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The Behavioral Effects of Single Housing and
Environmental Enrichment on Adult
Zebrafish (Danio rerio)

Chereen Collymore,"* Ravi ] Tolwani,? and Skye Rasmussen?”

Environmental enrichment provides laboratory-housed species the opportunity to express natural behavior and exert control
over their home environment, thereby minimizing stress. We sought to determine whether providing an artificial plant in
the holding tank as enrichment influenced anxiety-like behaviors and place-preference choice in adult zebrafish. Fish were
housed singly or in social groups of 5 for 3 wk in 1 of 4 experimental housing environments: single-housed enriched (1 = 30),
single-housed barren (1 = 30), group-housed enriched (n = 30), and group-housed barren (1 = 30). On week 4, individual fish
were selected randomly from each of the experimental housing environments and tested by using novel-tank, light-dark, and
place-preference tests. Housing fish singly in a barren environment increased anxiety-like behaviors in the novel-tank and
light-dark behavioral tests. Single-housed zebrafish in barren tanks as well as zebrafish group-housed with conspecifics, both
with and without plant enrichment, spent more time associating with conspecifics than with the artificial plant enrichment
device during the place-preference test. Single-housed fish maintained in enriched tanks displayed no preference between a
compartment with conspecifics or an artificial plant. Our results suggest the addition of an artificial plant as enrichment may

benefit single-housed zebrafish when social housing is not possible.

Environmental enrichment promotes the psychologic and
physiologic health and wellbeing of laboratory animals and is
provided routinely to laboratory-reared species.>??! Increasing
housing complexity allows laboratory-housed species to exert
control over their immediate surroundings and encourages
species-specific behaviors.>*!828 Group housing in barren tanks
is the current housing standard for laboratory zebrafish.>1!.14
However, maintaining fish in barren environments may promote
stereotypies and increased aggression,®”!* and the UK Royal
Society for the Prevention of Cruelty to Animals recommends
providing zebrafish with environmental enrichment.?! Because
the natural habitats of zebrafish include aquatic vegetation,
providing an artificial plant has been suggested as enrichment,
although its use has not been evaluated objectively.?!

In alaboratory environment, zebrafish may be housed singly
for genotyping or breeding needs.!! Because zebrafish are a
shoaling species, isolation from conspecifics may increase stress.
There is minimal literature on the effects of single compared
with group housing on adult zebrafish.!® Given that zebrafish
are typically reared in a group environment, isolating fish as
they age may adversely affect behavior or physiology that may
alter research results.!” To date, environmental enrichment has
not been evaluated in zebrafish housed singly; previous studies
have only evaluated the effect of environmental enrichment on
group-housed fish.%!2! An evaluation of single compared with
group housing, with and without enrichment, would be useful
for the laboratory animal and scientific community, because it
would help elucidate best practices for housing zebrafish.
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Adult zebrafish have undergone various behavioral
testing paradigms similar to those performed by using ro-
dents.1-57,8:10,14-16,19,20-23,25,26,29,30 Behavioral tests offer a ro-
bust, noninvasive method for evaluating animal responses to
various housing conditions. Behavioral tests for anxiety-like
behavior, such as the novel tank and light-dark tests, allows
experimenters to evaluate how well zebrafish adapt to various
stressors.247.8101516,19,22,23,24,29,30 The novel-tank test utilizes the
zebrafish’s natural geotaxic instinct to dive to the bottom of the
tank and explore its environment.*”1326 The light-dark test as-
sesses anxiety-like behavior by evaluating the amount of time
spent in either a white or black compartment;23162330 zebrafish
are scototaxic and therefore exhibit a natural preference for the
dark compartment.?162330 The-place preference test provides
fish a choice between 2 different environments."# The preferred
choice may provide information regarding the preferred condi-
tion for housing laboratory zebrafish.

Our study sought to determine whether adding an artificial
plant as enrichment influenced anxiety-like behaviors and
whether adult zebrafish preferred enrichment over conspecifics.
We hypothesized that providing an artificial plant would reduce
anxiety-like behavior in adult zebrafish, and this effect would
have a greater effect on single-housed than group-housed fish
because it could serve as a hiding place and therefore provide
a measure of security in an otherwise barren tank.

Materials and Methods

Animals and housing. Animals were housed in an AAALAC
-accredited facility in compliance with the Guide for the Care
and Use of Laboratory Animals.'? All research procedures were
approved by The Rockefeller University’s IACUC. Ten breed-
ing pairs of adult AB fish (1 = 20; age unknown) were obtained
from Carolina Biologicals (Burlington, NC) and maintained in
mixed-sex groups of 10 fish in 2.5-L tanks on a recirculating
quarantine system (Marine Biotech, Apopka, FL). Four weeks
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after receipt, pairwise breeding was performed and fertilized
embryos collected. Embryos were bleached (50 ppm bleach, 10
min) within 3 h after fertilization, hatched, and maintained in
culture dishes; at 7 d after fertilization, they were transferred
to the main recirculating system (Marine Biotech). The system
was supplied with carbon-filtered municipal tap water filtered
through a 20-um pleated particulate filter (Pentair Aquatic
Eco-Systems, Apopka, FL) and exposed to a 40-W UV light.
The system water was maintained at 28 °C at a conductivity
of 510 to 600 uS, pH 7.3 to 7.7, hardness of 80 ppm, alkalinity
of 80 ppm, dissolved oxygen greater than 6 mg/L, ammonia 0
ppm, nitrate 0 to 0.5 ppm, and nitrite 0 ppm in a room with a
14:10-h light:dark cycle. Fish were raised at a density of 10 to 25
per 2.5-L tank. Fish were fed a commercial diet (Larval AP100,
150 to 250 um, Zeigler Bros, Gardners, PA) supplemented with
spirulina (Spirulina Powder, Brine Shrimp Direct, Ogden, UT)
3 times daily.

At 5 mo of age (4 wk prior to study initiation), 120 mixed-
sex zebrafish were randomly selected for experimental use
and housed at a density of 10 per 2.5-L tank. Fish were fed a
commercial pelleted diet (Zeigler Adult Zebrafish Complete
Diet, Zeigler Bros, Gardners, PA and an artificial Artemia nau-
plii replacement diet (Golden Pearls Reef and Larval Fish Diet
300 to 500 pm, Brine Shrimp Direct) twice daily and with brine
shrimp (Premium Grade Brine Shrimp Eggs, Brine Shrimp
Direct) once daily.

Fish were free of Pseudoloma neurophilia, Pseudocapillaria
tomentosa, and pathogenic Mycobacterium spp. as determined
by twice-yearly gross and histopathologic evaluation of 10
colony fish per rack.

Experimental housing. Fish were randomly assigned to 1 of
4 experimental housing environments for 3 wk: single-housed
enriched (n = 30), single-housed barren (1 = 30), group-housed
enriched (n = 30), and group-housed barren (n = 30). Group-
housed fish were mixed-sex groups of 5 fish per 2.5-L tank.
Single-housed male fish were housed individually in 2.5-L
tanks; female fish were not housed individually due to concerns
regarding the potential for egg binding. All experimental groups
were housed on a single rack of the main recirculating system
on 2 adjacent rows. Each row held 14 tanks. Each enriched ex-
perimental tank contained a 17-cm, red and green, artificial plant
(Petco Green and Red Hairgrass Foreground Plastic Aquarium
Plant, Petco Animal Supplies, San Diego, CA). Barren tanks were
devoid of environmental enrichment.

Behavioral testing. Fish were randomly selected from each
experimental housing environment for behavioral testing. Exper-
imental housing tanks were transported once to the behavioral
testing room. Group-housed fish from the same tank were all test-
ed in the same recording session. Individual fish were removed
from the tank for testing. Immediately after behavioral testing,
fish were placed into a fresh home tank to prevent selecting the
same fish twice. No fish was tested in more than one behavioral
test. Fish were acclimated to the behavioral testing room for 1
h while in their experimental housing tanks. Behavioral testing
occurred between 1000 and 1300 h. Test tanks were filled with
water acquired from the main recirculating system; the water
was changed after every 5th behavioral trial and maintained at
24 to 26 °C in a testing room with ambient light at 300 Ix. All
behavioral trials were videotaped (Handycam DCR-S5X60, Sony,
Tokyo, Japan) at a distance of 50 cm from the test tank. Testing
was performed by the same person, who was seated 1 m from the
test apparatus during all behavioral trials. Videos were assigned
random numbers to disguise trial groups. Videotaped behaviors
were hand-scored by a single blinded reviewer.

Housing environment influences zebrafish behavior

Novel-tank test. Fish (n = 10 randomly selected from each
experimental housing condition) were placed into a 30.5 cm x
15.2 cm % 20.3 cm 9.5-L clear glass aquarium (Aqueon, Franklin,
WI) filled to within 2.5 cm of the top (Figure 1). The tank was
divided in half horizontally by using a straight black line drawn
on the tank exterior. Behavioral parameters measured included
the number of transitions to the upper half of the tank, total time
spent in the upper half of the tank, number and duration of
freezing bouts, and number of erratic movements.?*!* Freezing
bouts were defined as periods of no body movement for at least
1 s on the bottom of the tank. Erratic movements were defined
as sharp, rapid changes of direction or darting. Behaviors were
scored over 6 min.

Light-dark test. Fish (1 = 10 randomly selected from each
experimental housing condition) were placed into a 30.5 cm
x 15.2 em x 15.2 ecm high, 3-compartment, 5.7-L clear, glass
aquarium (Model 3 Betta Black Trim, Deep Blue Professional,
Brentwood NY) filled to a height of 10 cm (Figure 2). The tank
was divided in half vertically. One exterior half was painted
with nontoxic white paint and the other half with nontoxic
black paint (Glass Marker, Rust-Oleum, Vernon Hills, IL). On
one longitudinal side, a 10-cm window at the transition point
of the light and dark compartments was left clear and divided
into 2 with a vertical line, to allow video recording. The tank
was split internally into 3 compartments through the use of
2 clear, glass separators. Fish were placed in the center com-
partment for an acclimation period of 3 min. At test start, the
2 clear glass separators were removed allowing fish to freely
swim into the white and black compartments. Behavioral
parameters measured included the number of transitions to
the white compartment, total time spent in the white compart-
ment, and number of shuttling events.*!%18 Shuttling events
were defined as short, less than 1 s crossings into the white
compartment.'® Behaviors were scored over 15 min.

Place-preference test. Individual fish (n = 10 randomly se-
lected from each experimental housing condition) were placed
in the center compartment of a 30.5 cm x 15.2 cm x 15.2 cm,
3-compartment, 5.7-L clear, glass aquarium (Model 3 Betta
Black Trim, Deep Blue Professional) divided internally into 3
vertical compartments (2 outer compartments and one central
compartment) by using 2 black lines drawn on the tank exterior
(Figure 3). One of the outer compartments contained a 17-cm
artificial plant identical to experimental housing enrichment.
The opposite outer compartment included a clear plastic bag
with multiple pinpoint holes containing 3 mixed-sex, age-
matched conspecifics. The same 3 conspecifics were used for
all place-preference tests. Test fish were placed into the central
compartment and had unrestricted access to both compart-
ments. Behavioral parameters measured included the number
of transitions to the compartment containing the artificial plant,
number of transitions to the compartment containing the con-
specifics, time spent in each compartment, number of erratic
movements, and number of freezing bouts and their duration.!!!
Behaviors were scored over 15 min.

Statistical analysis. Analysis using the Shapiro-Wilks nor-
mality test revealed that data were not normally distributed.
Because the data could not be normalized by log transformation,
nonparametric tests were used for data analysis. Parameters
measured in novel-tank, light-dark, and place-preference tests
were analyzed by using the Kruskal-Wallis test followed by a
Bonferroni test to determine significant differences between
specific groups. Significant differences within groups in the place
preference test were determined using the Wilcoxon Signed-
Ranks test. All tests were performed by using statistical analysis
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Figure 1. Diagram of the novel-tank test tank (30.5 cm x 15.2 cm X
20.3 cm) 9.5-L clear glass aquarium, which was filled within 2.5 cm of
the top. Water level is indicated in blue. The tank was divided in half
horizontally by using a straight black line drawn on the tank exterior.
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Figure 2. Diagram of the light-dark test tank (30.5 cm x 15.2 cm x 15.2
cm high) 5.7-L clear, glass aquarium filled to a height of 10 cm. Water
level is indicated in blue. The tank was divided in half vertically. One
exterior half was painted with nontoxic white paint and the other half
with nontoxic black paint. The tank was split internally into 3 com-
partments by using 2 clear, glass separators. The central compartment
was used for acclimation.

software (STATA, StataCorp, College Station, TX). A P value less
than or equal to 0.05 was used to define statistical significance.

Results

Novel-tank test. Single-housed barren fish had signifi-
cantly fewer transitions to the upper half of the tank than did
group-housed enriched fish (14 compared with 35; P < 0.05).
Single-housed enriched fish trended to have fewer transitions
to the upper half of the tank when compared with group-
housed enriched fish (35 compared with 19; P = 0.08). The total
time spent in the upper half of the tank did not differ between
groups (Figure 4). No significant differences between groups
were found for latency to enter the upper half of the tank, the
number of erratic movements, or the number and duration of
freezing bouts.

Light-dark test. Single-housed barren fish had significantly
more entries to the white compartment than did group-housed
barren fish (100 compared with 57; P < 0.05). The total time
spent in the white compartment did not differ between groups
(Figure 5). No differences between groups were identified for
latency to enter the white compartment and the number of
shuttling events.

Place-preference test. Group-housed barren, group-housed
enriched, and single-housed barren fish had significantly more
entries into the conspecifics compartment than the artificial
plant compartment (17 compared with 7; 28 compared with
14; 23 compared with 2, respectively; P < 0.05). Single-housed
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Figure 3. Diagram of the place-preference test tank (30.5 cm x 15.2
cm X 15.2 cm) divided internally into 3 vertical compartments using
2 black lines drawn on the tank exterior. Water level is indicated in
blue. One compartment contained a 17-cm artificial plant. The other
compartment contained 3 mixed-sex, age-matched conspecifics.

barren fish had significantly fewer entries into the plant com-
partment than did group-housed enriched and single-housed
enriched fish (2 compared with 14, P < 0.05; 2 compared with
13, P <0.05, respectively). Group-housed barren, group-housed
enriched, and single-housed barren fish spent more time in
the conspecifics compartment than the plant compartment
(133 compared with 14, 141 compared with 35, 178 compared
with 6, respectively; P < 0.05). Single-housed barren fish spent
significantly less time in the plant compartment than did single-
housed enriched fish (6 compared with 78; P < 0.05). The time
that single-housed enriched fish spent in the artificial plant
compartment was similar to that spent in the compartment
containing conspecifics (Figure 6). Neither the number of erratic
movements nor the number and duration of freezing bouts dif-
fered between groups.

Discussion

In the current study evaluating zebrafish, we used 3 different
behavioral tests, because previous work revealed that different
tests evoke different behaviors and may stimulate different
neurologic pathways.*!¢ In addition, previous research has
shown that no single behavioral testing paradigm for anxiety-
like behavior adequately captures the necessary information to
interpret the results.*!1® We used the novel-tank and light-dark
tests to evaluate anxiety-like behaviors because one benefit of
enrichment may be reduced anxiety.#31¢ We used the place
preference behavioral test to evaluate the type of enrichment—
artificial plant or conspecifics—that the zebrafish prefer.

When first exposed to a novel environment, zebrafish have
a tendency to linger at the sides and bottom of the tank during
the novel-tank test. This behavior has been compared to thig-
motaxis in rodents.®!> Typical vertical exploratory behaviors in
zebrafish are gradual and tend to increase over time.>” In the
novel tank-test, a prolonged latency to enter the upper half of
the tank, reduced time spent in the upper half of the tank, and
increased frequency of erratic movements and freezing bouts
have been associated with greater anxiety-like behaviors.?7-26
A previous study found that group-housing compared with
single-housing affected zebrafish response to the novel-tank
test.’ Specifically, group-housed fish demonstrated higher
levels of anxiety-like behavior than did single-housed fish in
this test, as evidenced by more time spent on the bottom of the
novel tank.!” In addition, single-housed and group-housed fish
reacted differently to exposure to an anxiolytic and to a water
change prior to testing; the authors suggested that fish housed
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Figure 5. Light-dark test, 6-min trial (n = 10 per group; mean + 1 SD). (A) Number of transitions to the white compartment. (B) Time spent in
the white compartment. *, Significant differences determined by using the Kruskal-Wallis test (P < 0.05) followed by a Bonferroni test (P < 0.05).

singly or in groups may develop different coping methods de-
pending on their housing condition.!® Our results demonstrate
that, compared with fish that were group-housed or provided
enrichment or both, single-housed fish maintained in a barren
environment exhibited significantly fewer exploratory behav-
iors when tested by using the novel-tank test as evidenced by
fewer transitions to the upper of half of the tank. This finding
indicates that single-housing affects the fish, consequently per-
haps influencing behaviors displayed in this testing paradigm.
However, the total time spent in the upper half of the tank did
not differ among experimental groups. As did previous studies,
we found that the number of erratic movements, number and
duration of freezing bouts, and number of shuttling events did
not differ between any of the experimental groups.2” The results
of the novel-tank test suggest that housing fish singly in a bar-
ren environment influences exploratory behavior, as indicated
by fewer exploratory transitions to the upper compartment in
the novel-tank test, and therefore these fish may exhibit mild
anxiety-like behavior.

Adult zebrafish are known to be scototaxic.!” Therefore an
increased number of entries into the white compartment sug-
gests greater exploratory behavior, whereas greater time spent
in a dark compartment indicates an increased tendency toward
anxiety-like behaviors.2?> Ambient light levels can influence
the outcome of the light-dark test, with fish showing higher
levels of white avoidance in brightly lit environments (450 1x)
compared with low lighting (250 1x).> In our study, the lighting
levels were standardized at 300 Ix across all behavioral groups.
Like the novel-tank test, the light-dark test revealed altered
behavior in single-housed barren fish. Whereas single-housed
barren fish entered the white compartment almost twice as
often as did the group-housed barren fish (100 entries versus

57 entries), total time spent in the white compartment was
equal across groups. These results indicate that the explora-
tory behavior of the single-housed barren fish was altered in
that single-housed fish remained in the white compartment for
only brief exploratory bouts. This pattern was evidenced by
the darting behavior that the fish displayed as they exited the
white compartment;13 this escape behavior has been described
as an expression of anxiety-like behavior.10 Again, we observed
an overall disassociation between this test and the novel-tank
test, given that latency to explore the white compartment did
not differ between any of the groups. Explanations for this
lack of difference are unclear. Group-housed fish had fewer
entries into the white compartment but tended to explore that
compartment for longer time intervals than did single-housed
fish in each entry. Fish singly housed in a barren environment,
therefore, appear to demonstrate mild alterations in anxiety-like
behavior as indicated by abbreviated exploratory sessions and
darting behavior in the light-dark test.

In a previous place-preference experiment, adult group-
housed zebrafish were offered a choice between complex and
barren environments.!* The results suggested that zebrafish
prefer a complex environment to a barren environment, al-
though study design did not evaluate the behavioral influence
of group housing with conspecifics or the behavioral effects of
housing fish singly.14 Our experimental design sought to further
examine the behavior of zebrafish in a place-preference choice
experiment as we independently isolated the behavioral effects
of environmental complexity and social housing. Our results
demonstrate that all fish, except for those housed singly with
an enrichment device, preferred to associate with conspecifics.
Fish housed singly in the enriched environment spent as much
time with the artificial plant as with conspecifics, indicating no
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preference between the 2 choices. This behavior sharply contrasts
the place-preference choice behaviors observed when fish were
single-housed in a barren tank environment. Single-housed
barren fish entered the artificial plant compartment only twice
on average over the 15-min observation period. In contrast,
comparably single-housed enriched and group-housed enriched
fish entered the artificial plant compartment an average of 14
and 13 times, respectively, over the same observation period. In
addition, single-housed barren fish spent far less time in the plant
compartment (average of 6 s) than did single-housed enriched
fish (average of 78 s). These results support the findings noted in
both the novel-tank and light-dark tests, suggesting that housing
fish singly with no enrichment may alter anxiety-like behaviors.
In the place preference test this is evidenced as decreased or
altered exploratory behaviors when presented with novel envi-
ronments. Because the single-housed barren fish were housed
in a barren tank, this group perceives the addition of an artificial
plant as a novel event. Perhaps the enriched groups spent more
time in the plant compartment because they were habituated to
the enrichment device, as compared with the barren groups. All
experimental fish had previous exposure to conspecifics prior to
the initiation of our study, therefore the presence of conspecifics
would not have been perceived as novel by the single-housed
fish. Although novelty and habituation may have influenced
behavior of the fish in regard to response to enrichment, we
expect all fish to express similar behaviors toward conspecif-
ics. Given that single-housed fish spent approximately equal
amounts of time in each of the 2 compartments, whereas all other
study groups spent significantly more time associating with
conspecifics, enrichment apparently influences the behavioral
preferences of zebrafish.

Zebrafish have a brisk habituation response to testing
paradigms, particularly when these tests are held in similar
conditions to their home environment.®? Fish singly housed
in the enriched environment may not have demonstrated a
preference during the place-preference test because they had
previously been exposed to the artificial plant used as an en-
richment device for a habituation period of 3 wk.8% Because
we placed the same device in the home tanks that we used in
the place-preference test, habituation may have influenced the
results of this test. In future work, the effects of habituation or
novelty might be evaluated by exposing fish to a novel enrich-
ment device. The results of our place-preference behavioral test
contrast with a previous study, which found that group-housed
female zebrafish in large aquaria spent 99% of their time in
areas with artificial plants compared with open spaces.® That

study found that female zebrafish preferred to remain near the
artificial plants rather than associate with conspecifics. The be-
havioral differences noted in that study may have been related
to the sex of the fish or to a testing condition that might have
led to environmental habituation.#%22%30 Because those fish were
tested in their home tank, they may have habituated to their
housing environment; this habituation might have affected their
test behavior also. This difference may explain the difference in
results between the 2 studies. The fish in the previously cited
study were continuously group housed during the behavioral
assessment, whereas fish in our study were housed according
to the experimental treatment and were tested individually.’

Our research focused on behavioral testing and did not at-
tempt to correlate behavioral measurements with physiologic
data, evaluate sex-associated differences related to behavioral
responses, strain-specific differences, or measures of increased
aggression.8202230 Additional studies attempting to examine
the effects of environmental variables and social housing on
plasma cortisol levels in zebrafish have yielded conflicting
results;!”?” some of these findings contradict those predicted
under the assumption that variables such as enrichment or
group housing reduce physiologic markers of stress. One group
found that fish group-housed in barren environments had
lower whole-body cortisol than did those housed in enriched
environments.?” Other researchers found that group-housed fish
had higher levels of whole-body cortisol compared with those
in individually housed fish!® Future work should attempt to
compare whole-body cortisol between various housing condi-
tions. Marked sex- and strain-specific differences in zebrafish
behavior have been reported.”10

Sex-associated differences may have influenced our behav-
ioral results. Because the groups in our study were intended
to replicate the most common groupings of zebrafish in a re-
search environment; experimental groups typically contained
both sexes. We chose not to single-house female zebrafish due
to the possibility of egg-binding leading to morbidity within
the study period; this would have been a confounding vari-
able for our study. Future work should include the analysis of
sex-associated differences to determine the influence of sex on
zebrafish behavior. In addition, zebrafish have been reported to
display aggression toward each other by biting and chasing.%?
A previous study recommended using plants as structures in
the environment because they provide protection from aggres-
sive fish.!* Intragroup aggression may explain the increased
levels of whole-body cortisol in group-housed fish; however
we expect that the addition of enrichment would lessen this
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effect. Evaluating the effect of enrichment on aggression in
standardized housing conditions with or without the addition
of enrichment might help to determine whether enrichment
may have other benefits for zebrafish.

In conclusion, our study demonstrates that single-housing
adult zebrafish in barren environments alters exploratory
behaviors. Single-housed fish appear to benefit from the addi-
tion of an artificial plant as an enrichment device. We conclude
that using artificial plants as enrichment devices may promote
the wellbeing of zebrafish that are singly housed. According
to our findings, adding an artificial plant does not enhance
wellbeing when zebrafish are group-housed. Additional studies
are needed to elucidate the long-term effect of social housing
variables on zebrafish in the presence or absence of artificial
enrichment devices.
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