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ABSTRACT

Environmental enrichment involves increasing the complexity of a fish’s
environment in order to improve welfare. Researchers are legally obliged to
consider the welfare of laboratory animals and poor welfare may result in less
robust data in experimental science. Laboratory zebrafish Danio rerio are
usually kept in bare aquaria for ease of husbandry and, despite being a well-
studied species, little is known about how laboratory housing affects their
welfare. This study shows that environmental enrichment, in the form of the
addition of gravel substrate and plants into the tank, affects survivorship,
growth, and behaviour in laboratory-maintained D. rerio. Larvae reared in
enriched tanks had significantly higher survivorship compared with larvae
reared in bare tanks. Effects of the tank conditions on growth were more
variable. Females from enriched tanks had a higher body condition than females
maintained in bare tanks, but intriguingly this was not the case for males, where
the only difference was a more variable body condition in males maintained in
bare tanks. Sex ratio in the rearing tanks did not differ between treatments.
Resource monopolisation was higher for fish in enriched tanks than for those in
bare tanks. Fish from enriched tanks displayed lower levels of behaviours
associated with anxiety compared with fish from bare tanks when placed into a

novel environment. This study thus evidences differences in welfare for D. rerio
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maintained under different environmental conditions with enhancements in

welfare more commonly associated with tank enrichment.

KEY WORDS

Laboratory zebrafish, environmental enrichment, fish welfare, survivorship,

growth, behaviour

INTRODUCTION

Three guiding principles form the basis of the ethical use of animals in scientific
research: (1) the replacement of animals in research, (2) the reduction in the
number of animals used in experiments, and (3) the refinement of the care and
use of laboratory animals in order to minimise suffering and improve welfare.
These principles, known as ‘the 3Rs’, are incorporated into national (Home
Office, 2014) and international (European Union: Council of the European

Union, 2010) legislation.
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Environmental enrichment is a form of refinement that may be appropriate for
some laboratory fish. It involves increasing the complexity of the fish’s
environment in order to improve welfare and minimise maladaptive traits, such
as increased aggression (Naslund & Johnsson, 2014). Structurally complex
habitats offer shelter from predators or aggressive conspecifics (Johansen et al.,
2008), additional feeding sites (Thomaz & da Cunha, 2010) and breeding sites
(Beets & Friedlander, 1998). In contrast, most laboratory fish are housed in
tanks that offer little, or no, stimuli. The complexities of the natural
environment cannot be recreated in the laboratory, so the goal when designing
enrichment is to identify elements of the artificial environment that can be
modified to provide measurable welfare benefits without compromising
research results (Bayne & Wurbel, 2014; Johnsson et al., 2014). Welfare is
defined here as “the internal state of a fish when it remains under conditions that
were freely chosen” as suggested by Volpato (2009) with two criteria for good
welfare: whether the fish is healthy and whether it has what it wants (Dawkins,

2017).

The zebrafish Danio rerio (Hamilton 1822) is one of the most widely used
research models in a number of biological fields, including developmental

biology, genetics, toxicology, human disease, pharmacology and evolutionary
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theory (Grunwald & Eisen, 2002). Laboratory D. rerio are usually kept in bare
aquaria for ease of maintenance and, although it is a well-studied species, little
Is known about the effects on D. rerio of laboratory housing. This shortfall is a
limitation to the dual goals of providing optimal conditions for generating high-
quality experimental subjects while fulfilling obligations to consider the welfare

of laboratory-held fish.

No single welfare measure is reliable when used in isolation (Ashley, 2007) and
therefore this study examined a range of measures in order to gain an overall
impression of welfare. It assessed for effects of tank enrichment in laboratory-
held D. rerio on survivorship, growth (length, mass and body condition),
development of sex, and behaviour. The null hypotheses tested were that
environmental enrichment through provision of plants and gravel does not affect

survivorship, growth, sex ratio or behavior of D. rerio.

MATERIALS AND METHODS

FISH SOURCE, HOUSING AND HUSBANDRY
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The fish used in this study were Wild Indian Karyotype (WIK) strain D. rerio,
bred and maintained in-house at the Aquatic Resources Centre at the University
of Exeter. Fish were maintained in clear polystyrene tanks (Hagen; West
Yorkshire, United Kingdom). Mains tap water was filtered by reverse osmosis
(Environmental Water Systems (UK) Ltd) and reconstituted with Analar-grade
mineral salts to standardized synthetic freshwater (final concentrations to give a
conductivity of 300 uS: 122 mg I'* CaCl,-2H,0, 9.4 mg I NaHCO3, 50 mg I
MgSQ,-7H,0, 2.5 mg It KCI, 50 mg I* Tropic Marin Sea Salt), aerated, and
heated to 28°C. The water was supplied to each tank via a flow-through system.
The pH, conductivity, ammonia, nitrate, and nitrite were maintained within U.S.
Environmental Protection Agency guidelines (U.S. EPA, 1996). Each tank (for
shapes and sizes, see below) was connected to the system water and the flow
rate was set to 1.2 | h™* (slow drip) for larvae from 5-29 days post-fertilisation
(dpf), 2.4 | h™t (fast drip) for juveniles from 30-59 dpf, and 6 | h™! (steady
stream) for fish from 60 dpf. A filter screen with a 400 um pore diameter was
fitted to the water outflow hole. Laminated white paper was placed between the
tanks to prevent visual interaction between fish in neighbouring groups. The
photoperiod was set to 12:12 h light:dark with a 30 min artificial dawn to dusk

transition.
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In each experiment, some tanks were designed as ‘bare’ environments and
comprised bare aquaria while others were designed as ‘enriched’ environments
and furnished with aquarium gravel (grain size 2-5 mm) to a depth of 3 cm and
aquatic plants [vallis (Vallisneria spp. including V. spiralis, V. elongata and V.
tortifolia) and water trumpet (Cryptocoryne wendtii)]. These plant species were
chosen for their structural similarity to plants typically found in the natural
habitat of D. rerio (Spence et al., 2006). Vallis plants varied in number of
leaves from 2-10 and in length from 50-190 mm. Water trumpet plants varied
in number of leaves from 3-5. Plants were washed under running tap water to
remove snails and pathogens that may otherwise impact the study, surface-
sterilised in 10% commercial bleach for 5 min, rinsed under running de-ionised
water for 2 min, blotted on absorbent paper, and planted in an even distribution

throughout the enriched tanks.

Fish were housed from 5-131 dpf in a succession of experimental tanks, as
described below, and experimental endpoints were measured at various

development stages (Fig. 1).

Fish from 5-30 dpf were housed in ‘nursery tanks’ [Fig. 1 (a)]. Four nursery

tanks were set up, each of 335 x 195 x 170 mm (L x W x H) dimension with a
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working capacity of 11 I. Each tank housed 150 embryos (see below). Two
tanks were bare and two were enriched with gravel, 30 vallis plants and three
water trumpet plants. For five days prior to the introduction of larvae, nursery
tanks were ‘primed’ daily with two drops of liquid fry food (Liquifry; Interpret,
Surrey, United Kingdom) to stimulate growth of beneficial microorganisms

upon which larvae may feed.

Fish from 31-97 dpf were housed in ‘rearing tanks’ [Fig. 1 (b)] of 210 x 130 x
130 mm (L x W x H) dimension, with a working capacity of 2.2 |. Each tank
housed 11 fish (see below). Five tanks were bare and five were enriched with

gravel, 10 vallis plants and one water trumpet plant.

Starting at 98 dpf, fish were removed individually from the rearing tanks and
placed into a ‘novel tank’ [Fig. 1 (c)] for assessment of anxiety-like behaviour.
The novel tank was trapezoidal and of the following dimensions: 220 mm along
the bottom, 261 mm along the top, 95 mm wide at the bottom, 105 mm wide at
the top, 150 mm high, with a working capacity of 2.8 I. The tank was divided in
half, lengthways, by a PVC plastic sheet which reduced the width of the tank in
order to minimise lateral movement but permit easy vertical and horizontal

movement (Cachat et al., 2010). The tank was marked into two horizontal zones

8
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by a dividing line on the outside wall (Cachat et al., 2010). Each fish remained
in the novel tank for 6 min and was then transferred to a ‘choice tank’ [Fig. 1
(d)] where it joined other tested fish from its original group. All fish in any one
group were tested and transferred to a choice tank on the same day in order to
avoid prior residence affecting the formation of dominance hierarchies. The

novel tank tests and transfer of fish to choice tanks were completed by 101 dpf.

Following the novel tank test, fish were housed in choice tanks until 131 dpf.
Each tank housed 11 fish (see below). Ten choice tanks were set up, each
divided into two equal compartments by a sheet of PVVC plastic perforated with
3 mm holes to allow circulation of water. A 40 mm hole in the centre of the
sheet allowed fish to swim between compartments. One compartment was
furnished with gravel, five vallis plants and one water trumpet plant and the
other compartment was bare. To minimize left/right bias, five of the tanks had
the bare compartment on the right and five on the left. Tanks were supplied with
system water and laminated white paper was placed between tanks to prevent

visual interaction between fish in neighbouring groups.

Fish were fed five times a day from 5-30 dpf and four times a day thereafter

(Table 1). Mesh filters were cleaned daily and, from 30 dpf, aquaria were

9



197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

cleaned weekly by gently siphoning out detritus. Tank internal surfaces were

cleaned twice weekly by wiping with absorbent, low-linting paper towels.

All experiments were performed in accordance with the guidelines of the animal

ethics committee, University of Exeter.

SURVIVORSHIP FROM 5-30 DPF

Approximately 650 embryos from mass spawning tanks were collected,
cleaned, and placed in Petri dishes (50 embryos per dish) containing system
water plus methylene blue as an antifungal agent. Unfertilised eggs were
removed. At 2 dpf, 600 embryos were transferred to 60 Petri dishes (10
embryos per dish to facilitate counting) and allowed to hatch. At 5 dpf, all
embryos had hatched and each group was randomly assigned to one of the four
nursery tanks (two bare and two enriched). Duplicate nursery tanks for each
treatment (each containing 150 larva) was adopted to mitigate against tank
failure risk. At 30 dpf, survivorship was determined by counting all juveniles in

each tank.
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GROWTH

At 30-dpf, 55 juveniles were removed from enriched nursery tanks (27 from one
tank and 28 from the other) and randomly assigned to five enriched rearing
tanks. Similarly, 55 juveniles were removed from bare nursery tanks and
assigned to five bare rearing tanks. Each rearing tank thus contained 11
juveniles, representing a shoal size similar to those observed in wild D. rerio
(2-10 fish; Pritchard et al., 2001) and compatible with a recommended stocking

density for laboratory D. rerio (five fish I'1; Matthews et al., 2002).

Body length was used to assess the effects of housing/environmental conditions
on growth at 30, 60 and 120 dpf. Body length, mass and body condition were
used to assess growth at 131 dpf. For length measurements, a sample of 20 fish
from each treatment were individually photographed in reduced-volume
containers: 30 dpf larvae in a 12-well Falcon tissue culture plate, well volume 6
ml, half filled with system water; 60 dpf and 120 dpf fish in a 100 ml beaker
and 200 ml crystallising dish respectively, each containing ~20 mm of system
water. Photographs were taken from an overhead viewpoint with a digital

compact camera (Canon PowerShot SX50; Canon, Tokyo, Japan) mounted
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vertically on a copy stand and lit by a dual fibre optic light source. A ruler for
calibration of the measurement was placed next to the container holding the fish
and included in the photograph. The distance from the snout to the base of the
caudal fin (standard length Ls; = 1 mm) was determined by image analysis

(ImageJ; Schneider et al., 2012).

At 131 dpf, all fish were sacrificed by anaesthetic overdose (benzocaine; Sigma,
Poole, United Kingdom). Loss of body condition may indicate impaired welfare
(Huntingford et al., 2006) and to determine whether treatment affected
condition, each fish was weighed, measured, and its body condition factor (K)
calculated by expressing the cube of fish length as a percentage of fish mass (K
= mass (mg)/length (mm)? x 100). As body shape/form can differ between the

sexes, the results for males and females are presented and discussed separately.

SEX RATI

At 131 dpf, fish were sexed based on differences established in colouration and
body shape between the sexes. Male D. rerio have a golden cast and a

streamlined body, whereas females have a silvery cast and a rounded body
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shape. The presence of a visible genital papilla in females was also used to help

distinguish the sexes (Paull et al., 2008).

BEHAVIOUR

The ‘novel tank test’ is used extensively to model anxiety-like behaviour in D.
rerio. The test is based on the observation that D. rerio display an initial
preference for the bottom of a novel tank, and this response slowly diminishes
as the fish becomes familiar with the environment (Tran & Gerlai, 2016). The
novel tank test was used to assess anxiety-like behaviour in individual fish
between the ages of 98 and 101 dpf. Four fish were randomly selected from
each rearing tank (five enriched tanks and five bare tanks; n = 20 fish per
treatment) and transferred individually to a novel tank where their response to
the new surroundings was recorded and measured. Laminated sheets of white
paper were placed against the back and sides of the tank to prevent visual
disturbance during the test. The tank was positioned ~40 cm in front of an AXIS
M1054 network camera (Axis Communications, Luton, Bedfordshire, UK) with
a video resolution of 1280 x 800 pixels, coupled to a Synology network-
attached storage device (NAS) (Synology Inc., Taipei, Taiwan). A laptop

computer was used to connect to the NAS, via the network, to view the tank in
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real time and to record the tests. The video recording was started and a fish was
transferred from its rearing tank to the novel tank by gently catching it with a
net, placing the net in the novel tank and allowing the fish to swim out. The
fish’s behaviour was recorded for a period of 6 min. The water in the novel tank
was changed to remove olfactory stimuli before the next fish was tested, as
recommended by Cachat et al. (2010). The following endpoints were measured:
latency to reach the upper half of the tank, number of transitions to the upper
half, time spent in the upper half, and freezing behaviour. Freezing was defined
as an absence of movement (except for gills and eyes) by the fish while at the
bottom of the tank (Kalueff et al., 2013). These endpoints were chosen based on
previous studies using the novel tank test to assess anxiety in D. rerio (Levin et

al., 2007; Egan et al., 2009).

One of the two criteria for good welfare defined in this study is whether fish
have what they want, and one way to investigate how a fish responds to aspects
of its environment is to measure the amount of time that it spends in one type of
environment over another type. This can be done with a simple environmental-
preference test. After the novel tank test, fish were transferred to choice tanks
together with group-mates that had not been used in the novel tank tests. Each
tank was positioned ~40 cm in front of an AXIS M1054 network camera, as

described above. During the experiment, equal amounts of food were
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simultaneously provided to both tank compartments. Transfer of all fish to the
choice tanks was completed by 101 dpf. Fish were allowed to acclimate for
three days before choice testing began. The occupancy by fish of the enriched
and bare compartments of each tank was assessed over three days, from 104—
106 dpf, during which the network cameras were set to automatically video the
fish for 5 min, three times per day, in the morning, afternoon and evening.
Recordings were downloaded onto the laptop computer as AV files and viewed
to analyse behaviour. For each group, data were collected by counting the
number of fish occupying the bare compartment at 15 s intervals over the 5 min
recording, creating 21 sampling points for each observation period. Occupancy
counts for each observation period were totalled and a cumulative count
calculated for each day. The daily count was expressed as the percentage of fish

occupying the bare compartment.

Increased aggression associated with resource defence may impact welfare by
increasing signs of distress in subordinate fish. One way to assess resource
defence is to compare resource monopolisation between enriched and bare
environments. In this study, resource monopolisation was measured while fish
were in the choice tanks. Monopolisation was defined as the occupation of one
compartment of a choice tank by a single fish. To investigate monopolisation of

resources by D. rerio, data were collected for each group by viewing the
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environmental preference test videos and counting the number of sampling
points at which a single fish occupied a certain tank compartment. Counts are

expressed as a percentage of total sampling points for each day.

DATA ANALYSIS

Statistical analyses were made using SPSS v. 23 (IBM Inc., USA). All data
were tested for normality using a Shapiro-Wilk’s test and for equality of
variance using a Levene’s test. When the assumptions for parametric testing
were not fulfilled, nonparametric alternative tests were used. Data were

considered statistically significant at P = 0.05.

Chi-square tests of homogeneity were used to determine whether there were
differences between treatments and between replicates in the proportion of
larvae that survived from 5 to 30 dpf. Mann-Whitney U-tests were used to
compare standard length between treatments at 30, 60 and 120 dpf, and to
compare fork length, mass and body condition at 131 dpf. A chi-square
goodness-of-fit test was used to determine whether the sex ratio deviated from

the expected 50:50 ratio. Novel tank test data were compared using Mann-
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Whitney U-tests. Environmental preference data were examined by converting
each group’s daily occupancy count into a ratio and calculating Jacob’s
preference index from the ratio, as in Schroeder et al. (2014). For each day of
the test, between-treatment differences were assessed by an independent
samples t-test or Mann-Whitney U-test and within-treatment differences were
assessed for enriched groups by a one-way repeated measures ANOVA and for
groups reared in bare tanks by a nonparametric Friedman test. Data for

monopolisation of resources were assessed by Mann-Whitney U-tests.

RESULTS

SURVIVORSHIP FROM 5-30 DPF

At 30 dpf, there was a significant difference in survivorship between larvae
reared in enriched tanks (248; 83% survivorship) and larvae reared in bare tanks
(161, 54%) (chi-square test; ¥* = 58.13, d.f. = 1, P = 0.001; Fig. 2). Survivorship
between replicates was not significantly different at 30 dpf for enriched or bare

tanks.
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GROWTH

At 30 dpf, fish in enriched and bare tanks were of similar length (9.0 £ 1.3 mm
and 8.8 = 1.4 mm respectively). After fish (in equal numbers) were transferred
to the rearing tanks and maintained between 30 dpf and 60 dpf, enriched fish
were shorter in length (median 20.8 mm) than fish in bare tanks (median 22.7
mm) at 60 dpf (Mann-Whitney; U =282, z = 2.22, P = 0.05; Fig. 3), however,
this difference was no longer evident at 120 dpf, when the lengths of fish reared
in enriched and in bare tanks did not differ (27.4 £ 2.1 mm and 28.6 £ 1.8 mm,

respectively).

At 131 dpf, females in enriched and in bare tanks were of similar fork length
[medians 28.3 mm and 29.5 mm respectively; Fig. 4(a)] and mass [medians 0.26
g and 0.27 g respectively; Fig. 4(b)] but body condition scores were higher for
females in enriched tanks (1.12) compared with females in bare tanks (1.00)
[Mann-Whitney; U = 44, z = -3.86, P = 0.001; Fig. 4(c)]. Males in enriched
tanks were smaller in length than males in bare tanks [medians 29.6 mm and
31.5 mm respectively; Mann-Whitney; U = 231, z = 3.18, P = 0.001; Fig. 4(a)]

and smaller in mass [medians 0.26 g and 0.32 g respectively; Mann-Whitney;
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U =227,z=23.03, P =0.01; Fig. 4(b)] but their body condition scores did not

differ [1.00 and 0.99 respectively; Fig. 4(c)].

SEX RATIO

There was no significant departure from the expected sex ratio of 50:50 in either
treatment group as 52% of enriched fish were female compared with 49% of

fish in bare tanks (chi-square test; »? = 0.02, d.f. = 1, P >0.05).

BEHAVIOUR

There was no difference between fish reared in enriched and bare tanks in
latency to enter the upper half of a novel tank (Mann-Whitney; U = 254,

z = 1.48, P >0-05) or in the number of transitions to the upper half (Mann-
Whitney; U = 156, z =-1.19, P >0-05). However, enriched fish spent more time
than fish from bare tanks in the upper half of a novel tank (Mann-Whitney;

U =53, z=-3.98, P = 0-001; Fig. 5).

19



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

Freezing behaviour was observed on only one occasion and was not included in

the analyses.

There was no difference between treatments in occupancy of the bare
compartment of choice tanks on any of the three test days (independent samples
t-tests; Day 1: t =0.90, d.f. = 8, P >0-05; Day 2: t =-1.63, d.f. =8, P >0-05;
Mann- Whitney; Day 3: U = 17, z = 0.94, P >0-05; Fig. 6). Within-treatment
difference in occupancy of the bare compartment over the three test days was
not significant for enriched groups (ANOVA,; F, g = 3.00, P >0-05) or for

groups in bare tanks (Friedman test; ¥ = 0.95, d.f. = 2, P >0-05).

Monopolisation of resources, where a dominant fish excludes subordinate
individuals from its preferred compartment, was recorded in 68% + 58% of
sampling points for enriched fish compared to 5% + 44% of sampling points for
fish reared in bare tanks, a difference that was significant (Mann-Whitney,

U =40, z=-3.020, P = 0-05; Fig 7). In most cases, dominant fish monopolised
the compartment of the tank that differed from the environment in which they

had been reared; dominant enriched fish monopolised the plain compartment in
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74% of 530 sampling points, and dominant plain tank reared fish monopolised

the enriched compartment in 90% of 213 sampling points.

DISCUSSION

Comprehensive evaluation of the effects of enrichment requires assessments on
a combination of indicators of health and welfare (Williams et al., 2009). In this
study measures of survivorship, growth, sex ratio, and behaviour were adopted
to assess the effects of environmental enrichment on laboratory-held D. rerio.
Such basic information is of primary importance if optimal conditions are to be

provided for good welfare.

SURVIVORSHIP FROM 5-30 DPF

Of the growing body of work on D. rerio husbandry, this is the first report on
the effects of enrichment on post-hatch survival. This study found that larvae
reared in enriched tanks had significantly higher survivorship from 5-30 dpf

compared with larvae reared in bare tanks. These findings support reports of
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Increased survivorship of larvae reared with enrichment in other fish species,
including Atlantic salmon Salmo salar L. 1758, (Hansen & Moller, 1985),
Acrctic charr Salvelinus alpinus (L. 1758) (Benhaim et al., 2009) and Atlantic

sturgeon Acipenser oxyrinchus oxyrinchus Mitchill 1815 (Gessner et al., 2009).

Differences in early-life survivorship between fish reared in enriched and bare
tanks in this study may be linked to an enhanced prey diversity, greater resource
availability and/or the energetic cost of escaping from aggressive conspecifics.
Larvae in enriched tanks were frequently seen to pick at plant leaves and stems,
and examination of a vallis leaf under a light microscope revealed the presence
of various single-celled motile organisms, including ciliated protozoa, on the
leaf surface. Availability of slow-moving protozoans on plants during the
critical life period of first-feeding may provide a vital source of nutrition while
larvae learn to hunt and develop feeding suction power. A diet of zooplankton
has been shown to benefit early life survivorship in D. rerio (Lawrence et al.,
2015) and survival rates improve when larvae are fed continually to support
their high energy demands (Carvalho et al., 2006; Best et al., 2010). In addition,
larvae in enriched tanks may benefit from hiding places provided by plants and
gravel. There is considerable variation in size among larvae (Parichy et al.,
2009) and small larvae may expend less energy for metabolism if they can

avoid attention from the aggressive larger larvae.
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GROWTH

Reported lengths of D. rerio at given ages vary widely in the literature and
differences in growth rates have been reported for different strains (Oswald &
Robison, 2008) and diets (Gonzales & Law, 2013), and at different temperatures
(Brown et al., 2015) and stocking densities (Ribas et al., 2017). Few studies
however, provide comprehensive information about rearing conditions and the
resultant growth curves against which the present results can be compared.
Overall, the lengths of fish in this study (in both bare and enriched tanks) were
similar to those reported by Eaton and Farley (1974) and by Siccardi et al.

(2009).

That fish from enriched and bare tanks were of similar length at 30 dpf was
contrary to expectations. However, this may be explained by the fact that fewer
larvae survived in bare tanks than in enriched, and as an equal overall tank food
ration was provided, more resources would have been available per fish for the
fish in the bare tanks and stocking density is known to affect growth rate

(including length gain) in D. rerio (Rabbane et al., 2016).
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The difference in length between fish reared in enriched tanks and in bare tanks
that occurred between 30 and 60 dpf may have resulted from a variance in the
age of puberty, or in the rate of growth after puberty. D. rerio are reported to
grow rapidly until around 50-dpf, after which their growth rate decreases as
energy allocation shifts from growth to sexual maturation (Gomez-Requeni et
al., 2010). The timing of this shift in energy budget depends upon feeding
history with better fed individuals maturing at a younger age and at a larger size
(Parichy et al., 2009; Augustine et al., 2011). Alternatively, differential access
to food may have developed as fish grew. Energy spent on foraging may have
increased for enriched fish due to the effect of habitat complexity on the rate of
prey encounter and resulting in the shorter length of enriched fish at 60 dpf.
Growth compensation, defined in the literature as accelerated growth after a
period of growth depression (Ali et al., 2003), could account for the length of

enriched fish converging with the length of fish in bare tanks by 120 dpf.

Females from enriched tanks had higher body condition scores than females
from bare tanks. The reason(s) are unclear but may be related to egg production.
Developing oocytes account for a large part of the body weight of female D.

rerio and fecundity increases with increased food intake (Forbes et al., 2010).
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Males reared in bare tanks had greater length and mass than enriched males and,
although median conditions scores were similar for both treatments, condition
was more variable in males reared in bare tanks than enriched males. Further
work is needed to determine the causes of differences in body condition
between females reared in enriched and in bare tanks observed in this study, and
the greater variability of body condition among males reared in bare tanks

compared to enriched males.

SEX RATIO

The observed sex ratio did not deviate from the expected 50:50 ratio. The mode
of sex determination in D. rerio is uncertain but likely to be controlled by
genetic factors that are sensitive to environmental conditions (Wilson et al.,
2014) with unfavourable conditions, such as high temperatures (Abozaid et al.,
2011), high rearing density (Liew et al., 2012), and poor nutrition (Lawrence et
al., 2008), tending to favour male development. In this study, environmental

enrichment did not influence sex determination.

BEHAVIOUR
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In this study, fish reared in enriched tanks and in bare tanks showed similar
latency to enter the upper half of the novel tank and made a similar number of
transitions to the upper half, but enriched fish spent significantly more time than
fish from bare tanks in the upper half during the 6-min test. Increased time spent
in the upper half is considered to indicate lower anxiety levels (Cachat et al.,
2010) and the median time spent in the upper half by fish from bare tanks was
similar to that reported for control groups in other studies (e.g. Egan et al.,
2009; Wong et al., 2010). Overall, enriched fish displayed lower levels of
anxiety-like behaviour than fish from bare tanks when in a novel environment.
Maximino et al. (2010) reported similar results when comparing anxiety-like
behaviour of enriched and bare-reared D. rerio in a dark/light test. In contrast,
Marcon and colleagues (2018) found that fish kept in enriched tanks were more
anxious in the novel tank compared to fish kept in standard tanks. Such
conflicting results illustrate the risk of relying on a single report when making

decisions about fish housing conditions (Bayne, 2005).

Fish preference for an enriched vs bare environment was assessed by housing
each group in a choice tank and measuring the number of fish in the bare

compartment at various time points. The expectation that fish would prefer an
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enriched environment was not supported by the data. Preference for the
enriched compartment did not differ significantly between or within treatments.
These results are similar to those reported by Hamilton & Dill (2002) who
found no difference in use by D. rerio of (artificially) vegetated and open
habitats but differ from those reported by Delaney et al. (2002), Kistler et al.
(2011) and Schroeder et al. (2014), who found that D. rerio show a clear
preference for substrate and plants over a bare tank. Habitat choice in this study
may have been confounded by the behaviour of dominant individuals who
monopolised access to a preferred compartment. Overall, it is difficult to draw
conclusions from this choice study. Further investigation is needed to determine
when and why fish gravitate to certain environments within a tank and whether
preferences vary with age, reproductive status, social status, group size, or even

tank size.

Resource monopolisation was significantly higher for enriched fish than for fish
reared in bare tanks. Interference competition among foragers involves
aggressive exclusion of competitors by dominant individuals (Godin, 1997) and
it seems likely that the design of the choice tanks, with a 40 mm access hole in
the divider, allowed dominant fish to defend and exclude subordinates from a
compartment. During the experiment, equal quantities of food were provided to

each side of the tank, making resource monopolisation an efficient strategy for
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dominant fish. The reason for resource monopolisation being more prevalent in
enriched groups is unclear, but may relate to habitat-linked behavioural
plasticity as observed in juvenile Atlantic cod Gadus morhua L.1758 (Salvanes
et al., 2007) and bluegill sunfish Lepomis macrochirus Rafinesque 1819
(Chipps et al., 2004). Bhat et al. (2015) observed that certain behavioural
responses of D. rerio to environmental manipulation varied among populations
from different habitats, suggesting that rearing environment may affect
behavioural adaptability in this species. The monopolisation of resources by
dominant individuals and associated aggression reported in this study have

possible negative effects on welfare.

In conclusion, environmental enrichment, in the form of gravel and plants, has
varied effects on laboratory-maintained D. rerio. Some effects (on survivorship,
body condition, and anxiety-like behavior) are positive from the perspective of
fish welfare, whereas other effects (such as the tendency to monopolise
resources) appear to be negative. Together with the results of previous studies
(Basquill & Grant, 1998; Carfagnini et al., 2009; Kistler et al., 2011; Schroeder
et al., 2014; Collymore et al., 2015; Keck et al., 2015; Wafer et al., 2016), the
findings presented here indicate that (a) multiple welfare indicators are needed
in order to make a valid scientific assessment of wellbeing and (b) the effects of

enrichment differ between life stages, suggesting that no single set of housing
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conditions is optimal for all life stages. Future experiments should investigate
the effects of different types and amounts of enrichment, and of variable vs
stable enrichment, in order to inform what housing conditions promote optimum
welfare in D. rerio. The challenge is to design enrichment that offers
measurable welfare benefits that can be implemented practically without
compromising unduly the economics of the housing facility or the protocols

applied to address the research questions of interest.

This study was funded by the University of Exeter, including resources

provisioned through the Aquatic Resources Centre.
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