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Timing of isolation from an enriched
environment determines the level of
aggressive behavior and sexual maturity in
Siamese fighting fish (Betta splendens)
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Abstract

Background: Teleost fish are known to respond to environmental manipulation, which makes them an ideal model
animal for testing relationships between the environment and behavior. The Siamese fighting fish, Betta splendens,
is a solitary, highly territorial fish that displays fierce stereotyped aggressive behavior toward conspecifics or
members of other species. Adult fish, especially males, are generally housed in isolation in captivity. Here we report
evidence that an enriched rearing environment can decrease the level of aggression in bettas and enable adults to
be housed in groups.

Results: B. splendens individuals were hatched in our laboratory and raised in groups in an enriched environment.
At the juvenile or subadult stage, some individuals were relocated to a poor environment and kept in isolation. To
evaluate aggression, a mirror-image test was conducted at the juvenile, subadult, and adult stages for each fish,
and body parameters as well as plasma concentrations of 11-ketotestosterone, estradiol, and cortisol were
evaluated. Male and female adult bettas raised in a group showed lower levels of aggression than other adult fish.
The magnitude of threatening behavior was greater in adult bettas isolated as subadults, whereas the magnitude of
fighting behavior was grater in adult bettas isolated as juveniles. The influence of rearing conditions on behavior
was greater in females than in males. Plasma cortisol concentrations of adult bettas isolated as subadults after the
mirror-image test were higher than those in other experimental groups. Adult males isolated as subadults had
significantly higher plasma concentrations of 11-ketotestosterone than males raised in a group and isolated as
juveniles. Females isolated as subadults had a higher gonadosomatic index than females raised in a group and
females isolated as juveniles.

Conclusions: These results indicate that bettas can be kept in a group under enriched environments and that the
timing of isolation influences the aggression and sexual maturity of bettas. Female and male bettas responded
differently to environmental manipulation. Judging from their level of sexual maturity, bettas isolated as subadults
show proper development.
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Background
Betta splendens (family Anabantidae) is native to still
freshwater areas in Thailand, Malaysia, Cambodia, and
Myanmar. The fish, which is highly territorial in nature,
was initially domesticated for fighting in Thailand [1],
and the natural history of bettas is not well known.
Their natural habitat is characterized by heavy emergent
vegetation and shallow water, such as muddy bottoms or
flooded rice paddy fields [2]. During the breeding season
in Thailand, bettas move to shallow waters to breed [3].
The density in the breeding aggregation was 1.7 fish/m2

in a previous study [4]. A study found that domesticated
bettas are more aggressive than wild bettas and are well
adapted to confinement [5].
Domesticated bettas are known as Siamese fighting

fish because of their extreme aggression, which is a con-
sequence of selective breeding for fish fighting. Domesti-
cated bettas have become a popular ornamental fish
worldwide because of their bright coloration and the
visually appealing long fins of the males. New varieties
of bettas with an even more beautiful appearance, such
as long, flowing fins and multiple hues, have been pro-
duced for competitive shows [1, 6]. When reared as or-
namental fish, their aggressiveness can become a serious
problem. Although domesticated bettas have been se-
lected for their beautiful appearance, their aggressive na-
ture remains [3]. It is recommended that adult bettas,
especially males, should be kept in isolation and remain
unaware of the presence of conspecifics as they may be-
come agitated and fight until the other fish dies or is re-
moved from their presence. Although female bettas are
generally less aggressive than males and can be kept with
conspecifics or other fish species, some females have
been reported to display fierce aggressiveness toward
cohabiters [7]. These characteristics of bettas can make
their care time-consuming and challenging for aquarium
keepers. As the demand for ornamental fish is expected
to increase, decreasing the aggressiveness of bettas is de-
sirable as it would make them a more suitable species
for aquariums as well as during transport. Moreover, the
aggressiveness of bettas may lead to stress from social
interactions when they are kept with other fish of the
same or different species [8]. One solution to this prob-
lem is to produce less aggressive bettas by selective
breeding. However, this method requires a significant
amount of time. An alternative solution is to decrease
the aggressiveness of bettas through environmental
manipulation.
It is well known that the behavior of animals can be al-

tered by their environment. To enhance animal welfare,
a technique called environmental enrichment has been
used in zoos and aquariums. Environmental enrichment
is defined as the addition of stimuli or provision of
choice that results in the improvement of animal well-

being [9], and is gradually being applied in farm and
laboratory settings [10, 11]. Bloomsmith et al. (1991)
identified five major types of enrichment, each of which
can be subdivided: social (contact or noncontact), occu-
pational (psychological or exercise), physical (enclosure
or accessories), sensory (visual, auditory or other
stimuli), and nutritional (delivery or type) [12].
Similar to other animals, teleost fish are expected to

undergo numerous behavioral modifications as a result
of environmental enrichment, which makes them an
ideal model animal for testing relationships between the
environment and behavior. Numerous studies revealed
that teleost fish can respond to environmental manipula-
tion, particularly during the early stages of life [13, 14].
Spacial comlexity of enclosures during the early rearing

period results in behavioral flexibility in various species of
teleost. For instance, enriched environments have been
shown to stimulate exploratory behavior in hatchery-bred
North Sea cod [15], improve foraging behavior in Atlantic
salmon [16], and enhance cognitive abilities in Simochro-
mis pleurospilus [17]. Enriched environment has also been
shown to improve the survival rates of hatchery-reared
fish released into the wild [18, 19]. Social environment,
cohabitutation with conspecifices, also affect later per-
formance, because social behaviors are partly experience
based. Rearing dencity impacted shorling behavior and so-
cial learning in guppy [20]. A socially more complex envir-
onment together with older group members responded
less neophobic toward a novel object in the cooperatively
breeding cichlid Neolamprologus pulcher [21]. Early social
experience determine the courtship patterns of male
Girardinichthys multiradiatus [22].
It has been reported that aggression in animals is

affected by a complex and social environment [23].
However, in teleosts, the results depend on the species
or strain of fish [13]. For example, the effects of group
size on aggression show different trends in four common
species of ornamental fish [24]. A complex environment
reduced aggression and even led to cohabitation without
fighting in intruder–resident tests with the pearl cichlid
Geophagus brasiliensis [25], whereas other cichlid spe-
cies showed opposite results [26]. In male bettas that are
socially isolated at 6 weeks after hatching, the incidence
of agonistic behaviors increases after the termination of
mutual fights [27].
Under general rearing conditions, whether in personal

aquariums or in commercial facilities, male bettas be-
come distinguishable from females at 2 to 4 month after
hatching and must be separated into individual con-
tainers to avoid injuries due to aggression [8, 28]. Fe-
males bettas are generally reared in communal tanks,
however, some females have been reported to display
fierce aggressiveness [7]. Furthermore, it has been docu-
mented that a stable community of males and females
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may be established if sufficient space is available [29].
We hypothesized that the rearing condition affects the
aggression level of bettas. In this study, bettas raised in a
physically complex and social environment were com-
pared with fish that were relocated to a poor and iso-
lated environment at the juvenile or subadult stage. The
aggressive behaviors of the fish were evaluated at the ju-
venile, subadult, and adult stages. The mirror-image test
was used to evaluate aggressive behavior. Although this
test has limited predictive value for aggression directed
at real opponents [30–32], it was selected because, un-
like other behavioral tests, it does not influence the con-
centrations of sex steroid hormones [33]. Body
parameters and plasma concentrations of steroid hor-
mones were measured to evaluate the condition of the
fish. The concentrations of estradiol (E2) in females and
11-ketotestosterone (11-KT) in males were measured to
evaluate sexual maturity, and the cortisol concentration
was measured to evaluate the stress response after the
mirror-image test.

Results
Body parameters
Measurements of fish body parameters are shown in
Fig. 1. Analysis of variance (ANOVA) revealed signifi-
cant effects in the experimental group on body weight
(F5,31 = 27.99, p < 0.001 for males; F5,43 = 43.42, p < 0.001
for females), standard length (F5,31 = 53.32, p < 0.001 for
males; F5,43 = 46.19, p < 0.001 for females) and tail length
(F5,31 = 13.05, p < 0.001 for males; F5,43 = 20.53, p < 0.001
for females). Post hoc analysis revealed that among
males, 2 M-G individuals had lower body weight, shorter
standard length, and shorter tailfins than the other
groups. In contrast, 6 M-4I individuals had higher body
weight, longer standard length, and longer tail fins than
the other groups. Similarly, among females, 2 M-G indi-
viduals had lower body weight and shorter standard
length, whereas 6M-4I individuals had higher body
weight and longer standard length than the other
groups. 2M-G females had shorter tail fins than other
groups, whereas 6M-2I females had the longest tail fins
among the experimental groups.
ANOVA also revealed significant differences in gona-

dosomatic index (GSI) in females (F4,38 = 6.54, p < 0.001)
but not in males (F4,26 = 0.838, p = 0.514). Post hoc ana-
lyses revealed that 6M-4I females possessed the highest
GSI values.

Behavioral parameters
In principal component analysis (PCA), three compo-
nents explained 70.98% of the variance. The first and
second components (PC1 and PC2, respctively) exceeded
eigenvalue 1; therefore, PC1 and PC2 were employed for
further analysis. Figure 2 shows principal component

loadings of each behavioral parameter on a coordinate
grid defined by PC1 and PC2. PC1 explained interest in
other individuals and latency to respond to a mirror in
the negative axis. PC2 explained fighting and threaten-
ing, tail slapping, biting, and lateral fighting in the posi-
tive axis and opercular opening, flaring, and latency to
respond to a mirror in the negative axis. Kruskal–Wallis
tests revealed significant differences in main component
scores of PC1 in males (χ2 = 17.85, p = 0.003) and
females (χ2 = 32.42, p < 0.001). Significant difference in
main component scores of PC2 was observed in females
(χ2 = 21.55, p < 0.001), but not in males (χ2 = 10.22, p =
0.069). In post hoc analysis, 2-MG males showed lower
main component scores of PC1 than 6M-2I males, and
2M-G and 6M-G females showed lower main compo-
nent scores of PC1 than 6M-2I and 6M-4I females.
4M-2I and 6M-2I females showed higher main compo-
nent scores of PC2 than 6M-4I females (Fig. 3).
The relationship between body parameters and main

component scores is shown in Table 1. In males, a sta-
tistically significant positive correlation was observed be-
tween body parameters and main component scores of
PC1 and negative correlation between main component
scores of PC 2. In females, statistically significant posi-
tive correlations were observed between body parame-
ters and main component scores of PC1. Statisitcally
significant negative correlation was observed between
female body weitght and main component scores of
PC2, but not between total length.

Steroid hormone concentrations
ANOVA revealed significant differences in male plasma
11-KT concentrations (F4,23 = 7.01, p = 0.001) but not in
female plasma E2 concentrations (F4,41 = 2.68, p = 0.050).
6M-4I males had higher plasma 11-KT concentrations
than 4M-G, 6M-G, and 4M-2I males (Fig. 4). Among
fish raised in different housing conditions, there were no
significant differences in plasma cortisol concentrations
of pretest samples (F2,7 = 0.28, p = 0.76 for males; F3,15 =
2.17, p = 0.13 for females). In males, ANOVA revealed
significant differences in plasma cortisol concentrations
(F5,40 = 9.40, p < 0.001), and post hoc analysis revealed
that 6M-4I individuals had elevated plasma cortisol con-
centrations after the mirror-image test. No elevations in
plasma cortisol concentrations were observed in fish
kept in other housing conditions compared with the pre-
test samples. In females, ANOVA revealed significant
differences in plasma cortisol concentrations (F5,29 =
14.06, p < 0.001). Post hoc analysis revealed that 6M-4I
individuals had elevated plasma cortisol concentrations
after the mirror-image test, and no elevations in plasma
cortisol concentrations were observed in fish kept in
other housing conditions compared with the pretest
samples (Fig. 4).
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Fig. 1 Body conditions of Betta splendens subjected to the mirror-image test. Values are expressed as means ± standard errors (SEs) and
significant differences are indicated by different letters. N.S., not significant. Statistical significance is defined as p < 0.05 based on analysis of
variance (ANOVA) followed by the Tukey–Kramer test. Sample sizes are noted in parentheses under the bars in the first graph
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Discussion
With the increasing popularity of household aquar-
iums, the ornamental fish trade has developed into a
multi-billion-dollar industry [34]. Although it has not
been a major concern historically, the concept of wel-
fare of ornamental fish is gradually being adopted
[35–38]. Therefore, guidelines for the proper housing
and transport of ornamental fish must be developed.
For bettas, suppressing aggression that arises from
their highly territorial nature would contribute to
their welfare as ornamental fish. Our study revealed
that bettas, regardless of sex, can be housed in groups
and display lower levels of aggression if they are
housed in groups since hatching under enriched en-
vironmental conditions.
PCA revealed that the behaviors of bettas observed

during the mirror-image test could be classified into
three types. PC1 was negatively associated with “interest
in other individuals,” and PC2 was positively associated
with “fighting” i.e., tail slapping, biting, and lateral fight-
ing, and negatively associated with “threatening”, i.e.,
opercular opening and flaring.
The main component score of each individual revealed

that the rearing environment affected their agonistic be-
havior. The main component scores of PC1 increased
gradually with increasing age, which reflected the in-
creased regard of other individuals. However, adult
bettas respond defferently depending on the rearing en-
vironment. Male and female adults isolated as juveniles
and female adults isolated subadults had higher scores of

PC1, but not adults housed in groups. Adults bettas
housed in groups seemed less concerned about the social
environment, or had higher social skills. Meanwhile, the
main component scores of PC2 remained near zero in
housed in groups regardless of their age, which reflected
low agonistic interaction or a lack of development of ag-
gression during these stages. Female adults and sub-
adults isolated as juveniles scored higher on PC2, which
reflected the increase in actual fighting. Female adults
isolated as subadults scored lower, which reflected the
increase in threatening behavior. Males showed the same
tendency as females on PC2, but statistically significant
was not observed, namely, the magnitude of the effect of
rearing environment was not obvious in males as that in
females.
Ichihashi, Ichikawa and Matsushima [27] reported that

isolation at 6 weeks of age promoted highly aggressive
behavior in male bettas at 4 months of age, which indi-
cates that earier isolation influence agonistic behaviour
of bettas as well as in the present study. Furthermore,
our results indicated that the quality of agonisitc behav-
ior displayed by bettas differed according to the timing
of isolation. Fish isolated at subadult stage tend to dis-
play threatening behaviors, whereas fish isolated at an
juvenile stage tend to display fighting behaviours. How-
ever, differences were observed between males and fe-
males. In males, the environment had low affects on the
agonistic behavior compare to females. The result indi-
cates that females respond to environmental manupila-
tion more than males. In general, female bettas are
housed in groups because they are known to be less ag-
gressive. However, aggressiveness has been reported in
female bettas [7], and a study showed that female bettas
can respond to their mirror–image if they are reinforced
visually [39]. Together, these results suggest the possibil-
ity that female bettas have the ability to display aggres-
sion if they are isolated like males because females might
respond to environmental factors more flexibly than
males.
Aggression has a strong connection with sexual matur-

ity. Particularly in males, a display of aggression is neces-
sary for sexually mature individuals to guard territory,
win a mate, and raise offspring [40]. In this study, rear-
ing conditions altered the degree of sexual maturity as
well as the display of aggressive behavior. According to
male plasma 11-KT concentrations, male tail length, and
female GSI, sexual maturity was suppressed in fish
housed in groups because group-housed adult fish
achieved similar levels of sexual maturity as subadult fish
isolated as juveniles. The female plasma E2 concentra-
tions did not differ among the experimental groups
probably because of the estrus cycle. Surprisingly, fish
that achieved sexual maturity were isolated at the sub-
adult stage displayed greater threatening behavior rather

Fig. 2 Results of principal component analysis (PCA) with behavioral
parameters of Betta splendens in response to the mirror-image test
according to different rearing environments. Loading plot
corresponding to the first two PCs (PC1 and PC2) is shown
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than actual fight. Adult bettas isolated at the subadult
stage also had better body conditions. The behavior and
sexual maturity of fish isolated at the subadult stage
might be attributed to differences in nutritional status
between isolated and group-housed individuals. In fact,
there was a correlation between the body condition and
behavior of the fish. However, food intake of the fish in
each experimental group was identical, and if nutritional

status affected the sexual maturity of fish, the fish that
matured most must have been the adult fish isolated at
the juvenile stage because these fish could be fed suffi-
ciently for the longest time without competition.
Rearing conditions also affected the stress response of

bettas. Cortisol is considered a good indicator of stress
in teleosts [41]. In the territorial male convict cichlid
Archocentrus nigrofasciatus, isolation was shown to

Fig. 3 Main component scores of Betta splendens in response to the mirror-image test according to different rearing environments.. Boxplot
values are the median (center line), mean (cross), upper and lower quartiles (upper and lower edges of box), and maximum and minimum values
(whiskers). × −marks are outliers. Significant differences between groups are indicated by different letters. N.S., not significant. Statistical
significance is defined as p < 0.05 based on Kruskal–Wallis test followed by the Steel–Dwass tests

Table 1 Correlation coefficient (ρ) between body parameters and main compnent scores of Betta splendens subjected to mirror-
image tests according to different rearing environment

Male main component scores Female main component scores

PC1 PC2 PC1 PC2

ρ p ρ p ρ p ρ p

Body weight 0.67 <0.001 -0.45 0.009 0.70 <0.001 -0.28 0.047

Total length 0.58 <0.001 -0.41 0.018 0.74 <0.001 -0.11 0.46
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induce intense fighting and higher plasma cortisol con-
centrations after fighting [42]. As mentioned above, hor-
monal responses to the mirror-image test were induced
in adult fish isolated at the subadult stage that displayed
greater threatening behavior rather than actual fight.
Subadult females housed in groups showed slightly ele-
vated cortisol concentrations, but the change was not
statistically significant. This observation may indicate
that group housing in an enriched environment and iso-
lation at an earlier life stage can decrease stress re-
sponses. However, it is also possible that decreases in
the stress response due to chronic stress occurs in
group-housed fish [43]. Furthermore, chronic stress
might influence sexual maturation of fish [44].
In this study, we compared behavior of bettas either in

social and physical enriched environment or in non-
social poor environment. Thus, it is difficult to deter-
mine whether the social or physical component of the
environment was the primary driver of these results.
The social environment is known to affect social compe-
tence [45]. For example, in N. pulcher, individuals that
had been reared together with older conspecifics showed
more appropriate behaviors depending on social status

[46]. N. pulcher that were raised in large groups dis-
played more social behaviors [47]. On the other hand,
the complex environment can promote the cognitive
ability of fish. Atlantic cod reared in tanks with cobble
stones and artificial kelp on the bottom was more adept
at learning how to forage on novel prey than those
reared in bare tanks [48]. Habitat enrichment improved
navigation skills in Atlantic salmon [49]. In the present
study, both complex and social environment interacting
together might led to decreased aggressive behavior in
bettas. In social environments, bettas may learn how to
interact with each other appropriately, and bettas can
promote the cognitive ability in complexed environ-
ments and learn to avoid agonistic interactions.
The question remains why the timing of relocation

from social and complexed environment to isolated poor
environment altered the level of aggression and why sex-
ual maturation was suppressed in fish that were relo-
cated at the juvenile stage. Juvenile European eels
(Anguilla anguilla) that are not highly gregarious display
higher than expected aggressiveness toward other fish
[50]. Earlier isolation might lead to less experience with
social interactions and results in elevated levels of

Fig. 4 Plasma concentrations of 11-ketotestosterone (11-KT) of males, estradiol (E2) of females, and cortisol of both sexes of Betta splendens
subjected to mirror-image tests according to different rearing environment. Values are means ± standard errors (SEs) and significant differences
are indicated by different letters. N.S.: not significant. Statistical significance is defined as p < 0.05 based on analysis of variance (ANOVA) followed
by the Tukey–Kramer method for 11-KT and E2, by the Dunnett’s test for cortisol. Sample sizes are noted in parentheses under the bars in graphs
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aggressiveness [51]. The betta is a solitary and highly ter-
ritorial species, and the influence of social interaction on
their behavior is poorly understood [4]. Interaction be-
tween individuals at early stages of life might be essential
for proper development, including behavioral and sexual
development, even in nonsocial species such as bettas. If
sexual maturity is considered a suitable indicator of wel-
fare [52], bettas isolated at the subadult stage might dis-
play proper development. To confirm this hypothesis, a
detailed study of the natural history of wild bettas, espe-
cially regarding their distribution and the dispersal pat-
tern of larval to subadult individuals, is needed.

Conclusions
In this study, the timing of isolation altered the level of
aggressive behavior; earlier isolation into poor environ-
ment increased finghting behavior and later increased
threatening behavior. Female bettas might respond to
environmental factors more flexibly than males. Group
housing in an enriched environment successfully de-
creased aggressive behavior in adult bettas. Adult bettas
housed in groups in enriched environment displayed the
same level of agonistic behavior as juvenile fish. If a suit-
able environment is available, both males and females
could be housed in groups without displaying excessive
aggression. However, in this study, group housing in
enriched environment suppressed sexual maturation.
Bettas that were socially isolated into poor environment
at the juvenile stage also exhibited suppressed sexual
maturation, whereas fish isolated into poor environment
at the subadult stage achieved sexual maturation. Judg-
ing from their level of sexual maturity, bettas isolated as
subadults with increased threatening behavior show
proper development.

Methods
Experimental animals
Three pairs of sexually mature bettas (traditional type)
were purchased from a local distributor (Sugano Pet Fish
Shop, Iwaki City, Fukushima, Japan) and bred in the la-
boratory. The pairs originated from the same breeder,
but it was unknown whether they were genetically re-
lated. The larvae were reared in groups of 12 to 30 indi-
viduals per tank (30 × 20 × 20 cm). After the larvae grew
in size and were able to tolerate water flow, each tank
was equipped with a closed filtration system. The fish
were fed brine shrimp every day during the larval and ju-
venile stages and commercial pellets (Hikari-Betta,
Kyorin Co., Ltd., Hyougo, Japan) at later life stages. The
food intake levels of individual fish were kept as close to
equal as possible. The fish were maintained at a water
temperature of 25 °C–26 °C under natural light condi-
tions. All protocols described below were approved by
the Experimental Animal Care Committee at Iwaki

Meisei University and followed Iwaki Meisei University’s
Policies Governing the Use of Live Vertebrate Animals
and the Japan Ethological Society’s Guidelines for Re-
search on Animal Behaviour.

Experimental design
The juveniles were reared in groups under enriched en-
vironmental conditions for 2 months after hatching (60
days post hatch [dph]). Under the group-rearing condi-
tion, the fish were housed in groups of 12 to 30 individ-
uals in 30 × 20 × 20-cm tanks with water plants (Egeria
densa), rocks, and shelters. The number of individuals
varied because the mortality rate of the larvae varied
among the tanks. At the age of 2 months, 40 fish were
relocated to an isolated, poor environment. The isolation
tanks measured 10 × 10 × 10 cm and were composed of
opaque plastic that prevented the fish from seeing each
other. A 10-cm stalk of E. densa was provided in each
isolation tank instead of a water filtration system. At this
time point, 12 group-housed fish were subjected to a
mirror-image test. At the age of 4 months (120 dph), the
procedure was repeated; 20 fish were transferred from
the group-housed environment to the isolated environ-
ment, and behavioral testing was conducted for both
group-housed fish and fish isolated at 2 months of age.
At the age of 6 months (180 dph), mirror-image tests
were conducted on fish from all rearing conditions. The
following abbreviations for the experimental groups are
used in the text and figures: 2M-G, fish raised in a
group until 2 months of age; 4M-G, fish raised in a
group until 4 months of age; 6M-G, fish raised in a
group until 6 months of age; 4M-2I, fish raised in a
group until 2 months of age and then isolated until 4
months of age; 6M-2I, fish raised in a group until 2
months of age and then isolated until 6 months of age; 6
M-4I, fish raised in a group until 4 months of age and
then isolated until 6 months of age.
The sample size and sex composition of the experi-

mental groups varied because it is difficult to deter-
mine the sex of bettas at 2 months of age without
dissection. Under our laboratory rearing conditions,
the age groups were defined as follows: 2-month-old
fish were considered sexually immature juveniles, 4-
month-old fish were considered subadults at the onset
of sexual maturation, and 6-month-old fish were con-
sidered sexually mature adults. The experimental fish
were selected from each clutch equally to avoid unex-
pected influences on the data.

Mirror-image test
Fish were randomly assigned to experimental groups
and acclimated for 10 min in a 20 × 10 × 10-cm polycar-
bonate tank, after which they were presented with a 9 ×
8-cm mirror for 10 min. We recorded the duration (in
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seconds) of flaring and opercular opening display to
evaluate threatening behavior, lateral fighting, the fre-
quencies of tail slapping and biting to evaluate fighting
behavior. We also recorded the latency (in seconds) to
respond to the mirror. Descriptions of the behavioral pa-
rameters are given in Table 2. All tests were performed
between 12:00 and 18:00. Individual fish were tested only
once and euthanized after mirror-image test for further
examinations.

Body parameters and steroid hormone concentrations
Immediately after the termination of the mirror-image
test, the fish were captured and euthanized with 300
ppm of MS222 (tricaine methanesulfonate; Sigma-
Aldrich, St. Louis, MO, USA). The fish were captured by
catching them in the water using hands to avoid harm-
ing them, and they were moved to a smaller tank with
the dissolved anesthetic chemical. To avoid any influ-
ence on serum cortisol concentrations, anesthesia was
performed within 3min of capture. Total body length,
standard length, body weight, and gonad weight were
measured. The standard length was subtracted from the
total body length to obtain the tail length. The body and
gonad weights were used to calculate GSI (GSI = gonad
weight / body weight × 100) to evaluate sexual maturity.
The sex of 2-month-old fish was determined after dis-
section using a stereomicroscope, but GSI was not calcu-
lated because the gonads were too small to weigh. Blood
was collected from the caudal vessel using heparinized

capillary tubes, and blood samples was immediately cen-
trifuged. Plasma was separated and stored in plastic
tubes at − 20 °C until assay.

Hormone assays
Because the number of pretest plasma samples was small
in each group, the plasma cortisol concentrations of fish
that did not undergo the mirror-image test (pretest)
were combined and evaluated. Five microliters of plasma
was extracted using 2 mL of diethyl ether and resus-
pended in 500 μL of enzyme immunoassay (EIA) buffer
(Cayman Chemical, Ann Arbor, MI, USA). The concen-
trations of the hormones were measured using a com-
mercially available EIA kit (Cayman Chemical) following
the manufacturer’s instructions. All samples were mea-
sured in triplicate. The cross-reactivity of antibodies is
shown in Table 3. The inter- and intra-assay coefficients
of variation were 14.7 and 7.3% for E2, 8.2 and 8.3% for
11-KT, and 7.6 and 8.4% for cortisol, respectively.

Statistical analysis
Statistical analyses were performed using BellCurve for
Excel version 3.21 (Social Survey Research Information
Co., Ltd., Tokyo, Japan). A probability level (p) of < 0.05
was considered to indicate statistical significance. All pa-
rameters were analyzed separately for males and females.
Body parameters and steroid hormone concentrations
were compared using one-way ANOVA followed by the
Tukey–Kramer multiple comparison test. Plasma

Table 2 Descriptions of behavioral parameters of Betta splendens subjected to the mirror-image test according to different rearing
environments

Behavioural elements Discription

Latency to respond to a
mirror

Latency of time (s) of focal individual to locate or approach mirror.

Duration of lateral fighting Duration of time (s) of focal individual to display itself laterally to a mirror for comparing its body size to self-image in
a mirror.

Duration of flaring Duration of time (s) of focal individual to spread its fins as a threat display.

Duration of opercular
opening

Duration of time (s) of focal individual to display its opercular opening as a threat display.

Frequency of tail slapping Frequency of focal individual slapping its tail to its self-image in a mirror.

Frequency of biting Frequency of focal individual biting its self-image in a mirror.

Table 3 Cross-reactivity of antibodies used for enzyme immune assay of plasma estradiol (E2), 11-ketotestosterone (2 11-KT), and
cortisol

estradiol 11-ketotestosterone cortisol

Compound Cross reactivity Cross reactivity Cross reactivity

estradiol 100% 11-ketotestosterone 100% cortisol 100%

estorone 12% adrenosterone 2.9% corticosoterone 0.14%

estriol 0.30% 4-androstan-11β, 17β-diol- 3-one 0.01% cortisone 0.13%

androstendiol 0.02% 5-androstan-17β-ol- 3-one <0.01 % androstendione <0.01 %

testosterone <0.01 % testosterone <0.01 % testosterone <0.01 %
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cortisol concentrations were compared using one-way
ANOVA followed by Dunnett’s test. All parameters ana-
lyzed by ANOVA met the assumptions for normal distri-
bution. For behavioral parameters, PCA was performed,
and the main component scores of each individual were
compared using the Kruskal–Wallis test followed by
Steel–Dwass multiple comparison post hoc tests. The re-
lation between the body and behavioral elements was in-
vestigated by Pearson’s correlation coefficient test.

Abbreviations
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