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School for learning: sharing and transmission of feeding
information in jack mackerel Trachurus japonicus juveniles
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Abstract We aimed to evaluate the effect of social

interaction on learning in juvenile jack mackerel Trachurus

japonicus. We first compared the learning process between

single fish and groups of fish. Reward-conditioned learning

was established in eight trials in both treatments, whereas

individuals in the group treatment responded to stimuli

more frequently in the feeding area than in the single fish.

This implies that information about the feeding area was

shared in the group and pursuing other individuals gave

them a behavioral advantage for feeding. We then inves-

tigated whether information on the feeding area can be

transmitted through observation of other individuals in

aligned tanks. Fish in the control group required six trials

to be conditioned to aeration stimuli and feeding location,

whereas those in the observation treatment required only

three trials for this learning. This result implies that

information on the feeding area was transmitted through

visual observations. The present research suggests that

sharing and transmission of information occur in schools of

jack mackerel. Schooling behavior would thus enable

optimization of the foraging behavior in this species.

Keywords Carangidae � Conditioning � Fish behavior �
Schooling � Social transmission

Introduction

About 50% of teleost fishes in the world form schools at

least for a part of their life history [1]. Schooling may well

provide substantial advantages for fishes, i.e., defense by

intimidating or confusing predators [2], reducing energy

requirements for swimming [1], and increasing the chance

of reproduction [3].

Schooling behavior would also be useful for sharing

social information within a group of fish [3, 4]. For

example, chinook salmon Oncorhynchus tshawytscha use

geomagnetic and olfactory cues for homing to their natal

river, where grouping behavior is suggested to improve

accuracy for homing by balancing out errors by individuals

[5]. Schooling would also enable the transmission of

information between individuals by observational learning,

which is the learning through observation of other indi-

viduals [6–8]. Observational learning is likely to occur

more often in schooling fish than between solitary

individuals.

Learning in animals plays an important role in adapta-

tion to changes in environmental conditions and thus

enhances survival potential. Fish would acquire survival

skills by learning in various life history contexts [9, 10],

such as predator avoidance [11, 12], homing [13, 14], and

foraging and capture of food items [15, 16]. Therefore,

quick and effective learning of such information would be

advantageous.

Jack mackerel Trachurus japonicus is an obligatory

schooling fish which starts to form schools at ca. 12 mm in

standard length (SL) (Masuda R. et al., unpublished data,

2009). Jack mackerel juveniles have learning capability of

a specific feeding area in an experimental tank even when

they are treated in solitary conditions, indicating that

learning would play a substantial role for the adaptation to

environmental conditions experienced in this species [17].

They form large schools during their life history and

therefore they have opportunities to acquire information

from conspecifics when they are schooling. For fish
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showing such behavior, the social effect of schooling for

learning may be substantial.

The social effect for learning has been studied mostly in

freshwater and coral reef fishes [18–21], whereas there are

few studies for pelagic marine fishes on this subject. We

conducted two experiments to investigate the advantages of

schooling for learning using jack mackerel as a target

species. Experiment 1 compared the learning capability

between single fish and groups of fish to elucidate the

effect of schooling on their learning. Experiment 2 exam-

ined the effect of social transmission between groups of

fish.

Materials and methods

Experiment 1: Learning process in single fish

and groups of fish

Jack mackerel (mean ± standard deviation, 105 ± 9 mm

SL) were captured by angling at a pontoon of the Maizuru

Fisheries Research Station (MFRS; 35� 490 N, 135� 360 E),

Kyoto University. Fish were kept in 500-l black polyeth-

ylene tanks supplied with filtered sea water at a rate of

4 l/min and with strong aeration (600 ml/min). Rearing

tanks were set indoors and water temperature was kept at

about 20�C using a heater and thermostat from November

to December 2008. The fish were fed with commercial

pellets (Otohime S2, Marubeni Nisshin Feed) to saturation

once a day until being used for the experiment. All the fish

were kept in a tank for at least 1 month to be weaned on

pellets. When fish were confirmed to forage actively on

pellets near the water surface, individuals were transferred

to an experimental tank and the experiment was started.

Transparent acrylic tanks (length 9 width 9 height

90 9 30 9 30 cm; Fig. 1) were set in a temperature-con-

trolled room and were covered with black vinyl sheets. The

tanks were visually divided into three even sections by

marking their walls, then the central part was defined as the

feeding area where pellets were dropped. Sea water was

delivered into the experimental tanks from both ends and

drained out from the feeding area to minimize the effect of

olfactory cues from food. Tanks were gently aerated and

temperature was maintained at ca. 20�C using a heater and

thermostat. Tanks were separated to reduce disturbance by

the experimenter using a black vinyl sheet and a PVC

feeding pipe was set from above the feeding area through

the sheet. A video camera (Handycam DCR-PC350, Sony)

set above the experimental tank allowed recording of the

behavior of fish during the experiment. Experiments were

conducted either with a single fish treatment or with a

group treatment consisting of four individuals. A total of 20

individuals were used for each treatment, i.e., 20 single fish

and 5 groups. Fish were introduced into the experimental

tanks on the day prior to the experiment, and were allowed

to acclimatize overnight. A few pellets were provided prior

to the experiment, and the experiment was started if the fish

accepted the pellets, and by all of the four fish in the group

treatment. If not, the experiment was postponed to the next

day. Fish that did not feed on the next day of acclimati-

zation were not used in further experiments. The experi-

ments were conducted and the video camera recorded the

behavior of fish soon after feeding. Introduction of a

floating object made of black polyethylene plastic mesh

(length 9 width 9 9 9 cm) into the experimental tank

before feeding was used as the conditioned stimulus (CS)

for reward training. One min after presenting the CS, three

or four food pellets per fish were provided around the

floating object through the feeding pipe as a reward stim-

ulus. The video camera recorded the fish behavior for

2 min, from 1 min prior to the CS to 1 min after the CS.

The reward was then provided. This process was defined as

one trial. Five sequential trials at 5-min intervals comprised

one session and four sessions at 1-h intervals comprised the

whole test; therefore, the reward training was conducted for

a total of 20 trials in both treatments. Fish body length was

measured when fish accomplished the reward training after

anesthesia, using ca. 5 ml of 2-phenoxyethanol per 10 l of

seawater.

The duration of fish staying in the feeding area (stay

duration) was used as the criterion for learning. The

duration was measured in each 1 min of the pre- and post-

signal period. In the single fish treatment, data of four

randomly selected individuals were combined to make five

groups of four individuals. This way the number of repli-

cations, and so the statistical power, was equalized between

the two treatments. Total stay duration of all individuals

was divided by the number of individuals (i.e., 4). The

maximum stay duration would thus be 60 s in both treat-

ments. The stay duration in the feeding area was log-

transformed to achieve near normality and was compared

between the pre- and post-signal period by paired t test in

each treatment. When the stay duration between the pre-

and post-signal period differed significantly in two con-

secutive trials, it was considered that the fish had learned

the conditioning. Learning capability of single fish and

groups of fish was compared by the number of trials

required by the fish to learn the CS. Aggregating behavior

to CS was calculated as the aggregation index, by sub-

tracting the stay duration of pre-signal from that of post-

signal for each trial. Aggregation index was subjected to

two-way repeated measures analyses of variance

(ANOVA) to compare the effects of treatments (single fish

vs. groups of fish) during all trials (first to twentieth trial),

as well as the first (first to fifth trial), second (sixth to tenth

trial), third (eleventh to fifteenth trial), and fourth session
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(sixteenth to twentieth trial) to detect any tendency of

aggregating behavior.

Experiment 2: Social transmission of learning behavior

between schools

Jack mackerel (60.2 ± 6.7 mm SL) were captured from

those associated with the giant jellyfish Nemopilema

nomurai using a pair of hand nets while snorkeling ca.

10 km offshore area of Maizuru, Kyoto (35� 680 N, 135�
440 E). We used smaller individuals than those in the

experiment 1 because the smaller individuals would accept

pellets more readily in captivity. Collection by hand nets

helped minimize accidental injury which they otherwise

occasionally would suffer through angling. Fish were kept

in 500-l black polyethylene tanks supplied with filtered sea

water at a rate of 4 l/min and with strong aeration (600 ml/

min). Rearing tanks were set inside a building and water

temperature was kept at about 20�C using a heater and

thermostat from November 2009 to February 2010. These

fish were fed with commercial pellets (Otohime S2,

Marubeni Nisshin Feed) to saturation once a day until

being used for the experiment. All the fish were kept in a

tank for at least 1 month to be weaned on pellets. When

fish were confirmed to forage actively on pellets near the

water surface, individuals were transferred to an experi-

mental tank and the experiment was started.

Transparent acrylic tanks (length 9 width 9 height

60 9 30 9 35 cm; Fig. 2) were set in a temperature-con-

trolled room and were covered with black vinyl sheets

except for one side. Sea water was added into the experi-

mental tanks and drained out to keep a depth of 20 cm.

Tanks were separated by a black sheet to reduce distur-

bance. A video camera (Dimage X1, Minolta Co., Tokyo,

Japan) set above the experimental tank allowed recording

of the fish behavior during the experiment.

The learning capability was compared between

‘‘observer fish’’ and ‘‘demonstrator fish’’ (i.e., non-observer

fish). Fish were conditioned to aeration stimulus as a CS

and feeding pellets as a reward stimulus. We used aeration

as CS this time as opposed to a floating object because this

is a more efficient stimulus (Takahashi K., unpublished

data, 2010) and could reduce the total number of trials (see

below). An air stone was put in the center of each tank.

Aeration was remotely controlled and was turned off

except during the experiment. The experiment was con-

ducted using a group of four individuals, and six groups

were used for both observer and demonstrator fish. Fish

were introduced into the experimental tanks on the day

prior to the experiment, and were allowed to acclimatize

overnight. The tank of observer fish and that of demon-

strator fish were arranged to face each other with the

uncovered sides of the tanks, and a removable black board

(60 9 35 cm) was placed between these two tanks except

during an observation trial. A few pellets were provided

prior to the experiment to confirm acclimatization, and the

experiment was started if all fish in both tanks accepted

them. A video camera recorded the behavior of fish as in

experiment 1.

Firstly, the innate response to aeration was investigated

in demonstrator fish in no-reward trials. Aeration was

gently turned on to provide ca. 12 ml/min of air. Fish

behavior was video recorded for 2 min, from 1 min prior to

turning on the aeration to 1 min after that. This process was

Feeding area (30×30cm)

Fig. 1 Schematic drawing of an experimental tank in experiment 1. Black floating mesh was used as a conditioned stimulus and 4–16 pellets

were used as an unconditioned stimulus. The central area of the tank was defined as the feeding area
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defined as one trial and ten trials were conducted at a

minimum of 30-min intervals each for the innate response.

Pellets were provided ca. 30 min before the first trial and

after the tenth trial during the innate response test. For

observer fish, the innate response was investigated on the

day before the observation trials.

Training was started on the following 1 or 2 days in the

demonstrator fish conditioned to aeration as a CS and

pellets as an unconditioned stimulus. One minute after

presenting aeration, ca. 20 pellets (Otohime S2, Nisshin

Marubeni) divided into three times per group of fish were

provided near the air stone from above the tank. Fish

behavior was video recorded for 2 min, from 1 min prior to

CS to 1 min after that; the reward was then provided

thereafter. This process was defined as one trial and ten

trials with at least 30-min intervals each comprised the

whole test in a day. The training was conducted for ten

trials in each group.

After completing the training of demonstrator fish, the

observation trials were commenced on the following day.

The black board between the tanks was removed before the

observation trials, thereby fish in both tanks were visible to

each other. Observation trials were conducted in the same

manner as the conditioning of demonstrator fish by feeding

pellets to the demonstrator fish. Ten observation trials were

conducted with at least 30-min intervals a day. After ten

trials, the black board was replaced and demonstrator fish

were measured in body length after anesthesia. The

experiment with observation fish was started on the fol-

lowing day with the same procedure as the demonstrator

fish. The data of demonstrator fish were used as a control

because of the limitation of available fish. Therefore,

acclimatization duration before conditioning differed

between demonstrator and observer fish (1.33 and 2.17 day

on average, respectively). Brown [22] suggested that

familiarity with the test environment would affect the

performance of avoidance learning. However, all the fish

used in experiment 2 were confirmed to feed on pellets

actively, and thus should have been well acclimatized in

the tank. Therefore, the difference of the timing used in

conducting trials of those two groups should have had

minimum effects on the learning ability. Fish body length

was measured when fish accomplished the reward training

after anesthesia.

The number of fish staying near the aeration stone was

used as the index of innate and learned responses, the area

being defined as 17 9 17 cm surrounding the aeration

stone. The number of fish in this area was counted every

5 s in each 1 min of the pre- and post-signal period. This

method substantially reduced the labor for analysis without

reducing detectability of behavioral change compared to

the one in experiment 1. To compare the tendency of the

innate response in both treatments, increases of number of

fish from the pre- to post-signal during the first ten trials

were subjected to two-way repeated measures ANOVA to

compare the effects of treatments (observer fish vs. dem-

onstrator fish) and trials. The number of fish near the aer-

ation stone combining the data of all individuals in each

treatment was compared between the pre- and post-signal

period from the first to tenth trial. Wilcoxon signed-rank

test was used because these data did not achieve normality

even with transformation. When the number between the

pre- and post-signal period differed significantly between

two consecutive trials, it was considered that the fish had

Fig. 2 Schematic drawing of

experimental tanks in

experiment 2. Aeration was

used as a conditioned stimulus

and 4–16 pellets were used as an

unconditioned stimulus. The

tanks were placed side by side,

and a black board was put

between the demonstrator tank

and observer tank except during

the observation period

272 Fish Sci (2012) 78:269–276

123



accomplished the conditioning in the previous trial.

Learning capability of the observer fish and demonstrator

fish was compared by the number of trials required by the

fish in order to accomplish the conditioning. Aggregating

behavior to aeration was calculated as the aggregation

index, by subtracting the stay duration of pre-signal from

that of post-signal for each trial. Aggregation index during

the first to tenth trial was compared by repeated measures

two-way ANOVA between treatments.

Results

Experiment 1: Learning process in single fish

and groups of fish

Both single and groups of fish required eight trials to

accomplish the conditioning (n = 5; Fig. 3). Two-way

repeated measures ANOVA of the aggregation index

revealed that the effects of treatments and trials were sig-

nificant, whereas that of the treatments 9 trials interaction

was not (Table 1). The aggregation index during 20 trials

increased significantly more in the group of fish than in the

single fish (p \ 0.05; Fig. 4). Comparing each of the four

sessions, the group of fish had a significantly greater

increase in the third session than single fish (p \ 0.05),

whereas there was no such difference in the first, second,

and fourth sessions (p [ 0.05; Table 1).

Experiment 2: Social transmission of learning behavior

between schools

All the effects were non-significant in the innate response

(treatments, p = 0.74; trials, p = 0.83; treatments 9 trials,

p = 0.66; Table 1). To accomplish the conditioning, the

demonstrator fish required six trials, and the observer fish

required three trials; the latter thus learned twice as fast as

the former (Fig. 5). Two-way repeated measures ANOVA

of the aggregation index revealed that the effects of trials

and treatments 9 trials interaction were significant (trials,

p \ 0.001; treatments 9 trials interaction p \ 0.05;

Fig. 6), whereas that of treatments was not (p [ 0.05).

Discussion

Both single fish and groups of four individuals learned that

floating objects are stimuli for a feeding area in experiment

1. Fish that typically show grouping behavior often show

abnormal behavior when individuals are kept in solitary

conditions. Masuda and Ziemann [23] indeed described

that Pacific threadfin Polydactylus sexfilis had difficulty in

learning when maintained in solitary conditions. Some

individuals in the single fish treatment did not forage for

pellets and were omitted from this study. In our previous

study, 50 out of 90 individuals (i.e., 56%) trained in soli-

tary conditions failed to be conditioned because of inability

to forage [17]. These findings imply that jack mackerel

juveniles kept as single fish may suffer substantial stress

which could interact with their learning capability.

This experiment revealed that reward-conditioned

learning was equally established in eight trials both in

single and in groups of jack mackerel juveniles. This

indicates that the number of trials required by most quick

learners was equal between these two groups consisting of

20 fish for each treatment. This result suggests that

learning itself would not be enhanced by schooling. In

contrast to our study, Welty [18] reported that groups

of 2, 4, or 8 individuals of goldfish Carassius auratus

learned a feeding area more quickly than single fish.

Gleason et al. [24] also indicated that five individuals of

zebrafish learned an avoidance task in fewer trials than

solitary fish. Although these studies suggested the possi-

bility that the grouping behavior generates advantages for

learning, these could also have resulted from followers

(below as individuals showing ‘following behavior’) of

quick learners.

On the other hand, the aggregation index was different

between single and groups of fish, and individuals in the
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Fig. 3 Average duration spent in the feeding area in the single fish

and groups of fish. Symbols represent pre-signal (open circles) and

post-signal period (closed circles), and asterisks indicate that the

duration significantly increased from the pre- to post-signal period

(p \ 0.05; by paired t test). Bars indicate standard error (n = 5)
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group treatment aggregated more in the feeding area than

single fish. This would be caused by the effect of following

behavior of learned individuals within the group. This

tendency was clear after the eighth trial, implying that

many individuals in the group treatment aggregated from

the period when the first fish learned the feeding area. This

result suggests that behavior to follow learned fish

enhanced the ability of individuals to aggregate in the

feeding area as also shown in Welty [18] and Gleason et al.

[24]. Previous studies showed that following learned fish in

a group enhances the feeding efficiency in pollock [25, 26].

In our study, unlearned fish in a group could get food by

following a fish in the same group that had learned that

floating objects are stimuli for a feeding area. As a result,

the information that a floating object is a feeding area

would be shared across the group members.

In fish, it is also reported that observation of other

individuals enhances the efficiency of learning [6–8, 18].

Brown et al. [7] showed that fish acquired the information

of feeding area through observations of fish in an adjacent

Table 1 Results of two-way repeated measures ANOVA (F values)

to compare the aggregation index between treatments (single fish vs.

group of fish) during all trials and each session in experiment 1, and

between treatments (demonstrator fish vs. observer fish) during all

trials in experiment 2

Effects Experiment 1 Experiment 2

All trials Session 1 Session 2 Session 3 Session 4 Innate response All trials

Treatments 26.06* 0.50 7.84 25.33* 7.37 0.83 0.05

Trials 119.04* 4.87* 9.68* 0.08 0.01 0.02 105.8*

Treatments 9 trials 0.98 1.02 3.27 0.52 0.03 1.54 10.3*

* p \ 0.05
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Fig. 4 Average aggregation index in the single fish and groups of

fish. Symbols represent single fish (open circles) and groups of fish

(closed circles), and asterisks indicate that the increment significantly

differed between single fish and groups of fish in each session

(p \ 0.05; by two-way repeated measures ANOVA). Bars indicate

standard error (n = 5)
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tor fish and observer fish. Symbols represent pre-signal (open circles)

and post-signal period (closed circles), and asterisks indicate that the

number significantly increased from the pre-signal to post-signal

period (p \ 0.05; by Wilcoxon signed-rank test). Bars indicate

standard error (n = 6)
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observer fish. Symbols represent demonstrator fish (open circles) and

observer fish (closed circles). Bars indicate standard error (n = 6)
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tank. Experiment 2 in our study showed that the learning

rate was improved by observations of other individuals. On

aggregation index, there was significant interaction

between treatments and trials. The result also suggests that

the learning process of observer fish differed from dem-

onstrator fish. These findings suggest that information that

aeration was related to feeding was transmitted between

groups via observation of fish in the adjacent tank. Jack

mackerel form large groups in the wild; therefore, there

would be frequent opportunities to observe other individ-

uals within the school. Jack mackerel would efficiently

acquire a behavioral advantage by observational learning in

the natural environment.

Welty [18] showed that naı̈ve goldfish acquired the route

to the feeding area through only the observation of the

behavior of learned fish without their own experience of

the route, whereas in our experiment 2, observer fish did

not show the association behavior to aeration on the first

trial after observation. This discrepancy may be attribut-

able to the personal information, defined as information

attained through prior experience of the individual. The

observer fish in our experiment might have learned that

aeration was not an expected stimulus with foods as per-

sonal information. This is likely to differ from the social

information provided by observation of the demonstrator,

i.e., aeration evokes the concept of food. Indeed, Kendal

et al. [27] showed in guppies that individual fish with prior

experience of a feeding site ignored an alternative feeding

site indicated by other individuals, suggesting that personal

information is more important than social information.

Furthermore, in our preliminary experiment, jack mackerel

juveniles without experience of aeration before training

learned that aeration indicated a feeding area in only one

training trial (Takahashi K., unpublished data, 2010).

Therefore, if they had not had an experience of aeration

before the observational trial, the transmission of behavior

might have occurred through observation in jack mackerel.

There are many potential stimuli that would be associ-

ated with feeding in the natural environment for jack

mackerel; therefore, a quick response to such stimuli would

increase the chance of feeding and thus enhance the sur-

vival rate. In this study, the sharing and transmission of

feeding information in a school occurred through following

and observation of learned fish, and these social effects

facilitated the foraging efficiency of jack mackerel. From

these results, we can say that schooling behavior would

generate advantages that many individuals in a school can

share optimum behavioral patterns. Schooling would

therefore provide benefits for information gathering [28].

Ward et al. [29] showed that mosquitofish Gambusia hol-

brooki optimized their avoidance response to a predator

model in a larger school more efficiently than as a solitary

fish or in a small group, and Ward and colleagues

suggested that the ‘many eyes’ effect of a large group

enhanced both the speed and accuracy of their behavior.

For learning in schooling fish species, ‘many eyes’ would

be useful for quick learning.

The advantage of schooling behavior is also reported in

learning of feeding skills, migration routes, and predator

avoidance [6] in addition to feeding. For example in French

grunt Haemulon flavolineatum living on a coral reef, a

migration route was transmitted to naı̈ve fish by accom-

panying a learned fish [21]. Schooling is also advantageous

for the learning of alarm responses; Nakayama et al. [30]

showed in chub mackerel Scomber japonicus juveniles that

the startle response evoked by an electronic stimulus was

transmitted among individuals in an adjacent tank through

only visual information. Naı̈ve zebrafish accompanied by

learned individuals learned avoidance behavior from a net

more quickly than unaccompanied fish [31]. Learning of

predation-related information would be too costly; there-

fore, the sharing and transmission of the alarm information

is more crucial for survival in natural environments.

Studies on the learning by fish have implications for

several aspects of fisheries, e.g., it may enable the

enhancement of the survival of released fish by condi-

tioning the essential life skills in reared fish before release

[32, 33]. However, training in hatcheries would not be

realistic because of the cost and equipment required for the

conditioning of fish. On the other hand, this study suggests

that it may be sufficient to train only a subset of the fish to

be released, because learned information would be shared

in a school. Also, the transmission by observational

learning has the possibility to reduce the cost of the con-

ditioning procedure; indeed, red seabream Pagrus major

after observational learning acquired avoidance behavior

into shelter more rapidly than control fish without obser-

vational trial (Takahashi K., unpublished data, 2011). This

study indicates the potential that the learning would be

applicable to fisheries science, whereas there are few

studies that have actually applied the learning of fish to

fisheries fields [34]. In future, this kind of work will be

extended to applied studies for fish learning in fisheries

science, such as the behavioral improvement of reared fish.
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