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Abstract: Fish often undergo food shortages in nature, especially for juveniles that are relatively vul-
nerable in most aspects. Therefore, the effects of food deprivation on fish behavior and physiology are
worth exploring. Here, we investigated the behavioral and metabolic adaptations of the juvenile black
rockfish Sebastes schlegelii to different durations of food deprivation. In this study, three treatments
were set: control group, short-term food deprivation (STFD) group, and long-term food deprivation
(LTFD) group. The rearing lasted for six weeks. During this period, videos were recorded three times
per week to assess the locomotor activity and aggression. After this, the fishes’ boldness, neophobia,
and aggressiveness were assessed using different behavioral assessment devices, while the standard
metabolic rate (SMR) was measured by flow-type respirometry. In general, the values of the four
indicators (swimming time, the number of turns, movement number, and attack number) for the
STFD group were significantly higher than those for the control and LTFD group during the same
period of rearing. In a subsequent personality assessment, the STFD group was observed to be
significantly bolder in an assessment measuring boldness than the control and LTFD group (indi-
cated by time in the circle, swimming time, number of times through the circle, and frequency in
the circle). The LTFD group was observed to be more exploratory in the assessment of neophobia
(indicated by duration in the exploratory area, distance from novelty item, and frequency of stay
in the exploratory area). Indeed, the LTFD group was observed to be significantly less aggressive
in the assessment of aggressiveness than the control and STFD group (indicated by attack number,
attack range frequency, first attack, and winner). SMR was noted to be significantly higher in the
STFD group than in the control and LTFD group. In conclusion, this study firstly reported the effects
of food deprivation duration on the personalities of black rockfish, as well as the behavioral and
physiological mechanisms. Thus, we hope to provide insights into the work of stock enhancement.

Keywords: adaptive capacity; food pressure; locomotor activity; personality; standard metabolic rate

1. Introduction

Climate change and human activities have degraded marine habitats and threaten
marine life, leading to the inability of many fish species to obtain adequate amounts of
food [1]. Like other vertebrates, in order to cope with these changes, many fishes inevitably
experience more or fewer periods of food deprivation and even extreme temporal and
spatial variation in food availability [2,3]. For example, fish undergoing eutrophication
in summer [4] and overwintering [5] are considered to be in a period of food deprivation.
The deprivation of food will affect fishes in many aspects, such as their personality and
physiological state. Juveniles with weak foraging ability are more likely to be affected by
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food deprivation. There have been previous studies on the effect of food deprivation on
the boldness and shyness of guppy (Poecilia reticulata) [6], the social behavior of stickleback
(Gasterosteus aculeatus) and zebrafish (Danio rerio) [7,8], the aggressive behavior of amberjack
(Seriola dumerili) [9], and the metabolism of qingbo carp (Spinibarbus sinensis) and brown
trout (Salmo trutta) [10,11]. However, most studies used only a relative single behavioral
indicator, and the food deprivation duration used is relatively fixed. Differences in living
environment can lead to intraspecific behavior variation [6]. As an environmental factor,
food abundance can often cause intraspecific behavior variation [12], and this can also be
referred to as an ability to respond to environmental conditions by changing phenotypes
(developmental plasticity) during the ontogenetic process [13]. This has been demonstrated
by almost all organisms studied so far [14]. Previous experiments have shown that the
environment can continuously influence phenotypic traits, and the availability of food dur-
ing the juvenile stage can completely influence the entire life history of an individual [15].
In this way, personalities shaped early in an individual’s life history often continue into
adulthood [16]. Therefore, it is particularly important to explore the effects of different
durations of food deprivation on the personalities and the mechanisms of juvenile fish
during this phase.

Fish behavior is an external manifestation of their personality traits and can usually be
categorized into two contrasting types: proactive (active coping, bold, or ‘fight–flight’) and
reactive (passive coping, shy, or ‘non–aggressive’) [17]. Individuals with stronger personal-
ities that are more aggressive may occupy a higher social rank in the population and have
an advantageous position in individual competition and population reproduction [18,19].
However, sometimes being more aggressive is not an advantage [20]. Among these traits,
boldness, neophobia (which is seen as a way of reducing the risk associated with initially
encountering local threats), and aggressiveness are all important indicators of fishes’ per-
sonalities. Although innate heredity has an indelible contribution to the establishment of
fishes’ personalities [21,22], the influence of acquired experience (phenotypic plasticity)
on their personalities is still huge [23]. This topic has received extensive attention from
ethologists [20,24]. It is well recognized that the behaviors of fish are closely related to their
physiological characteristics [25,26]. Among them, energy metabolism is the fundamen-
tal condition required for the normal operation of individual survival activities and the
related physiological functions of fish, while metabolic rate determines the energy cost
of survival [11]. The minimum metabolic rate required to survive is called the standard
metabolic rate (SMR) and is generally considered to be the lowest cost needed to support
individuals’ “luxury” behaviors and physiological activities. Excess energy can only be
allocated to other living activities when the basic energy requirements (SMR) are met [27].
Many researchers have studied the differences of an individual’s SMR and found that
intraspecific SMR differences between individuals can reach several times or up to more
than ten times even when controlling for multiple factors [28]. Higher energy metabolism
means more activity and a faster speed of growth; active individuals tend to need a higher
food intake, which also means they have higher energy costs [11]. Individuals with lower
levels of SMR have a lower energy cost, meaning that they can allocate more remaining
energy to other life activities [11,29]. Additionally, quite a few researchers believe that
SMR is determined by genetics [30]. Some studies have been conducted on the effects of
food deprivation on metabolism and the relationship between metabolism and a single
behavior [10], but the effects of different levels of food deprivation on metabolism and the
relationship between multiple behaviors have not been explored simultaneously.

As an important aquaculture fish species, the black rockfish (Sebastes schlegelii Hilgen-
dorf, 1880) is widely distributed in the coastal areas of Northern China, Japan, and South
Korea [31]. In the wild, black rockfish typically inhabit areas that include different types
of rocks and plants. By contrast, artificial hatchery environments are relatively static,
which could lead to juveniles experiencing difficulties in quickly adapting to dramatically
changing natural environments after release, especially if there is a relatively high level of
uncertainty surrounding obtaining food [32,33]. Here, in order to simulate the uncertainty
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of food availability in the wild environment, we investigated the effects of food deprivation
for different durations on the personalities and behaviors of juvenile black rockfish, focus-
ing on traits such as boldness, neophobia, and aggressiveness. The SMRs of the juveniles
were also measured, as these are crucial for their survival in the wild. Specifically, we
sought to explore how different durations of food deprivation affect the personalities of
juvenile black rockfish, as well as the behavioral and physiological mechanisms of these
personality changes.

2. Materials and Methods

We have read the policies related to animal experiments (the ARRIVE and PREPARE
guidelines) and have confirmed this study complied. All procedures conducted in this
study were reviewed and approved by the Institutional Animal Care and Use Committee
of the Ocean University of China.

2.1. Experimental Design

Juveniles of black rockfish (mean body weight: 33.81 ± 0.94 g; mean body length:
12.67 ± 0.14 cm) were selected from a commercial hatchery (Wendenhaihe hatchery, Weihai,
Shandong, China). Before the experiment began, the juveniles were reared in an indoor
circulating water hatchery pond. After that, a total of 90 fish with similar initial body
lengths and weights that had no body surface damage and who appeared to be the more
dynamic of the group were selected for the experiment. The rearing container used was a
reinforced glass tank (specification: 50 cm × 50 cm × 60 cm). Each tank was equipped with
a gas stone to ensure an adequate dissolved oxygen content (6.30 mgL−1) was maintained.
During the experimental period (from October to December), the water temperature
gradually decreased from 19 ◦C to 13 ◦C. The photoperiod followed a natural day–night
cycle, and the salinity was kept between 28 and 30. The water level was kept to 40 cm, and
the suction bottom was cleaned 2–3 times a week to prevent the fish from experiencing
excessive interference while maintaining a favorable environment for them. Dry feed
pellets (moisture, ≤10.0%; crude protein, ≥48.0%; crude lipid, ≥9.0%; crude ash, ≤17.0%;
crude fiber, ≤2.0%; total phosphorus, 1.5–3.0%; lysine, ≥2.5%; Kaido Brand, Santong
Bioengineering Co. Ltd., Anqiu, China) were used in the experiment and the feeding time
was always 9 a.m.

In this experiment, three treatment groups were set: control group, short-term food
deprivation (STFD) group, and long-term food deprivation (LTFD) group. Three replicates
were set for each treatment group, with a total of 10 fish in each replicate. The control group
was fed with dry feed pellets at 1.5% of body weight per time. The STFD group received
the same treatment as the control group in the first five weeks of the experiment—that is,
daily feeding—and feeding was only stopped in the last week. The LTFD group was fed
once only (about 3% of body weight), on the last day of each week during the trial. Each
fish was measured in length and weight before the experiment began. During the rearing
period, all the tanks were videotaped three times a week to record the locomotor activity
and aggression of the fish. After six weeks of rearing, the metabolic rate was measured
immediately, and the relative behavior was evaluated after the metabolic measurements.
The size of each fish was measured again at the end of the experiment.

2.2. Behavior and Activity Observation and Quantification

Behavioral observations were made using a video camera (model number: Sony
HDR-AS100V). The camera was placed on a bracket above the tank and kept at a certain
distance from the tank to avoid disturbing the fish during the experiment.

2.2.1. Indicators of Activity Ability during Rearing

The behavioral recording time during the rearing experiment was at 12:00 noon on
Tuesday, Thursday, and Saturday every week, and each recording lasted for 30 min. Videos
were recorded for six consecutive weeks during the rearing period. In order to eliminate the
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influence caused by the actions of the operator during the video recording operation, we
only used the 10-min clip taken in the middle of the video for analysis. In this experiment,
we quantified the behavioral indicators. The swimming time (ST) was defined as the
non-stationary state activity duration of each fish within a 10-min period. The number
of turns (NT) was defined as the number of times the fish turned more than 90◦ in any
direction within a 10-min period. The movement number (MN) was defined as the number
of times each fish moved back and forth (forward or backward more than one body length)
within a 10-min period. The attack number (AN) was defined as the number of times a
fish engaged in chasing and pecking the other fish in the tank within a 10-min period
(Table 1). During the results analysis, five fish were randomly selected from each tank for
analysis—that is, fifteen fish were selected from each treatment group.

Table 1. Behavior measurement indicators and descriptions of the experiments with black rockfish (Sebastes schlegelii
Hilgendorf, 1880) in two experimental stages: during rearing and after rearing.

Stage Behavior Indicators Description

During
rearing

- swimming time (ST) Non-stationary state activity duration of each fish

- number of turns (NT) Number of times fish turns more than 90◦ in any
direction

- movement number (MN) Number of times each fish moves back and forth
(forward or backward more than one body length)

- attack number (AN) Number of times engaged in chasing and pecking
other fish in the tank

After
rearing

Boldness

time in the circle (CTb) Time spent by the fish in the white circle
swimming time (STb) Swimming duration of the fish

number of times through the circle (NTCb) Number of times the fish passed through the circle

frequency in the circle (FCb) Frequency of the fish appearing in the circle in the
screenshot

Neophobia

duration in the exploratory area (Te) Time the fish spent in the exploration area
distance from novelty item (De) Average distance of the fish from a novelty item

frequency of stay in the exploratory area (Fe) Frequency of the experimental fish appearing in the
exploration area

Aggressiveness

attack number (ANm) (mirror stimulus) Number of times a fish committed an attack
attack range frequency (ARm) Frequency of fish appearing in the attack range area

first attack (FAp) Number of attacks initiated first
attack number (ANp) (dyadic fights) Number of times a fish committed an attack

winner (Wp) Number of victories

2.2.2. Boldness Assessment

The experimental device used for the boldness assessment was a tank with a white
circular area in the middle of the bottom (specification: 40 cm × 30 cm × 30 cm; Figure 1).
The white area was defined as the central activity area, which took up 1/9 of the entire
bottom area of the tank. Before the boldness assessment was carried out, the experimental
fish were placed into the device to acclimate them to the environment, and then the
recording was conducted for 30 min by camera. During the analysis, only a 10-min clip of
the middle part was used for analysis. The boldness assessment experiment was conducted
separately for each fish. We defined four indicators to measure the fishes’ boldness. The
time in the circle (CTb) refers to the time spent by the fish in the white circle within a 10-min
period; the swimming time (STb) is the time the fish spent swimming within a 10-min
period; and the number of times through the circle (NTCb) is the number of times the fish
passed through the circle within a 10-min period. We took a screenshot of the video per
minute for a total of ten times and defined the frequency of the fish appearing in the circle
in the screenshot as the frequency in the circle (FCb, Table 1).
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Figure 1. Device used to assess the boldness of black rockfish (Sebastes schlegelii Hilgendorf, 1880).
The white circle area at the bottom of the device is the central activity area.

2.2.3. Neophobia Assessment

The neophobia experiment was conducted in a special tank. The tank was separated
by a glass plate covered by one piece of white opaque waterproof paper (specification:
40 cm × 30 cm × 30 cm; Figure 2). Two regions were separated by the glass plate, namely,
the starting area and exploring area, in which were placed the experimental fish and novelty
items (binder clips), respectively. After the experimental fish were allowed to adapt to
the environment for a period of time (half a day), we started by videotaping the fish for
30 min. Then, we removed the glass and exposed the novelty item to the fish’s visual field.
Each fish was tested individually and 10 min in the middle of the video was captured for
analysis. We defined three indicators to evaluate the neophobia of the experimental fish.
The duration in the exploratory area (Te) is the time spent by the fish in the exploration area
within 10 min. Screenshots were taken once per minute for a total of ten times throughout
the video; then, using the ImageJ processing software, we calculated each fish’s distance
to a novelty item based on the screenshots. The average of the ten distances was defined
as the distance from the novelty item (De), while the frequency of the experimental fish
appearing in the exploration area in the ten screenshots was defined as their frequency of
stay in the exploratory area (Fe, Table 1).
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Figure 2. Device used to assess the neophobia of black rockfish (Sebastes schlegelii Hilgendorf, 1880).
The middle of the device was separated by white opaque waterproof paper. The experimental fish
were placed on one side, while novelty items were placed on the other. The glass plate was removed
at the beginning of the experiment.
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2.2.4. Aggressiveness Assessment

Two methods were used to assess fish aggressiveness: mirror stimulus and dyadic
fights. The experimental device used had the same specifications as the boldness and
neophobia devices (specification: 40 cm × 30 cm × 30 cm; Figure 3). In the mirror
stimulation method, a mirror (specification: 30 cm × 30 cm) was placed on the side of the
tank after the fish had adapted to the environment of the device. After that, a 30-min video
was recorded, and 10 min of the middle part was captured for analysis. In this experiment,
we defined two indicators to describe the aggressiveness of the fish. The attack number
(ANm) was defined as the number of times a fish committed an attack, such as biting,
within a 10-min period. The tank was evenly divided into two areas, where the mirror was
located in the attack range area. From the video, we took one screenshot every minute
for a total of 10 times, and the frequency of the fish appearing in the attack range area
was defined as the attack range frequency (ARm). Dyadic fights were used to pair the
control, long-term, and short-term groups—that is, half of the number of fishes in each
treatment group (15 fish) and half of the fish in each of the other two groups were paired
one-to-one. Before the experiment, the middle of the tank was separated by a glass plate
with opaque waterproof paper. After videotaping, the glass plate was removed so that the
two fish were exposed to each other’s vision. In this study, three behavioral indicators were
defined as the criteria for evaluating the aggressiveness of the experimental fish under
three different treatments: first attack (FAp), attack number (ANp), and the winner (Wp,
Table 1). Pairing two fish in the dyadic fighting method will eventually show a relatively
obvious superiority–inferiority level.
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Figure 3. Device used to assess the aggressiveness of black rockfish (Sebastes schlegelii Hilgendorf,
1880). On the left is a mirror stimulation, in which a mirror is placed on the side of the tank to test the
fish’s aggressiveness; on the right dyadic fights are shown, in which the three treatment groups are
paired to assess their differences in aggressiveness.

2.3. Measurement of Metabolic Rate

After six weeks of rearing, eighteen fish in each treatment were randomly selected
for SMR measurement. The experimental apparatus used was an improved flow-type
respirometry [11]. After the fish were placed into the respirometer chamber to adapt for
a period of time (half a day), the dissolved oxygen concentration of each chamber was
measured every hour on the same day with an oxygen meter and the average value of
each measurement was set as the SMR. During the SMR measurement, the experimental
environment was kept in a closed state to prevent external interference from affecting the
experimental fish. The calculation formula of the SMR (mg O2h−1kg−1) is as follows:

SMR = ∆O2 × v/m,

where ∆O2 is the difference in the respirometer chamber exports’ dissolved oxygen concen-
tration (mgO2L−1) between the experimental respirometer and the control without fish,
ν is the flow rate of the respirometer chamber (Lh−1), and m is the body weight of the fish.
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2.4. Data Analysis

ImageJ 1.46R was used for the video analysis and distance measurement of the video
screenshots, and Origin Pro 2018C was used for all figures. All statistical analyses were
conducted using SPSS 19.0. In order to compare the differences in locomotor activity,
personality indicators, and SMR among the three treatment groups, a one-way analysis
of variance (ANOVA) was used and Duncan’s multiple comparison was used to test
the significance of the differences between each group. All data were expressed as the
mean ± S.E., and the differences were considered significant at p < 0.05.

3. Results
3.1. Effect of Food Deprivation on Locomotor Activity and Aggression during Rearing

At the beginning of the rearing period, there were no significant differences in all
four indicators (swimming time, number of turns, movement number, and attack number)
between the control and the LTFD group, but at the end of the six-week rearing period, there
were significant differences in all indicators between fish in the three different treatments
(p < 0.05).

The changing trends in the four parameters in each treatment group were roughly the
same. The control group was relatively stable across the two adjacent phases. For swim-
ming time (ST), significant differences were observed between the three stages (p < 0.05),
but there was no significant difference between either the early and middle stages or the
middle and late stages. For number of turns (NT), significant differences were observed
between the three stages (p < 0.05), but there were no significant differences between either
the early and middle stages or the middle and late stages. For movement number (MN),
significant differences were observed between the three stages (p < 0.05), but there was no
significant difference between either the early and middle stages or the middle and late
stages. For attack number (AN), no significant differences were observed between the three
stages.

In the STFD group, all indicators increased significantly in the first two adjacent stages.
For swimming time (ST), significant differences were observed between the three stages
(p < 0.05), and significant differences were observed between the early and the other two
stages (p < 0.05), but no significant differences were observed between the middle and
late stages. For number of turns (NT), significant differences were observed between the
three stages (p < 0.05), and significant differences were observed between the early and
the other two stages (p < 0.05); however, no significant difference was observed between
the middle and late stages. For movement number (MN), no significant differences were
observed between the three stages. For attack number (AN), significant differences were
observed between the three stages (p < 0.05), and significant differences were observed
between the early and the other two stages (p < 0.05), but no significant differences were
observed between the middle and late periods.

In the LTFD group, the indicators increased significantly in the previous week (similar
to the STFD group), but an overall downward trend was obvious. For swimming time (ST),
significant differences were observed between the three stages (p < 0.05), and significant
differences were observed in each stage (p < 0.05). For number of turns (NT), significant
differences were observed between the three stages (p < 0.05), and significant differences
were observed in each stage (p < 0.05). For movement number (MN), significant differences
were observed between the three stages (p < 0.05), and significant differences were observed
in each stage (p < 0.05). For attack number (AN), significant differences were observed
between the three stages (p < 0.05), but no significant differences were observed between
the early and middle stages, or between the middle and late stages. Additionally, a
relatively small fluctuation in all indicators occurred during this period, especially in
the AN. Regarding specific performances, we noticed a significant rebound in the AN
immediately after the fishes had eaten (Figure 4).



Fishes 2021, 6, 58 8 of 16

Fishes 2021, 6, x FOR PEER REVIEW 8 of 16 
 

 

the middle and late stages. For movement number (MN), no significant differences were 
observed between the three stages. For attack number (AN), significant differences were 
observed between the three stages (p < 0.05), and significant differences were observed 
between the early and the other two stages (p < 0.05), but no significant differences were 
observed between the middle and late periods. 

In the LTFD group, the indicators increased significantly in the previous week 
(similar to the STFD group), but an overall downward trend was obvious. For swimming 
time (ST), significant differences were observed between the three stages (p < 0.05), and 
significant differences were observed in each stage (p < 0.05). For number of turns (NT), 
significant differences were observed between the three stages (p < 0.05), and significant 
differences were observed in each stage (p < 0.05). For movement number (MN), 
significant differences were observed between the three stages (p < 0.05), and significant 
differences were observed in each stage (p < 0.05). For attack number (AN), significant 
differences were observed between the three stages (p < 0.05), but no significant 
differences were observed between the early and middle stages, or between the middle 
and late stages. Additionally, a relatively small fluctuation in all indicators occurred 
during this period, especially in the AN. Regarding specific performances, we noticed a 
significant rebound in the AN immediately after the fishes had eaten (Figure 4). 

  

  

Figure 4. Trends in the different kinds of capacity for the action of black rockfish (Sebastes schlegelii Hilgendorf, 1880) 
during rearing. The horizontal axes of the four figures represent rearing time (from the first week to the end of the sixth 
week, measured three times a week), and the vertical axes are, respectively, swimming time (ST, A), number of turns (NT, 
B), movement number (MN, C), and attack number (AN, D). In each figure, the black line represents the control group, 
the light gray line represents the STFD group, and the red line represents the LTFD group. Different colors of lowercase 
letters represent significant differences within each treatment group (control group: black; STFD group: light gray; and 
LTFD group: red. One day was selected for the early, middle, and late stages for each treatment group). Different capital 
letters indicate significant differences between the three treatment groups. Data are presented as means ± S.E. 

Figure 4. Trends in the different kinds of capacity for the action of black rockfish (Sebastes schlegelii Hilgendorf, 1880) during
rearing. The horizontal axes of the four figures represent rearing time (from the first week to the end of the sixth week,
measured three times a week), and the vertical axes are, respectively, swimming time (ST, A), number of turns (NT, B),
movement number (MN, C), and attack number (AN, D). In each figure, the black line represents the control group, the
light gray line represents the STFD group, and the red line represents the LTFD group. Different colors of lowercase letters
represent significant differences within each treatment group (control group: black; STFD group: light gray; and LTFD
group: red. One day was selected for the early, middle, and late stages for each treatment group). Different capital letters
indicate significant differences between the three treatment groups. Data are presented as means ± S.E.

3.2. Effect of Food Deprivation on Personalities after Rearing

One-way ANOVA revealed that there were significant effects of different duration of
food deprivation on the boldness indicators (time in the circle: p < 0.05; swimming time:
p < 0.05; number of times through the circle: p < 0.05; frequency in the circle: p < 0.05),
neophobia indicators (duration in the exploratory area: p < 0.05; distance from novelty
item: p < 0.05; frequency of stay in the exploratory area: p < 0.05), and aggressiveness
indicators (attack number: p < 0.05; attack range frequency: p < 0.05).

3.2.1. Boldness

In the boldness assessment experiment, we observed significant differences in time
in the circle (CTb) between the three treatments (p < 0.05). The average time spent in the
center circle in the STFD group was significantly higher than that seen in the control and
LTFD group (p < 0.05). A similar trend was also observed for the indicator swimming
time (STb): the STb of the STFD group was significantly higher than that of the control and
LTFD group (p < 0.05). For number of times through the circle (NTCb), we observed no
significant differences between the control and LTFD group, but the values attained for the
STFD group were significantly higher than those of the other two groups (p < 0.05). We also
observed that frequency in the circle (FCb) was still the highest in the STFD group, which
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achieved a significantly higher value than the control group (p < 0.05), while the control
group still achieved a significantly higher value than the LTFD group (p < 0.05; Table 2).

Table 2. Effects of the three different treatments on the behavioral indicators of black rockfish (Sebastes
schlegelii Hilgendorf, 1880) after rearing. The indicators in the table are explained as follows: CTb =
time in the circle, STb = swimming time, NTCb = number of times through the circle, FCb = frequency
in the circle, Te = duration in the exploratory area, De = distance from novelty item, Fe = frequency
of stay in the exploratory area, ANm = attack number, ARm = attack range. Groups with different
superscripts are significantly different (p < 0.05). Data are presented as means ± S.E.

Behavior Indicators
Treatment

Control STFD LTFD

boldness

CTb (%) 9.80 ± 0.90 b 15.80 ± 1.45 a 6.13 ± 0.50 c

STb (s) 263.73 ± 8.03 b 304.07 ± 9.02 a 173.13 ± 8.33 c

NTCb (T) 9.60 ± 0.62 b 16.27 ± 1.62 a 6.73 ± 0.56 b

FCb 0.09 ± 0.02 b 0.17 ± 0.03 a 0.02 ± 0.01 c

Neophobia
Te (%) 24.73 ± 1.87 b 31.73 ± 2.73 b 44.93 ± 3.17 a

De (cm) 20.13 ± 0.8 b 19.76 ± 1.43 b 14.59 ± 1.27 a

Fe 0.35 ± 0.04 b 0.40 ± 0.07 b 0.63 ± 0.06 a

Aggressiveness ANm (T) 7.50 ± 0.50 a 7.47 ± 0.74 a 4.07 ± 0.37 b

ARm 0.58 ± 0.03 a 0.44 ± 0.03 b 0.34 ± 0.03 c

3.2.2. Neophobia

In the neophobia assessment experiment, the duration in the exploratory area (Te) was
significantly higher in the LTFD group than in the control and STFD group (p < 0.05). The
distance from novelty item (De) of the LTFD group was also significantly different from
the control and STFD group (p < 0.05). Similarly, the frequency of stay in the exploratory
area (Fe) in the LTFD group was still significantly higher than that in the other two groups
(p < 0.05, Table 2).

3.2.3. Aggressiveness

Aggressiveness was assessed using mirror stimuli and dyadic fights. The results
showed that the attack number (ANm) of the LTFD group was significantly lower than that
of the control and STFD group under mirror stimulation (p < 0.05), while no significant
difference was observed between the control and STFD group. We noted significant
differences in attack range frequency (ARm) among the three groups (p < 0.05), with the
control group achieving a value of 0.58, the STFD group achieving a value of 0.44, and
the LTFD group achieving a value of 0.34 (Table 2). In the dyadic fights, members of the
LTFD group proved to be the weakest party; they were at a competitive disadvantage to
the control and STFD group and were less likely to attack first. From the results of the
competition between the control and STFD group, the average number of attacks between
the two groups was relatively similar. However, the fish in the control group were usually
the ones that won (Figure 5).
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Figure 5. Results of the dyadic fight of black rockfish (Sebastes schlegelii Hilgendorf, 1880). Half of each group was paired
with fish of a similar size from the other two groups ((A): control group paired with STFD group; (B): control group paired
with LTFD group; and (C): STFD group paired with LTFD group). The first attack, attack number, and number of victories
were recorded. Significant differences are indicated by asterisks (p < 0.05); n.s. (p > 0.05).

3.3. Effect of Food Deprivation on SMR

Significant differences in the effects of different food deprivation durations on SMR
were observed (p < 0.05). As can be seen from the figure below, among individuals of a
similar body weight, SMR in the STFD group was significantly higher than that in the
control group, while SMR in the LTFD group was significantly lower than that in the
control group (Figure 6).
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4. Discussion

Previously, little attention has been paid to the effect of different durations of food
deprivation on multiple behaviors and the standard metabolic rate. In this study, we found
that short-term food deprivation can make fish bolder and improve SMR, while long-term
food deprivation can reduce neophobia and aggressiveness. In general, this study is the
first to report the effects of three different durations of food deprivation on the locomotor
activity of black rockfish as well as on its behavioral and physiological mechanisms in the
laboratory.

4.1. Effects of Food Deprivation on Fish Personalities

Whether in captivity or in the wild, the “personalities” of fish always plays a crucial
role in the survival of individuals, as well as the reproduction and evolution of popula-
tions [6,34]. After the end of rearing, the fish were assessed to determine their personalities.
Boldness is one of the basic indicators used to evaluate “personalities” [35]. Based on the
results of each treatment group, we observed that the fish in the STFD group seemed to
act more boldly. The reasons for this phenomenon may be that the fish attempt to expand
their foraging area in order to adapt to the short-term food deprivation. However, in
long-term food deprivation, more active, bolder behavior did not lead to greater food gains
over time, so the fish in the LTFD group were more cautious, a trade-off that the LTFD
group made over time. One view holds that boldness is not conducive to survival, but
the other holds that the existence of both boldness and timidity is, suggesting that both
personalities have their strengths [36]. High returns are usually accompanied by high costs;
bolder fish are more open to exploring unfamiliar things, which may expose them to more
dangerous situations [6,35]. More cautious individuals may be better at camouflage and
concealment, thus reducing their exposure to danger and making their situation safer and
more conducive to reducing predation [37].

Organisms are most vulnerable to predation when they move to unfamiliar environ-
ments in their early life. Therefore, it is important for juveniles to be wary of unfamiliar
things and conduct risk assessments within a short time. A connection between neophobia
and boldness in the fish was found, but interestingly our results showed that fish in the
LTFD group seemed to be more exploratory rather than the STFD and control group. This
seems to go against the common view [38–40]. It is also suggested that bolder individuals
tend to form habits, exhibit more muted behavioral responses to changes in the environ-
ment, and have a greater ability to learn. According to the performance of the fish during
the assessment period from the beginning to the end of the experiment, we observed that
fish in the STFD group maintained a high level of desire to explore the novelty items
during the neophobia assessment period, but quickly moved to regions farther away from
the novelty items after a brief period of exposure. Therefore, we considered that bold
individuals with more frequent activities still had a strong exploratory ability, even if this
was not reflected in the measured indicators. Either such exploratory ability was difficult to
detect, or the exploratory ability of individuals experiencing short-term food deprivation
was hidden under their sense of crisis. The reasons for this result may be as follows: after
short-term food deprivation, bolder fish remain cautious, a phenomenon that is known as
neophobia, and the maintenance of this state promotes a more effective escape response
and higher survival in the wild [41].

The assessment of aggressiveness is very important for fishes with a high economic
value. For example, in the captive stage before release, it is often seen as beneficial to
reduce fighting so as to reduce losses [42]. However, when individuals are released into the
wild, aggressiveness, as a key social behavior, becomes a means for individuals to protect
their territory from aggression [43]. In the assessment of aggressiveness, our result showed
that the fish in the LTFD group were significantly less aggressive than those in the other
two treatments, but no significant difference was found between the STFD and control
groups. Furthermore, fish in the STFD group, which tended to have bolder personalities,
were even more disadvantaged in the dyadic fight method, showing less fighting behavior
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than the control group. This is a very interesting phenomenon that is worth exploring
further: Why did the metabolically active black rockfish not show more aggressiveness?
Less fighting could lead to fewer deaths and injury rates, which is also noteworthy. By
this token, the short-term food deprivation of about one week resulted in a more positive
personality during the captivity and post-release phases of stock enhancement, but further
verification of this phenomenon is needed.

4.2. Behavioral Mechanisms for the Personalities Effects of Food Deprivation

As an external manifestation of personality differences, the results showed that there
were significant differences in various behavioral indicators among the three treatments
during the rearing period. The variation trend of each indicator in the three treatments was
also significantly different. Compared with the other two treatments, the four indicators
of the control group showed a relatively stable trend within six weeks. However, the
evaluation of the other three indicators in the sixth week still showed a slight decrease
compared with the evaluation of the first week, except for the attack number. Considering
there was no food deprivation in the control group, we believe that this phenomenon
under the adequate food condition is likely to be caused by the conventional hatchery. The
homogenous and cramped rearing environment can easily cause experimental fish to feel
“tired” [44]. Previous studies have also shown that barren living environments affect the
behavior of experimental fish [45].

In the STFD group, black rockfish became more active during the six-day discontinua-
tion of feeding, showing significant increases in all four indicators. In the LTFD group, the
number and frequency of activities engaged in by fish began to decrease after the increase
they experienced in the first week, similar to the results seen in the STFD group, and the
four indicators began to show a continuous downward trend as the second week began. In
the current research, the negative impact of food deprivation was more obvious over time.
The results of the STFD group were also similar to the initial responses of most fish to food
deprivation [46,47]; the increase in activity seems to represent stronger exploratory behav-
ior and also inevitably increases the risk of being preyed upon by predators. However, we
observed that though the fish in the STFD group had a strong desire to explore, they still
remained cautious, which is a phenomenon that is worth investigating. Perhaps when the
fish realizes that they will not be able to obtain enough food for a long time, they will make
the relevant trade-offs and thus reduce their frequency of activities. Compared with our
results, when the food supplied was not sufficient, in addition to the objective changes
seen in the fishes’ energy metabolism, it may be because of the subjective trade-offs that all
indicators of the experimental fish increased during the first week of food deprivation. In
the following days, when the fish felt they could not obtain sufficient food in the long term,
they made active trade-offs, which showed a consistent downward trend in the results.
This is also similar to other relevant studies [48].

4.3. Metabolic Mechanisms for the Personality Effects of Food Deprivation

It is important to note the physiological mechanisms on fish’s personalities in addition
to discussing the influence of food deprivation on their behaviors. In our results, part of
the differences in personality were due to behavioral trade-offs. Another factor that makes
these trade-offs is metabolism.

From an evolutionary perspective, organisms should make trade-offs in their alloca-
tion of energy [49]. Differences in behavior are sometimes caused by differences in the
allocation of energy after the basic energy requirements (SMR) are met, which requires
trade-offs taking place within the animals themselves. However, the SMR is heritable to
some extent, and many researchers believe that the SMR differences between individuals
are fixed [50]. Even after controlling for factors such as weight, age, and sex, the differences
in SMR could still reach several times [28]. Therefore, the change in SMR caused by epi-
genetic influence is an interesting question that is worth exploring. Before the beginning
of this experiment, the SMR of the experimental fish was not measured, which also en-
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sured the randomness of the genetic influence on the SMR of the experimental fish in each
treatment. Our final results proved that food deprivation would have an impact on SMR,
and that short-term food deprivation would temporarily increase SMR and increase the
activity frequency accordingly. However, the behavioral and metabolic differences among
the three treatments also demonstrated that food deprivation could increase the SMR and
locomotor activity first and then decrease them over time. Fish make trade-offs when they
cannot obtain enough food: as time goes on, the preference between “high metabolism,
high search intensity” and “low metabolism, low energy consume and long endurance”
gradually shifts from the former to the latter. Previous studies have suggested that higher
food intake leads to elevated SMR in coho salmon (Oncorhynchus kisutch) [30]. Similarly,
brown trout will adjust their metabolic intensity according to the abundance of food to
help them adapt to extreme environments [51]. Therefore, under different food deprivation
durations, the amount of food obtained by the experimental fish was different, which led
to differences in their energy allocation. Differences in energy distribution cause fish to
make trade-offs between behavior and energy, leading to differences in their personalities.
However, the factors influencing the trade-offs may not only be energy allocation, and
these need to be further explored.

4.4. The Innovation and Deficiency of this Experiment

The exposure of black rockfish to three levels of food deprivation provided informa-
tion related to changes in individual personalities and the behavioral and physiological
mechanisms of personality changes. The information provided was more complete than
that provided by studies with a fixed duration of food deprivation. For example, previ-
ous studies on boldness and exploratory changes in different species (e.g., rainbow trout
Oncorhynchus mykiss, walleye pollock Theragra chalcogramma, and cichlid Pelvicachromis
taeniatus) showed that different species exhibit distinct personality changes [35,52,53]. This
may be because different species adopt different coping strategies in the face of food
deprivation due to their different somatic functions and living environments. However,
according to our results, when food availability is at a low level, changes in the individual’s
personality and SMR trend over time will not be unidirectional or may even be opposite.
Therefore, in further investigations it would be worth determining whether the results
gained across different species for different durations of food deprivation are consistent.
In addition, laboratory experiments have some limitations in some respects [45], and ex-
perimental fish sometimes experience a “captivity effect” [44]. Our behavior video analysis
lasted for 10 min each time, also meaning that it had certain limitations. It may not be
able to fully show the natural state of the fish; thus, this aspect also needs to be improved.
Therefore, further field experiments on this topic still need to be carried out.

5. Conclusions

This study shows that food deprivation had an effect on the SMR of fish in addition
to their capacity for action. Accordingly, the personalities of the experimental fish will
also change. This change is related to the metabolic requirements of the fish. Moreover,
the changes in the SMR and behavior of the fish fluctuated with the duration of food
deprivation. We concluded that one week of food deprivation can lead to a bolder and
more neophobic personality and reduce the damage due to by aggressive behavior, which
can provide new insights into fish adaptation to food deprivation and relevant guidance
for improving the efficiency of stock enhancement. However, this experiment was carried
out in an indoor facility, and the monitoring of fish after their release into the wild still
needs to be further investigated.
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