in cold water
(Kieffer 2000; Kieffer et al. 1994).

Interestingly, the slopes of equations which
described the relationship between U, and the
starvation period showed a significant difference
between the low and high temperatures, while this
was not the case between V., and the starvation
period according to the analysis results of ANCOVA.
These results suggested that V ,,,x decreased similarly
to the starvation period between the two temperatures,
while U, decreased more profoundly at the high
temperature. The measured value of Uy, at the high
temperature was even lower than that at the low
temperature at 2 weeks and the half-lethal period (not
significantly different). The cytosolic ATP and PCr are
the most likely fuels to be utilized during the short-
term bursts that comprise fast-start swimming (Reidy
et al. 2000), whereas glycogenolysis within the white
muscle provides the majority of the ATP required to
sustain muscular exertion during U, (Dobson and
Hochachka 1987; Wood 1991). Therefore, the differ-
ent responses in swimming patterns may be because of
the different energy substrate utilization when faced
with food deprivation at different temperatures, as the
muscle glycogen storage was more susceptible to
change than ATP and PCr during starvation. It was
worthy to note that although the V,,,,, showed a similar
tendency to starvation between the high and low
temperatures, R increased significantly with starvation
at the high temperature, while it showed no change at
the low temperature. It has been suggested that the
individual with a short response time (R) toward a
predator may possess a better chance to survive
predator—prey encounters (Domenici and Kapoor
2010). Thus, the change of R might also cause a
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significant effect on the escape ability of rose bitterling
under different conditions.

In conclusion, both the starvation treatment and
temperature acclimation had profound effects on the
fast-start escape and constant acceleration swimming
performances in rose bitterling. Both swimming
performances were quite conservative after short-term
starvation, while they eventually decreased after long-
term starvation (half-lethal period) and the possible
depletion of muscle fuel storage, such as ATP, PCr and
glycogen. Fish acclimated at the high temperature
showed superior fast-start and constant acceleration
swimming performances, as anticipated. However,
U., decreased more profoundly at the high temper-
ature, and there was no difference between the two
temperatures after starvation, although this was not the
case in Vy,,«. The different responses in the swimming
patterns may be because of the different energy
substrate utilized when the fish faced food deprivation
at different temperatures.
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