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The concept of fish welfare is fairly recent and was overlooked for many years, based on a popular
misconception that fish were “stupid” creatures devoid of any kind of sentience or mental capability.
However, a growing body of research on fish behaviour, cognition, learning and neuroscience made
clear that this is evidently not the case—fish are indeed socially complex [1], have developed cognitive
and learning abilities with the neural substrate to support them [2,3] and are sentient [4]. As the
evidence for fish mental competences grew larger, the uncomfortable questions regarding the welfare
state of fish and the ethical implications of fish farming became an elephant in the room that nobody
would address. However, there are recent indications that things are changing, and the present
collection of excellent contributions suggests that all the interested parties (scientists, farmers, retailers,
NGOs and consumers) are now directly approaching the subject. Ladies and gentlemen, the elephant
has left the building.

In fact, these papers are a fantastic example of the many perspectives that may be used
when tackling fish welfare. In a pilot study regarding fisheries of catshark (Scyliorhinus canicular),
Barragán-Méndez et al. [5] demonstrate that the standard practices of exposing the wild-caught animals
to air are not only extremely harmful for the fish but also modify muscle texture properties and reduce
the quality of the meat. This study demonstrates the urgency of improving the welfare of wild-caught
fish and indicates the road ahead regarding the assessment of humane practices in fisheries. The
paper by Strauch et al. [6] also highlights how a common practice of adding phosphate to integrated
aquaponic systems as a fertilizer can have negative effects in African catfish (Clarias gariepinus), not
only on their welfare but also on the meat quality. These two studies emphasize a correlation that
should be clear for the fish industry: when the welfare of animals is improved, both the quality of the
product and its value increase—a rare case when the interest of the industry and the ethical standards
underlying its activity walk hand in hand.

The study by Moreira et al. [7] takes an ontogenic approach into amyloodiniosis, a well-known
health problem in white seabream (Diplodus sargus) farmed in Southern Europe. Focusing on fish health
is not new in welfare research. After all, health is one of the key components for conceptual framework
of welfare, together with the mental and natural components. The novelty of this paper is to search for
a non-veterinary approach to deal with a health issue, using one of Tinbergen’s Four Questions that
is so often overlooked: development. The results show that young fish are far more susceptible to
infection by Amyloodinium ocellatum because they lack immune and physiological responses that only
appear later in ontogeny. This study highlights the need to take into account the age of the individuals
when designing prevention and treatment plans as well as rearing routines.

Zebrafish welfare was another surprisingly ignored issue until recent times. The number of
cultured individuals arguably rivals any other commercially farmed species, yet even when the subject
of welfare in aquaculture started to be addressed, zebrafish were apparently left behind. Say no
more because two studies by Woodward et al. [8] and Deakin et al. [9] focus on two important topics
that impact zebrafish welfare: the first shows that environmental enrichment in zebrafish housing
promotes aggression and risk-taking behaviours in zebrafish [8], and the authors explain this with the
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social and territorial behaviour of the species, in which the enrichment structures provide resources to
monopolise; the second suggests a novel method to analyse pain responses to standard experimental
procedures in this species. Using fractal analysis of behaviour, the authors create (and validate) a pain
intensity scale for zebrafish, and propose that variations in complexity of movement should be a good
indicator of welfare in this species [9]. This paper also adds compelling evidence that fish are sentient
and able to feel pain. Both studies dive into the biology of welfare in zebrafish, using basic behavioural
variables and knowledge on the ethology of the species to highlight the importance of the natural (in
the case of Woodward et al.) and mental (in the case of Deakin et al.) dimensions of welfare.

The importance of understanding the ethology of reared species is further explored in the review
by Gonçalves-de-Freitas et al. [10], where the social behaviour of Nile tilapia (Oreochromis niloticus) is
proposed as a key component in the welfare of this fish. In this study, the authors thoroughly review
the social ethology of tilapia, elegantly addressing both proximate and ultimate mechanisms to provide
operational insights that may improve its welfare. The social environment is demonstrated to have
impacts on stress levels, growth and aggression, and the authors offer solutions to mitigate the effects
of rearing conditions: lighting, environment colour and enrichment structures are pinpointed as simple
ways to reduce the detrimental effects of human-induced social disturbance [10].

The review by Fife-Cook and Franks [11] picks up where Gonçalves-de-Freitas et al. left off. In
their paper, the authors propose a framework for positive welfare in fish (i.e., mental and physical states
that exceed what is necessary for immediate survival), which would replace the traditional paradigms
that focus on mitigating the negative impacts of rearing. The positive welfare approach requires a
deep understanding of the species’ behaviour and biology and would demand taxa-specific standards.
However, the knowledge already available from fish and other taxa allows both the identification of
positive welfare states in fish and the suggestion of active measures: species-specific housing (including
ambient colour and appropriate social environment, as already suggested in [10]) and the promotion
of cognitive engagement (visual stimulation, novel objects, play, etc.). The authors conclude that
the positive class of experiences are currently being neglected in fish and urge for more research in
this area.

Finally, Saraiva et al. [12] propose a framework to assess the welfare of farmed fishes at a species
level: the FishEthoBase. This open-access database on fish ethology and welfare aims to provide
a tool to evaluate the welfare state of (ultimately) all farmed species worldwide. In that sense, the
authors have built the portal www.fishethobase.net where an impressive amount of data concerning
the biology of farmed species and the impacts of aquaculture on their welfare is scrutinised, organised
and summarised. Using the data on 41 species already available, the authors analyse their welfare
state and conclude that (i) the general welfare state of farmed fishes is poor, (ii) there is some potential
for improvement, and (iii) this potential is related to research on species’ needs, but (iv) there are many
remaining knowledge gaps, and (v) current fish farming technologies do not seem to fully address
welfare issues.

As editors of this Special Issue, we could not be more thankful and proud of its contents, not
only because of the quality of the contributions but also because of their broad approach, their
interconnection and the multiple doors that have opened, letting us see future lines of knowledge. Fish
welfare seems to have gained a considerable momentum and, although there is yet much work ahead,
we can optimistically say that the wind is blowing in a favourable direction.

Conflicts of Interest: The authors declare no conflict of interest
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Abstract: Sharks are captured by tons for human consumption. Improving the quality of their meat
will produce fillets that may have a higher economic value in the market, and thus be beneficial for
the management of this fishery. In other animal species destined for human consumption, a negative
relationship between pre-slaughtering stress and meat quality has been demonstrated. By studying
the commercial small-spotted catshark (Scyliorhinus canicula), this work aimed at linking pre-slaughter
handling of captured sharks and muscle fillets quality. An experimental group of adult and subadult
living catsharks captured by hand and exposed to air (for 18 min, which is the minimum time this
species is exposed to air in the fishing deck during fisheries procedures), and an undisturbed group,
were evaluated. After air exposure, catsharks returned to water for recovery. Muscle lactate and water
content were quantified after acute exposure (for 18 min), 5 h and 24 h. This challenge elicited stress
responses in the muscle such as increased lactate levels and immediate dehydration, followed by
recovery of lactate levels and overhydration. Muscle consistency, a relevant variable describing
quality of seafood according to its ability to be swallowed by the consumer, paralleled muscle water
content changes. The results indicated for the first time that handling alive sharks exposed to air
results in muscle fillets with different texture properties. Whether these changes in muscle texture
induce higher quality fillets has yet to be proven. Our recommendation is to minimize time of air
exposure experienced by sharks when captured, including fast slaughtering instead of leaving them
to die by asphyxia, as current on-board procedures.

Keywords: fisheries management; muscle texture; Scyliorhinus canicula; sharks; stress

1. Introduction

World consumption of elasmobranchs has increased during the last years, reaching 121,641 tons
in 2011, which represents an increase of 42% by volume compared with 2000 [1]. According to the
Food and Agriculture Organization of the United Nations, Spain is the world’s third-largest producer
of shark meat, and capture statistics show a strong upward trend in recent years [1].

The quality of the flesh in different species depends on the handling method of the fish before
being slaughtered [2]. Improving the quality of seafood is a topical issue in the industry. Thus,

Fishes 2018, 3, 34; doi:10.3390/fishes3030034 www.mdpi.com/journal/fishes4
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slaughter handling stress is important for the aquaculture industry because of its effects on fillet
quality [3]. The degree of muscle texture degradation is related to the length of the pre-slaughter
stress period in teleosts [4]. Moreover, stressful stunning methods also induce a higher deterioration
rate in texture properties as seen in silver carp [4]. Fish flesh quality is a very complex concept that
includes physico-chemical, biochemical, visual (color of the fillets) and microbiological attributes [5].
The use of texture analysis is widely extended in the food industry for the assessment of teleost
fish fillet quality [3,6], as it provides more objective measurements [7]. Texture profile analysis test
is based on the imitation of mastication or chewing process, and is employed for the evaluation
of seafood, mostly teleost fish [8]. In this sense, texture consistency evidenced the water holding
capacity of the fillet and reflects the difficulty of swallowing a piece of it [9]. However, despite the
large volume of sharks captured for human consumption, little is known regarding their meat quality
and texture properties. Stress in fish elicits physiological responses to cope with the environmental
disturbance (presence of a predator, capture by a hook or a net, air exposure, etc.). These responses
are broadly grouped as primary, secondary and tertiary [10]. Primary responses include the release
of hormones to the blood, being cortisol for teleost fish and (presumably) 1α-hydroxycorticosterone
in elasmobranchs [11–13]. Secondary responses are defined as the immediate actions and effects
of these hormones [14], which basically make available to the cells an increased supply of oxygen
and energy metabolites. These responses involve modifications in heart and breathing rates [15,16],
changes in the dilation status of blood vessels [17], and rapid mobilization of glucose to meet energetic
demands [18,19]. The onset of anaerobic glycolysis accumulates lactate in white muscle of teleosts [20].
As a side effect, dehydration processes occur in seawater elasmobranchs, enhancing plasma osmolality
and sodium content after capture [21–23]. All these responses have consequences on the muscle texture
properties of teleost fish [24,25], although no information is available regarding pre-handling stress
and changes in muscle texture in elasmobranchs.

The small-spotted catshark (Scyliorhinus canicula) is a small demersal species inhabiting Atlantic
waters from Norway to Senegal and the Mediterranean Sea, mostly captured by bottom trawl
fisheries [26]. This and other catshark species are particularly appreciated in Europe [1]. In Spain,
trawling time ranges from 1 h to 4 h [27], but this species may be exposed to air for 3 h before dying
(personal observation). Thus, the objective of the present study was to use already established
knowledge in sharks and teleost regarding stress reactions, and investigate if the relationship
known from teleost, with flesh quality (based on muscle texture properties), also holds true
in sharks. This information will be useful to examine the effects of exposure to air on the
flesh quality (muscle texture) in the absence of the effects of prior fishing-related capture in the
small-spotted catshark.

2. Results and Discussion

No mortality was observed in any group throughout the experimental period. All animals
employed in this study (November 2016) evidenced signs of good health along the experimental
time (from capture by a bottom-trawler vessel, to being euthanized at the end of the experiment),
with normal behavior inside the tanks, and without external or internal evidence of disease.
P-values resulting from two way-ANOVA of the different parameters assessed are presented in
Table 1.
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Table 1. P-values from two way-ANOVA from General Lineal Model (GLM) of parameters measured
in muscle of Scyliorhinus canicula exposed to undisturbed control conditions or after an acute capture
by hand processes followed by air exposure, and sampled at times 0, 5 and 24 h after the challenge.

Parameter Group Time Group × Time

Lactate <0.0005 <0.000001 <0.0001
Water content <0.05 <0.000001 <0.00001
Consistency 0.7703 <0.0001 <0.0001

Cohesiveness 0.5715 0.6419 0.7598
Crispiness 0.7509 0.6896 0.6139
Firmness 0.6939 0.1156 0.8871

Work of penetration 0.6317 0.1452 <0.005
Springiness 0.1226 <0.0005 0.2542

2.1. Muscle Lactate

Scyliorhinus canicula when captured under normal bottom trawl fisheries conditions experienced
periods of air exposure around 18 min or more [26,28]. Our study confirms that capture by hand
followed by air exposure acutely stressed the animals as muscle lactate levels increased significantly
(Figure 1), due to increased anaerobic energy metabolism [24,25]. In addition, our results are similar to
those described for gummy shark (Mustelus antarcticus) captured by gill-net [29], with highest muscle
lactate levels just after the stress situation induced by capture, decreasing to control values after 3–5 h.

Figure 1. Muscle lactate levels (in μmol lactate per g of wet weight) in small-spotted catshark
(S. canicula) controls (black bars) and after capture by hand and acute air exposure (gray bars). Data are
expressed as mean ± standard error of the mean (SEM). No differences were described in the control
group over time. Different letters indicate significantly different groups for the same treatment,
while asterisks (*) indicate differences between control and air-exposure groups for the same time
(p < 0.05, two-way ANOVA followed by a Tukey’s post hoc test, n = 7–8).

2.2. Muscle Water Content

The percent of water in the muscle in this study ranged between 71.8% and 78.8% water
(Figure 2A), in accordance with the water holding capacity (WHC) described for other shark species
captured by longline (60–80% WHC) [30]. Figure 2A shows muscle dehydration after 18 min of capture
by hand and air exposure (0 h). Muscle dehydration could be associated with a secondary stress
response in fish maintained in seawater and it could be related to the described increase in plasma
osmolality in Solea senegalensis after an acute air-exposure situation [31], or to the highest plasma
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potassium concentration in Port Jackson sharks (Heterodontus portusjacksoni) and gummy sharks after
gill-net capture [32]. This dehydration was described as a secondary stress response due to enhanced
gill permeability, with an efflux of water to the hyperosmotic seawater environment. However,
the apparent dehydration process in air-exposed catsharks 18 min after the challenge, sampled without
being returned into the water, require further explanation. Thus, it was described that endurance
exercise (similar to that performed by catsharks struggling for 18 min while exposed to air) induced a
≥2% body mass loss due to extracellular fluid volume contraction and, thus, muscle dehydration [33].
This body mass loss may be related to the reduction in muscle water content described in our study,
with 74.5% and 73.6% muscle water content in the control and the stressed groups, respectively, at time
0 h after the stressful challenge. In this study, muscle water content enhanced in the experimental group
after 5 h, suggesting the existence of a rebound effect due to the activation of the osmoregulatory system
to recover the homeostatic balance after the stressful situation induced by air exposure. Several authors
have studied the consequences of an acute stress on the osmoregulatory mechanisms in elasmobranchs
and teleost fish showing a similar situation but different recovery times [31,34,35]. Our results showed
that the small-spotted catshark was able to recover the muscle water content of the control-unstressed
group within the first 24 h post-stress.

Figure 2. Muscle (A) water content (percent of total wet weight) and (B) consistency (as percent of
variation compared to the control group at each sampling time) in small-spotted catshark (S. canicula)
controls (black bars) and after capture by hand and acute air exposure (gray bars). Data are expressed
as mean ± SEM. No differences were described in the control group over time. Different letters indicate
significantly different groups for the same treatment, while asterisks (*) indicate differences between
control and air-exposure groups for the same time (p < 0.05, two-way ANOVA followed by a Tukey’s
post hoc test, n = 7–8).
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2.3. Muscle Texture

The most relevant result of the present study is that muscle consistency (Figure 2B), amongst all the
texture-related parameters analyzed (Table 2), seems to be related to muscle water content. Fish muscle
basically consists of connective tissues (including the extracellular aqueous matrix) and the intracellular
contractile proteins. To determine consistency, the fillet has to be compressed producing a loss of
intrafibrillar integrity, especially affecting actomyosin, which may influence the consistency/firmness
values [36]. Muscle consistency roughly describes the capacity of the tissue to retain water after being
compressed, and is useful to determine the swallowing properties of it [9]. It was described in salmon
that muscle firmness was related not only to total collagen content but also to collagen stability [37].
As no differences were found in muscle firmness but in consistency in the present study, we can
assume that both collagen content and stability were not affected by capture by hand and air exposure
in S. canicula, being water content and the water holding capacity the most affected parameters during
this study. Thus, major changes occurred in the extracellular matrix, while the structural integrity of
the intracellular proteins is maintained after air exposure, as supported by the lack of differences in the
analyzed texture parameters of this study (Table 2). The increased muscle consistency after 5 h recovery
in this study may be related to an osmoregulatory rebound effect, but we were unable to find similar
results in the literature. As far as we know, the shrinkage of shark fillets (due to denser myofibrillar and
connective tissues) results in badly appreciated tough fillets [38]. Based on our results, if we considered
that low muscle consistency is linked to dehydration and therefore tougher fillets, further studies
should be conducted to elucidate if higher muscle consistency has better organoleptic properties.
It should also be mentioned that freezing–thawing will itself affect muscle texture, but sometimes
during commercial fisheries captured sharks are frozen aboard the vessel, and thus a possible bias of
the results is assumed.

Table 2. Muscle texture profile analysis of small-spotted catshark (S. canicula) controls (Control) and
after capture by hand and acute air exposure (Air). Data are expressed as mean ± SEM. The asterisk (*)
indicate differences between control and air-exposure groups for the same time; no more differences
have been described between groups or over time (p < 0.05, two-way ANOVA followed by a Tukey’s
post hoc test, n = 7–8).

Parameter Group 0 h 5 h 24 h

Cohesiveness (N)
Control −11.9 ± 2.6 −11.9 ± 4.0 −10.5 ± 1.1

Air −8.8 ± 2.0 −12.6 ± 1.6 −9.5 ± 2.7

Crispiness (no units) Control 199 ± 3 195 ± 5 197 ± 4
Air 197 ± 2 198 ± 5 193 ± 4

Firmness (N)
Control 244 ± 2 246 ± 1 246 ± 1

Air 242 ± 1 247 ± 2 245 ± 2

Work of penetration (N mm) Control 257 ± 7 228 ± 12 280 ± 15
Air 234 ± 14 284 ± 14 * 260 ± 10

Springiness (mm) Control −38.4 ± 1.9 −36.2 ± 2.9 −28.1 ± 2.5
Air −40.4 ± 3.5 −29.0 ± 4.2 −20.9 ± 3.9

It was previously described in another shark species, Mustelus lunulatus, that postmortem changes
such as loss of fluid and reduction of water holding capacity occurred in the muscle, but no changes
in its texture were described [39]. The WHC has been reported as a good indicator for fish quality
evaluation, being its reduction associated to tougher fillets and a loss of myofibrillar proteins [39].
Firmness of fish muscle is influenced by many factors [6,38], and the use of a texture profile analyzer
seems to be useful when studying sensory conditions of raw fish fillets [40]. In this sense, further studies
related to fillet firmness of elasmobranch fish including variables such as size, sex and fishing gear,
amongst other variables, will be relevant to better describe their effects on the quality of the meat. Thus,
Atlantic salmon fillets were firmer, paler, had a higher muscle pH and lower liquid loss in fish that
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were not stressed during pre-slaughter handling [41]. Moreover, color variations in the meat serves
as a quality standard for seafood products. Using this parameter, it was described that exhausted
salmon [42] and stressed Bluefin tuna [2] showed changes in fillet color. Thus, it should be interesting
to further analyze fillet color in future studies involving sharks employed for human consumption.

As this was designed as a pilot study, where we aimed at testing the effects of acute stress on
the textural properties of the muscle using as few animals as possible, some flaws were evidenced.
Future studies should be designed carefully and be focused in the individual stressful processes that
sharks may experience when captured (such as muscle exhaustion after swimming, confinement,
hypoxic conditions, blows, changes in the environmental conditions and, finally, air exposure alone),
presumably including more animals per experimental group.

3. Material and Methods

3.1. Animal

Scyliorhinus canicula adults and subadults of both sexes (n = 26 males and n = 19 females,
ranging from 169 to 512 g body wet weight and 41.5 to 57.0 cm total length) were obtained by bottom
trawling in November 2016 in the Gulf of Cadiz (Spain). Healthy animals (with no external wounds,
normal skin color and swim behavior in the onboard tanks employed to recover captured animals
after trawling, active responses to external stimuli such as body movement when other catsharks
touched them, and eyes clear and reactive) were transported immediately (transport process lasted
around 8–12 h) to the fish husbandry facility of the Faculty of Marine and Environmental Sciences
(Puerto Real, Cadiz, Spain) and acclimated to seawater (salinity 38 psu) until the beginning of the
experiment. Fish were randomly divided into 6 bare-bottom, rectangular soft-edges tanks of 400 L
(surface area of 0.72 m2, 56 cm depth, and covered by a fine-mesh tissue to shade the aquarium) in a
flow-through system under natural photoperiod (November; latitude 36◦31′34′ ′ N) and temperature
(ambient temperature of approximately 19 ◦C, while temperature of the seawater when captured
was 18.81–21.19 ◦C) and acclimated for 17 days. The number of males and females in each tank,
though randomly distributed, included 4–5 males and 3–4 females per sampling group. Fish density
per unit of surface was in accordance with previous studies conducted in Squalus acanthias and
Squalus suckleyi [35,43]. Physical-chemical parameters were kept stable along the experimental time by
means of the constant flow-through of well-seawater (constant 38 psu salinity, temperature 19.0 ◦C,
>5 mg Dissolved Oxygen or DO L−1, 0.1 ± 0.2 mg Total Ammonia Nitrogen or TAN L−1, 0 ± 4 μg
NH3 L−1, <0.1 mg nitrites L−1 and <4.1 mg nitrates L−1). Salinity, temperature and dissolved oxygen
levels were daily measured inside each tank. Temperature oscillated inside the tanks between 19.0
and 19.3 ◦C along the day. Oxygen levels were daily measured with an oximeter (Handy Polaris,
OxyGuard, DK) and maintained above 5 mg L−1 (around 90% saturation) by an air diffusing stone
inside each tank. Nitrogen compounds (TAN, NH3, nitrites and nitrates) were analyzed once a week in
the incoming well-water (which is also daily analyzed by the people in charge of the Fish Husbandry
facility, without further differences along time) with commercial kits (Merck, Germany). Health of
the animals was visually assessed, taking special interest in controlling that the body and eyes color,
breathing rates and behavior of all sharks were normal. Fish were fed once a day at 20.00 UTC with
unfrozen shrimps, prawns, sardines and anchovies to satiety. Red lights were employed for feeding
in order to not disturb the animals during this process. As a curiosity, the animals remained inactive
at the bottom of the tank most of the time but, after a few days, at the time of feeding began to
actively look for the food offered, reaching to catch it directly from the hand of the caregiver with
tranquility. This fact can be taken, with caution, as a sign that the animals were not specially stressed.
Fecal matter was carefully removed each morning with a siphon under ambient darkened conditions.
Animals were fasted 36 h before sampling to avoid osmoregulatory imbalances related to feeding,
as has been described before in other catshark species [44]. All experimental procedures complied
with the Guidelines of the European Union (2010/63/UE) and the Spanish legislation (RD 1201/2005
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and law 32/2007) for the use of laboratory animals, and were approved by the local Committee of
Ethics and Animal Experimentation.

3.2. Experimental Design and Sampling

Capture and air exposure are dramatic stressful events that catshark experience during fisheries
procedures. Therefore, three tanks were selected as undisturbed controls, and catshark from the other
three tanks were captured and exposed to the air. Animals were captured by hand and placed in
similar dry tanks for 18 min, which is the minimum time this species experienced outside water
during commercial bottom-trawl fishing conditions [26,28]. We considered unnecessary to fully expose
the animals to the exact conditions after commercial fishing. Samples were collected at times 0 and
24 h after air exposure, consisting of 2–3 animals from each tank (in triplicate, n = 7–8 per group).
The group sampled 0 h after the air exposure was not introduced back into the water tanks after
the challenge. Moreover, an additional sampling point after 5 h was conducted to evaluate recovery
responses according to previous studies in S. canicula and Scyliorhinus stellaris [45,46]. First sampling
for both experimental groups was performed at 08:30–09:30 UTC. Catsharks were captured by hand
and immediately anesthetized in 0.1% v/v 2-phenoxiethanol (P-1126, Sigma-Aldrich, St. Louis, MI,
USA). Unless anesthesia has been shown to affect stress-related blood variables in sharks [47] we
decided to anesthetize the animals and accept possible bias in the muscle parameters as part of this
pilot study. Weight and length of the animals was measured. Euthanize was done by severing the
head with a sharp knife. A 5-cm portion of the trunk, covering the area just after the first dorsal fin,
was collected and immediately frozen at −20 ◦C. The process of freezing the trunk was previously
described in similar studies [30,38] and resembles commercial activities for marketed S. canicula in
the South of Spain. All procedures lasted less than four minutes per tank, aiming at minimizing
secondary-stress responses due to fish manipulation [10].

3.3. Muscle Analysis

The samples were allowed to unfreeze overnight at 4 ◦C, the skin was removed, and the muscle
fillets from both sides of the spine were separated by using a sharp knife. Previous to overnight
unfreezing, muscle lactate was analyzed in 0.2 g subsamples (still at −20 ◦C) from these fillets as
previously described [48]. In brief, frozen muscle was finely minced on an ice-cooled Petri dish,
homogenized by ultrasonic disruption in 7.5 volumes ice-cold 0.6 N perchloric acid, neutralized using
1 M potassium bicarbonate, centrifuged (3 min at 10,000 g, Eppendorf 5415R), and the supernatant
used to assay muscle lactate. Lactate was determined spectrophotometrically with a commercial kit
adapted for 96-well microplates (ref. 1001330, Spinreact, St. Esteve de Bas, Girona, Spain).

Square pieces (3 cm × 3 cm) of each muscle fillet were cut and maintained on an ice-cold
Petri dish for texture analysis. Instrumental texture analyses were performed on the 2 fillets per
fish (in duplicate) using a texture analyzer TA1 (Lloyd-instruments, AMETEK GmbH, Meerbusch,
Germany) equipped with an 80 N compression load cell controlled with the program Nexygen Plus
3.0 for Windows. A flat-ended cylindrical probe (12.5 mm diameter; type P/0.5) was used to analyze
the consistency, cohesiveness, crispiness, firmness, work of penetration and springiness of the muscle
fillets. Analyses were performed by pressing the cylinder into the muscle fillet at a constant crosshead
speed of 4 mm s−1. All samples were compressed twice to 50% of their original height. The parameters
analyzed (and their Units) were cohesiveness (in N), consistency (in N mm), crispiness (no Units),
firmness (in N), work of penetration (in N mm) and springiness (in mm). Cohesiveness describes
how well a food retains its form between the first and second chew (is expressed as the area of
work during the second compression divided by the area of work during the first compression).
Consistency relates to the firmness of a semisolid, and is calculated as the breaking force in the
first compression (N) multiplied by the deformation between first and second compression (mm).
Crispiness or fracturability is the tendency of a material to fracture, crumble, crack, shatter or fail upon
the application of a relatively small amount of force or impact. Firmness is related to the resistance
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to deformation (given by the peak load of the initial compression). Work of penetration is described
as the distance (in mm) necessary to give the maximum strength (in N) after the initial compression.
Springiness is how well a product physically springs back after it has been deformed during the first
compression and has been allowed to wait for the target wait time between strokes (expressed as the
distance of the detected height during the second compression divided by the original compression
distance). Muscle water content was analyzed by drying preweighted muscle at 65 ◦C until constant
weight (circa 72 h), as previously described [49]. The percentage of water was calculated as the
difference in weight between the fresh and the dry muscle divided by the fresh weight.

3.4. Statistics

Normality and homogeneity of variances were analyzed using the Shapiro–Wilk’s test and the
Levene’s test, respectively. Differences between groups were tested using two-way ANOVA with group
(control and capture by hand/air exposure) and time (0, 5 and 24 h) as the factors. When ANOVA
yielded significant differences, Tukey’s post-hoc test was used to identify significantly different groups.
Statistical significance was set at p < 0.05. All results are given as mean ± SEM. All tests were performed
using Statistica 7 software for Windows.

4. Conclusions

We have described, for the first time, that elasmobranch flesh texture conditions are affected by
pre-slaughtering handling and/or air exposure of the animals. However, future studies are necessary
to better characterize fillet quality in sharks, especially after fisheries procedures.
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Abstract: Ortho-phosphate inside recirculation aquaculture systems is limited as a consequence of
precipitation and regular water exchange rates. To improve plant growth in coupled aquaponics,
phosphate fertilizer addition to hydroponics can increase PO4

3−-P concentrations inside the process
water. We investigated the effects of four PO4

3−-P concentrations (<10 (P0), 40, 80, 120 mg L−1)
in rearing water on growth performance, feed efficiency, and welfare traits of juvenile African
catfish (Clarias gariepinus Burchell, 1822). By trend, optimum specific growth rate of 2.66% d−1

and feed conversion ratio of 0.71 were observed at 40 and 80 mg L−1 PO4
3−-P. Higher PO4

3−-P
significantly affected skin coloration, swimming activity and external injuries, with the palest and
inactive fish combined with most external injuries in the P120 group. Mineral and protein contents in
the fish remained unaffected, while fat content inside the fillets enriched with increasing PO4

3−-P.
Inorganic P in blood plasma increased significantly, while phosphate concentrations inside the fillet
remained unchanged. We suggest that PO4

3−-P concentrations of 40 to 80 mg L−1 do not reduce
the performance of African catfish aquaculture, while increased values of 120 mg L−1 affect fish
welfare. This allows limited addition of PO4

3−-P fertilizer in coupled aquaponics with African catfish
to support plant growth.

Keywords: African catfish (Clarias gariepinus); growth; feed efficiency; elevated phosphate
concentrations; welfare

1. Introduction

Phosphorus contributes essentially to the growth of animals and plants, because it plays a
key role in many vital components [1–3]. In aquaculture systems, fish satisfy their demand for P
with their diet [4], while in hydroponic systems, inorganic fertilizer supplies P (as PO4

3−-P) to the
plants [5,6]. In the combination of both, known as aquaponics, the plants will ideally satisfy their
demand from unretained P excreted by the fish [7,8]. However, recent evidence suggests that the levels
of P originating from aquaculture process water are low due to rapid precipitation, limiting its use
for an optimal plant growth [9–11]. In decoupled aquaponic systems, this deficit can be overcome
by addition of inorganic phosphate fertilizer [12,13]. The water used in decoupled aquaponics is not
recirculated back to the fish once used in hydroponics, which means that nutrient adjustment cannot
affect the fish. In coupled aquaponic systems, the process water circulates between the fish and the
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plant units and therefore artificial nutrient adjustment in the hydroponics may affect the fish. In the
African catfish, as for all other freshwater fish species, the effects of elevated PO4

3−-P levels on fish
health, welfare and performance have not been studied. In humans, excess levels of inorganic, dietary
P resulted in the formation of calcium-phosphate complexes, reducing the levels of serum calcium
below optimum levels and causing pathological vascular calcification [14].

The effects of dietary P deficiency on the physiology of teleosts are very well described [4], such
as for grouper (Epinephelus coioides) [15], European sea bass (Dicentrarchus labrax) [16], and silver perch
(Bidyanus bidyanus) [17]. Deficiency symptoms can be expressed as reduced appetite [15], growth
retardation [15,16], reduced feed efficiency [15] and poor bone and scale mineralization [15]. However,
the literature lacks information on the effects of increased levels of PO4

3−-P on performance and welfare
traits in commercial aquaculture species. The acute toxicity of trisodium phosphate (Na3 PO4 12H2O)
on African catfish (C. gariepinus) fingerlings was studied by Ufodike [18], indicating 96 h lethal dose
(LD) 50 of 61 mg PO4

3−-P L−1. In contrast, van Bussel et al. [19] investigated the growth, feed intake,
nutrient utilization and health status of juvenile turbot (Psetta maxima) reared in intensive recirculating
aquaculture systems (RAS). The authors demonstrated that levels of 82 mg L−1 of PO4

3−-P did not
affect the health status of the turbot, and an optimum growth, feed intake and feed efficiency could be
achieved at 27 mg L−1. In addition, under normal operation of intensive African catfish RAS the levels
of PO4

3−-P are in the range of 18 to 34 mg L−1 [20], without notable mortalities. The causal link of the
mortality that was observed previously [18] to PO4

3−-P concentrations remain elusive.
Because of the relevance of African catfish in RAS and aquaponic production systems, and

the recommendation to elevate PO4
3−-P in coupled aquaponic systems for improved plant growth

(30–60 mg L−1) [21], we assessed the effects of elevated levels of PO4
3−-P on performance and welfare

traits and other potential effects to be observed for this species. Consequently, the experimental design
comprised levels of dissolved PO4

3−-P beyond the published PO4
3−-P challenges to approximate

rearing possibilities in high accumulation aquaculture systems. Implications for a PO4
3−-P fertilization

in coupled aquaponics systems are discussed.

2. Results

2.1. Water Quality

On day one of the experiment, the water quality parameters inside the four systems ranged
from: dissolved oxygen (DO) = 7.5–7.8 mg L−1, temperature = 26.3–27.3 ◦C, pH-value = 8.5–8.8,
conductivity = 560–611 μS cm−1, redox-potential = 143–169 mV, NH4

+-N = <0.01–0.04 mg L−1,
NO2

−-N = 0.01–0.02 mg L−1, NO3
−-N = 2–3 mg L−1, PO4

3−-P = 0.1–0.2 mg L−1, K+ = 4–6 mg L−1,
Mg2+ = 9–14 mg L−1 and Ca2+ = 68–87 mg L−1. The mean values and standard deviations of the
different water quality parameters over the run of the experiment are given in Table 1.

Significant differences (p < 0.05) were revealed for DO, temperature, pH-value, salinity,
redox-potential, levels of PO4

3−-P, Ca2+ and NO2
−-N (Kruskal-Wallis). No significant differences

were revealed for conductivity, total dissolved nitrogen (TDN), NH4
+-N and NO3

−-N (p ≥ 0.05)
(Kruskal-Wallis). The DO and the temperature in P120 were lower when compared with the
other groups. The highest pH was observed in P0, the lowest in P40 and P80. The highest
salinity/conductivity was observed in P120, the lowest in P80. The highest redox-potential was
observed in P80 and P120, the lowest in P0. NH4

+-N ranged from 2.19–2.75 mg L−1, NO2-N from
0.21–0.34 mg L−1. Although not significantly, total oxidized nitrogen (TON), NO3

−-N, TDN and K+

increased by trend from P0 to P120.
For Ca2+, significant differences were revealed for all groups, except between P80 and P40, and

P80 and P120, with the highest concentrations in P0, and the lowest in P120. For PO4
3−-P, significance

was revealed for all groups except between groups P80 and P120. PO4
3−-P increased from P0 to P80,

and by trend to P120. The reference group reached a mean PO4
3−-P concentration of 3.6 mg L−1 ± 2.4

standard deviation (SD) due to unretained P by the fish.
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Table 1. Water quality parameters (mean ± standard deviation (SD)).

Group

Parameter Unit P 0 P40 P80 P120 p-Value

DO mg L−1 6.4 a ± 0.5 6.4 a ± 0.6 6.3 a ± 0.5 6.0 b ± 0.6 ≤0.001
DO % 80 a ± 6.2 80 a ± 7.3 80 a ± 6.1 75 b ± 7.3 ≤0.001

Temperature ◦C 27.2 a ± 0.4 27.1 a ± 0.5 27.2 a ± 0.2 26.8 b ± 0.6 ≤0.001
pH-value - 6.5 a ± 0.8 6.3 b ± 0.8 6.2 b ± 0.8 6.3 ab ± 0.8 ≤0.001
Salinity ‰ 0.50 ab ± 0.11 0.50 ab ± 0.11 0.49 a ± 0.11 0.52 b ± 0.15 0.044

Conductivity μS cm−1 1044 ± 225 1056 ± 219 1042 ± 228 1093 ± 294 0.114
Redox potential mV 165 a ± 20 181 b ± 17 187 c ± 14 189 c ± 12 ≤0.001

NH4
+-N mg L−1 2.2 ± 3.6 2.8 ± 4.6 2.6 ± 4.2 2.4 ± 4.2 0.252

NO2
−-N mg L−1 0.34 a ± 0.25 0.27 ab ± 0.35 0.31 ab ± 0.41 0.21 b ± 0.16 0.036

TON mg L−1 48.4 ± 20.2 49.5 ± 20.0 53.0 ± 21.1 55.2 ± 23.6 0.336
NO3

−-N mg L−1 48.0 ± 20.1 49.2 ± 19.5 52.7 ± 21.1 55.0 ± 23.7 0.309
TDN mg L−1 50.6 ± 22.5 52.2 ± 22.5 55.7 ± 23.9 57.5 ± 26.4 0.53

PO4
3−-P mg L−1 3.6 a ± 2.4 39.1 b ± 20.6 62.0 c ± 30.1 103.2 c ± 54.5 ≤0.001

K+ mg L−1 9 ± 7 10 ± 9 10 ± 9 11 ± 9 0.199
Mg2+ mg L−1 14.9 ± 2.2 14.3 ± 2.4 13.9 ± 2.9 13.7 ± 3.6 0.2
Ca2+ mg L−1 109 a ± 13 94 b ± 13 91 bc ± 15 83 c ± 22 ≤0.001

Superscript letters indicate significant differences between the experimental groups (p < 0.05). DO: dissolved oxygen,
TON: total oxidized nitrogen (NO2

−-N + NO3
−-N), TDN: total dissolved nitrogen (NH4

+-N + NO2
−-N + NO3

−-N).

With increased addition of PO4
3−-P to the three test groups, the water increasingly turned milky.

The intensity of milkiness (impression of the observers) reduced over the course of the experiment
but remained until the end. On the last day of the experiment, the water quality parameters differed
from the conditions of day one and ranged from: DO = 6.2–6.9 mg L−1, temperature = 25.7–27.0 ◦C,
pH-value = 4.67–5.94, conductivity = 1099–1151 μS cm−1, redox-potential = 165–218 mV, NH4

+-N =
8.38–10.39 mg L−1, NO2

−-N = 0.09–0.16 mg L−1, NO3
−-N = 81–95 mg L−1, PO4

3−-P = 7.6–97.2 mg L−1,
K+ = 16–33 mg L−1, Mg2+ = 12–16 mg L−1 and Ca2+ = 101–111 mg L−1.

2.2. Fish Performance and Body Composition

During the experiment, three animals died in the group P0, two in P80, while no mortality was
observed in the groups P40 and P120. After acclimatization, fish always ate the scheduled daily ratio.
The means and SD of the fish growth performance parameters are given in Table 2. Final weight, total
length, standard length, growth, fillet ratio, specific growth rate (SGR), feed conversion ratio (FCR),
and total feed intake (TFI) showed no significant differences between the treatment groups (p ≥ 0.05).

Table 2. Fish growth and feed efficiency of C. gariepinus (mean ± SD).

Group

Parameter Unit P0 P40 P80 P120 p-Value *

Final weight (Wt) g fish−1 132.9 ± 34.1 148.9 ± 51.4 161.3 ± 44.0 159.6 ± 46.8 0.822
Total length cm 27.3 ± 2.4 28.0 ± 3.3 28.9 ± 2.5 28.3 ± 2.3 0.615

Standard length cm 24.4 ± 2.1 25.1 ± 3.0 25.9 ± 2.3 25.4 ± 2.4 0.627
Growth (G) g fish−1 105.8 ± 3.5 118.8 ± 1.1 128.5 ± 3.0 126.4 ± 4.5 0.153
Fillet ratio % 33.3 ± 2.3 32.3 ± 3.4 33.9 ± 1.9 33.5 ± 2.2 0.155

SGR % 2.64 ± 0.05 2.66 ± 0.03 2.6 ± 0.05 2.61 ± 0.03 0.172
FCR - 0.72 ± 0.05 0.71 ± 0.01 0.71 ± 0.03 0.73 ± 0.02 0.450
TFI g fish−1 76.0 ± 1.1 84.1 ± 1.9 91.3 ± 5.2 92.8 ± 2.2 0.266

Superscript letters indicate significant differences between the experimental groups (p < 0.05). * p-value taken from
analysis of variance (ANOVA)/Kruskal-Wallis. SGR: specific growth rate, FCR: feed conversion ratio, TFI: total
feed intake.

The mean values of the body composition of the baseline, as well as the control and the
experimental groups, are given for whole fish in Table 3 and fillet in Table 4. Except for the fat
content in the fillets, no significant differences were found in the whole body and the fillet composition.
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The fat content in the fillet was significantly higher in P120 when compared with P0. By trend, the fat
content in the fillet and the Ca content in the whole fish increased from group P0 to P120.

Table 3. Initial and final body composition of C. gariepinus (n = 3).

Group

Parameter Unit Baseline P0 P40 P80 P120 p-Value *

Dry matter g kg−1, ww 207 247 ± 13 253 ± 1 252 ± 8 270 ± 8 0.146
Ash g kg−1, dm 131 128 ± 10 136 ± 8 131 ± 5 132 ± 6 0.780

Protein g kg−1, dm 694 668 ± 13 644 ± 18 664 ± 17 645 ± 2 0.275
Fat g kg−1, dm 97 146 ± 19 146 ± 17 139 ± 11 165 ± 10 0.401

Calcium g kg−1, dm 36.8 30.2 ± 6.9 31.3 ± 4.8 33.3 ± 3.1 37.1 ± 5.0 0.570
Phosphorus g kg−1, dm 25.3 23.7 ± 2.8 22.9 ± 1.4 24.3 ± 1.1 24.4 ± 2.7 0.893

Sodium g kg−1, dm 4.6 4.8 ± 0.7 3.9 ± 0.7 4.5 ± 0.4 4.2 ± 0.8 0.612
Magnesium g kg−1, dm 1.5 1.7 ± 0.2 1.5 ± 0.2 1.6 ± 0.2 1.4 ± 0.1 0.412
Potassium g kg−1, dm 14.6 11.4 ± 0.8 12.0 ± 1.3 12.8 ± 0.6 12.1 ± 0.6 0.520

Superscript letters indicate significant differences between the experimental groups (p < 0.05). *: p-value based
on comparison of P0, P40, P80, and P120. p-value taken from ANOVA/Kruskal-Wallis. ww: wet weight, dm:
dry matter.

Table 4. Initial and final fillet composition of C. gariepinus (n = 3).

Group

Parameter Unit Baseline P0 P40 P80 P120 p-Value *

Dry matter g kg−1, ww 206 222 ± 7 222 ± 4 222 ± 6 216 ± 10 0.965
Ash g kg−1, dm 65 58 ± 1 57 ± 2 55 ± 2 55 ± 1 0.169

Protein g kg−1, dm 873 836 ± 4 851 ± 5 827 ± 10 836 ± 5 0.073
Fat g kg−1, dm 46 81 a ± 7 101 ab ± 8 105 ab ± 6 110 b ± 13 0.042

Calcium g kg−1, dm 2.4 0.8 ± <0.1 0.7 ± 0.1 0.8 ± <0.1 0.5 ± 0.1 0.094
Phosphorus g kg−1, dm 12.3 10.2 ± 0.1 10.2 ± 0.4 10.3 ± 0.2 10.0 ± 0.1 0.475

Sodium g kg−1, dm 2.5 2.2 ± 0.2 2.0 ± 0.2 1.8 ± 0.4 1.8 ± 0.1 0.725
Magnesium g kg−1, dm 1.6 1.4 ± 0.1 1.4 ± <0.1 1.3 ± <0.1 1.4 ± <0.1 0.179
Potassium g kg−1, dm 21 19 ± 2 20 ± 2 18 ± 1 18 ± 1 0.458

Superscript letters indicate significant differences between the experimental groups (p < 0.05). * p-value based on
comparison of P0, P40, P80, and P120. p-value taken from ANOVA/Kruskal-Wallis if p ≥ 0.05, and from Post-Hoc if
p-value from ANOVA/Kruskal-Wallis < 0.05.

No significant differences in the values of the apparent net nutrient utilization (ANNU) were
found (Table 5). By trend, the ANNUs of Ca and P increased from group P0 to P120, and the ANNU of
protein increased by trend slightly from P40 to P120.

Table 5. Apparent net nutrient utilization of C. gariepinus %.

Group

Parameter P0 P40 P80 P120 p-Value *

Protein 46.3 ± 3.1 46.2 ± 1.6 47.6 ± 1.6 48.3 ± 2.5 0.760
Fat 52.4 ± 11.3 53.7 ± 6.8 50.7 ± 4.8 64.0 ± 4.5 0.333

Calcium 46.2 ± 14.0 50.5 ± 10.0 54.2 ± 6.8 65.0 ± 12.0 0.589
Phosphorus 54.1 ± 8.0 54.2 ± 3.7 57.8 ± 2.8 61.0 ± 9.3 0.686

Sodium 40.5 ± 4.3 32.9 ± 7.0 39.1 ± 3.9 38.1 ± 7.3 0.740
Magnesium 33.2 ± 4.0 31.5 ± 4.7 32.1 ± 5.4 28.7 ± 3.6 0.784
Potassium 38.4 ± 4.4 42.4 ± 6.0 45.7 ± 2.9 44.9 ± 5.1 0.455

Superscript letters indicate significant differences between the experimental groups (p < 0.05). * p-value based on
comparison of P0, P40, P80, and P120. p-value taken from ANOVA/Kruskal-Wallis.
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2.3. Welfare

The examination of the gills revealed no structural changes of the epithelial tissues, the primary
and secondary lamella or the mucous cells (Figure 1).

 

Figure 1. Gill filament of the P0 group (a,b) and the P120 group (c,d) without notable changes, scale
bar 200 μm (a,c) and 100 μm (b,d).

The mean values and SD of the welfare indicators based on the skin coloration, plasma metabolites,
and the behavioral analyses are given in Table 6. Significant differences (p < 0.05) in skin coloration
(Kruskal-Wallis) were observed with the palest fish in P80 and P120 and the darkest in P40 (skin
darkness: P40 > P80, P120).

For the functional blood parameters, significant differences (p < 0.05) were revealed for plasma
concentrations of inorganic P between P120 and P0 and P40 (variance analysis, PROC MIXED). No
significant differences were revealed for plasma Ca, NH4

+, glucose and cortisol. Plasma concentrations
of inorganic P was increased in animals kept at P120 compared to animals kept at P0 and P40
(P0 ≤ P120; P40 ≤ P120).

The behavioral responses of C. gariepinus were slightly altered between the treatment groups
(Table 6). Significant differences (p < 0.05) were observed within swimming activity (analysis of
variance (ANOVA)), air breathing (ANOVA), and the number of biting wounds (Kruskal-Wallis), with
lowest swimming activity and air breathing, but most biting wounds in the P120 group. The number
of biting wounds was numerically lowest in P0, but no significant difference (p ≥ 0.05) (Kruskal-Wallis)
was detected between P0 and P80, and P40 and P120. By trend, the observed agonistic behavior
(group), swimming activity and air breathing reduced with increasing concentrations of PO4

3−-P.

19



Fishes 2019, 4, 3

Table 6. Health and welfare indicators—plasma metabolites and skin darkness and behavior of
C. gariepinus challenged with different amounts of dissolved phosphate (means ± SD).

Plasma Metabolites

Group

Parameter Unit P0 P40 P80 P120 p-Value

Inorganic phosphorus mg dL−1 6.22 a ± 0.57 6.28 a ± 0.94 6.68 ab ± 0.69 7.17 b ± 1.14 0.028
Calcium mg dL−1 14.27 ± 1.30 14.44 ± 1.09 14.68 ± 1.13 14.39 ± 0.92 0.740

Ammonia μg dL−1 409 ± 172 400 ± 234 338 ± 79 344 ± 91 0.514
Blood glucose mmol L−1 2.34 ± 0.39 2.21 ± 0.43 2.44 ± 0.58 2.35 ± 0.42 0.492

Plasma cortisol ng mL−1 28.5 ± 13.3 26.9 ± 19.9 26.4 ± 10.3 29.0 ± 17.0 0.716
Skin darkness - 6.2 ab ± 1.6 7.2 a ± 1.1 5.5 b ± 1.7 5.3 b ± 1.8 <0.001

Behavior

Biting wounds n 2.6 a ± 2.5 4.5 b ± 3.7 4.0 ab ± 3.6 5.4 b ± 4.3 0.002
Swimming activity

(group) % 61.5 a ± 22.0 53.5 ab ± 20.2 56.4 ab ± 24.5 44.4 b ± 29.9 0.002

Air breathing (group) n 19.7 a ± 5.4 15.2 ab ± 9.4 13.5 ab ± 9.3 5.2 b ± 2.6 0.003
Agonistic behavior

(group) n 13.7 ± 9.9 11.3 ± 5.7 8.5 ± 4.5 5.8 ± 3.3 0.164

Swimming activity
(individual) % 62.6 ± 17.3 55.7 ± 22.9 50.3 ± 15.5 43.6 ± 11.2 0.383

Air breathing
(individual) % 3.7 ± 1.4 2.3 ± 0.8 2.3 ± 2.3 1.8 ± 1.5 0.197

Agonistic behavior
(individual) n 2.8 ± 1.7 3.3 ± 2.1 2.2 ± 1.3 2.7 ± 2.8 0.541

Superscript letters indicate significant differences between the experimental groups (p < 0.05).

3. Discussion

This is the first time that effects of elevated concentrations of PO4
3−-P in the rearing water were

studied on the growth performance and welfare of African catfish. Medium increase in PO4
3−-P

concentrations were without significant effects, while the level of 120 mg L−1 PO4
3−-P affected

behavior and welfare.

3.1. Water Quality

At the beginning of the experiment (d1), the water quality was similar between the treatment
groups, with high DO and pH-values, low conductivity, high redox potential and very low levels of
NH4

+-N, NO2
−-N NO3

−-N, and PO4
3−-P, originating from the properties of the aerated tap water.

Although the pH dropped over the course of the experiment, this change took place during the first
20 days in a continuing manner, allowing the fish to acclimatize to these changing conditions.

Addition of P2O5 did not simply result in proportional increase of PO4
3−-P concentrations inside

the water. This disproportional response was probably a result of precipitation of PO4
3−-P with Ca2+

and Mg,2+ a phenomenon which is well understood [22,23]. This is supported by the increasing
turbidity of the process water, significantly decreasing levels of dissolved Ca2+ (p < 0.05), and by the
trend of decreasing levels of dissolved Mg2+ after addition of P2O5. Using a protocol based on P2O5

dose and analytical response, the target levels of P40 and P80 were achieved. By trend, the levels of
PO4

3−-P in the group P120 mostly remained above the other concentrations with a high standard
deviation, while the P0 group in maximum reached 8.9 mg L−1 caused by natural excretion of the fish.

Only minor differences in the water quality parameters were observed between the groups. K+,
NH4

+-N and to lesser extent NO2
−-N started to accumulate from day 30, in all systems, indicating an

overload of the biofilters. As regular water exchange remained, the water quality parameters were well
appropriate for C. gariepinus [24–27]. Given that our statistical analysis revealed significant differences
in DO, temperature, pH-value and redox-potential between the groups, we cannot rule out minor
influence on our results. However, due to the small magnitudes of these values, and because of the
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inevitable precipitation of Ca/Mg-phosphates, we estimate the observed effects to be monofactorial,
resulting from the major differences in PO4

3−-P.

3.2. Mortality and Growth Performance

The mortality during the experiment was very low (2.6%). Considering that of five dead fish three
died in P0 and two in P80, the mortality was likely not a result of the increased PO4

3−-P concentrations
in the rearing water.

For juvenile African catfish, we presumed an exponential growth (body weightd0 × exp(k × t),
with k = specific growth rate and t = days of the experiment). From our own previously recorded
experimental data [20], we presumed a FCR of 1.0 and a daily feed ratio of 2.2. The FCR turned out to
be lower (0.71–0.73), which can be considered as normal for smaller/younger fish [11,28]. After the
acclimatization period, the fish always ate their scheduled ratio, but appeared to be close to maximum
feed intake, which is important in commercial systems to maximize growth. The daily feed ratio was
therefore also comparable with that of commercial systems, so we estimated it to be appropriate.

The dietary composition of the commercial feed, especially the levels of P, was adequate according
to the literature [4]. Although feed intake appeared to increase with elevated levels of PO4

3−-P, this
was not a result of increased appetite but in correspondence with the feeding curve and based on the
initial body weight. Using the initial life weight as co-variant, no significant differences in TFI were
observed. Consequently, optimum FCR (0.71) and SGR (2.66% d−1) were by trend best in P40 and
P80. Similar positive effects in response to moderately increased concentrations of PO4

3−-P were also
observed with turbot (Psetta maxima) [19] and tilapia (Oreochromis niloticus) [29].

The analysis of the whole fish revealed that body composition was in line with literature data,
with only the levels of P, Ca and protein being higher, and the largest difference in direct comparison
in the group P120 [30–32]. The analysis of the fillets revealed a higher content of ash and protein in
our study, a lower fat content, and minerals in a similar range [33–35]. In our study, the analyzed
fillets revealed higher proportions of ash, partially higher or comparable protein levels and similar or
lower fat contents [31,32,34,35]. The levels of mineral contents were in range with literature data or
even higher [31–33]. For commercially produced African catfish (C. gariepinus) fillet from intensive
production in Germany, Wasenitz et al. [36] found lower levels for ash and P2O5 4.2 g kg−1 wet weight
(ww) (value converted into P was 1.84 g kg−1, in ww) and higher values for dry matter and protein.
Wasenitz et al. [36] determined almost double values for fat when compared to our data.

An interesting observation is the difference in P and Ca content between the juvenile fish at
the beginning of the experiment (baseline) and the final body composition. The juvenile fish were
fed with starter feed, containing higher levels of P, protein and lower levels of fat. The young fish
had higher levels of Ca and P when compared with the final body composition of the fish at the
end of the experiment, which was reduced by about 18% (Ca) in P0. They had neither access to a
carnivorous natural diet with higher P/Ca contents when compared with the commercial growth out
feed, soluble P, nor to sediments with organic/inorganic P deposits like fish in natural habitats. With
increasing PO4

3−-P concentrations inside the water, the Ca/P content in the body also increased. This
indicates that the P-content in the water influences the mineralization status of the fish bones, where
most Ca/P is deposited. We also observed that, if PO4

3−-P increases, the fat content increases. This
suggests that the fat content in the fillet can be manipulated via the levels of PO4

3−-P in the water.
Our data demonstrate that the fish is able to uptake PO4

3−-P directly from the water, and requires
adequate P concentrations to build up fat. The fish held in the P0 group with PO4

3−-P < 2.6 mg L−1

most likely mobilized P from the bones and were therefore unable to keep up with the growth when
compared with the fish in P40 and P80. As a consequence, generally elevated levels of PO4

3−-P
between 40–80 mg L−1 inside the rearing water increase the growth potential of African catfish RAS,
because of higher feed efficiency. The content of P inside the fillets was rather constant at about 1% on
a dry matter (dm) basis.
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When challenged with elevated levels of PO4
3−-P, African catfish increased the ANNUs of Ca

and P by trend up to 120 mg L−1, indicating higher bone mineralization [15]. Likewise, the ANNU of
protein slightly increased by trend from group P40 to P120. Table 5 shows that the ANNU-efficiencies
of Ca and P increase under elevated levels of PO4

3−-P. Because the feed was the same in all groups,
the difference of P between P0 and the other groups is a result of utilization of PO4

3−-P from the water,
allowing better mineralization of the bones, which is also evident in the higher utilization efficiency of
Ca under elevated PO4

3−-P. This effect obviously occurs under the use of P limited diets.
Growth can be defined as the assimilation of energy in the form of fat and protein. To be available

for growth, the gross fat and protein from feed (net energy) must be: (1) digestible; (2) metabolizable;
and (3) not required for maintenance energy expenditure [2,37]. Maintenance energy expenditure is the
sum of energy used for swimming activity and the maintenance metabolism, the vital life functions [38].
The partition of energy allocated to maintenance is substantial, as it accounts for about 15–30% of the
gross energy intake [39]. If growth is increased under restrictive feeding (our impression was that fish
were not fully satiated), the observed trend in the P120 must result from reduced maintenance energy
expenditure, resulting from elevated levels of PO4

3−-P. We observed that the catfish significantly
reduced their activity under increased concentrations of PO4

3−-P (further discussed in Section 3.3),
possibly allowing the fish to utilize feed derived energy and nutrients for growth.

In fish, the maintenance metabolism is mainly dominated by ionic and osmotic regulation [40].
Also the maintenance of phosphorus requires energy. If dietary P is deficient, increased effort (energy)
has to be invested to maintain P-homeostasis. Fish are able to uptake P from the water [41]. The
primary and subsequent uptake pathways for organic or inorganic P in African catfish were not
assessed, however, in trout these were identified in the proximal and distal intestine, subordinate
uptake is provided by the gills [42,43]. Reabsorption and excretion of P from the urine is provided
through the kidneys [44]. It can be speculated that additional supply of P to the water allowed the
animal to reduce the energy expenditure for P uptake from feed and water via intestine and the gills,
and possibly for renal resorption. This energy could be incorporated as fat.

Considering that an increase in PO4
3−-P also slightly increased protein assimilation efficiency

(from P40 to P120), the elevated concentrations of body fat content under high PO4
3−-P are unlikely

a result of increased lipogenesis of dietary protein, but rather a direct deposition of dietary fat.
Consequently, either the concentrations or the digestibility of the dietary P was too low (the feed
specifications indicate only plant and animal P sources), or that the uptake via the intestine was
exhausted. In either case, PO4

3−-P will be used to supplement the needs of the animal. It is
conceivable that the variation of PO4

3−-P in the water prompted intrinsic responses of major players
of P homeostasis. Indeed, studies in fish and mammals showed that the dietary P supply impacts on
various tissue sites and body compartments such as gut, kidney and bone [45–47]. However, molecular
specificities of associated regulators, transporters, and endocrine and paracrine signals are largely
unknown and yet to be elucidated in African catfish. It should be noted that levels of NH4

+ and glucose
remained unaffected by treatments which indicate regular nutrient utilization and energy homeostasis.
Serum Ca2+ and NH4

+ remained unaffected by the treatment, therefore the homeostasis/excretion via
the kidney was likely not impaired [25,44,48].

3.3. Welfare

The welfare of fish is usually studied via functional and behavioral approaches. Functional
approaches are used to evaluate whether an animal can cope physiologically with its environmental
or husbandry conditions. Behavioral approaches are used to evaluate the ability to perform natural
behavioral patterns [49]. Environmental influences, primarily changes in water quality, can adversely
affect fish welfare [50–52]. Thus, it is possible that the physiology, in particular stress response reactions,
is influenced [53,54]. Accordingly, behavioral changes may also occur.

We observed that with increasing concentrations of PO4
3−-P, African catfish shifted towards

a lighter grey tone of the skin. Catfish are able to alter their skin coloration to lighter or darker.
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Melanosomes inside the skin are responsible for this action, as they may change in number and
size [55,56]. Different mechanisms causing this change are described, such as adaptation to the
background color [57,58] and light regime [59] of their environment, dietary composition [60],
hormones [55] and environmental stress [61]. A direct effect of PO4

3−-P in the water on the skin
coloration of fish is not described in literature. However, the skin of the scaleless African catfish
could also be affected in regard to mineralization [15]. It is known that the mineralization of the
skin can be affected by dietary P [62]. In this case, the lighter skin coloration would be the result of
calcium-phosphates that precipitated inside the skin [17,63], to be tested in subsequent studies.

Alterations of the cortisol level is often used as an indicator for stress in welfare investigations [43],
because it reflects acute and long-term (chronic) stress [53,64]. Cortisol production can be influenced
by environmental impacts, such as pollutants in the water [54]. To our knowledge, there is no study
addressing cortisol changes resulting from increased PO4

3−-P concentrations in the rearing water
available. In our study, we did not find significant differences in the plasma cortisol response between
the treatment groups. Slightly elevated plasma cortisol levels due to netting stress occurred over the
course of the sampling procedure. Under this consideration, the plasma cortisol amplitude increased
regularly with ongoing sampling in every group but was not affected by the PO4

3−-P concentration
in the rearing water. This also demonstrated that an alteration of the cortisol level due to PO4

3−-P
concentration did not occur. Alterations of the blood glucose concentrations were similar in all groups
and in a typical range for C. gariepinus [65]. Further effects such as immuno- and growth-depression
as a consequence of chronic hypercortisolism [44] could not be observed in our study. Therefore, we
suggest that the stress level following PO4

3−-P exposure below 80 mg L−1 can be considered as low.
In the P120 group, the fish altered their agonistic behavior, also seen in the highest number of

biting wounds compared with P0 to P80. However, differences between P40, P80 and P120, or P0
and P80 were not significant. This trend correlated with significantly less group air breathing and
swimming activity from P0 towards P120, leading to the assumption that the observed elevation in the
number of biting wounds was due to behavioral changes. One explanation is an adaption to the water
conditions, in particular regarding turbidity. African catfish have only poorly developed eyes [66] and
are nocturnal. It can be speculated, that inside the turbid water, the fish react differently on each other;
therefore interaction (visual, tactile sense) only occurs when the animals are very close, triggering
a more aggressive response, such as biting (discussed in Baßmann et al. [65]). African catfish are
normally territorial animals. Under high stocking density, this territorial behavior is suppressed, and
the fish tend to school up and spend much time resting, provided that feed and DO are adequate.
Under high concentrations of DO, the African catfish is described as a faculatative air breather [67].
If however, the fish returns from air breathing at the surface, finding a resting place may disrupt the
school and trigger an aggressive response in other fish. Because African catfish are more active at
twilight and/or night, Britz and Pienaar [68] demonstrated a link between light intensity, swimming
activity, air breathing and agonistic behavior, resulting in injuries and cannibalism. When exposed to
bright light, the animals in these studies were less active and reduced air breathing, but spend more
time resting, were more territorial and had increased numbers of injuries. This is corresponding to our
results. Possibly, the diffuse light conditions during the day in our experiments in combination with
the increased water turbidity under high PO4

3−-P is perceived brighter than without turbidity by the
fish. To find out which exact mechanism (e.g., the visual or tactile sense) caused the increased number
in biting wounds under high PO4

3−-P concentrations, the experiment would have to be repeated
under total darkness.

4. Materials and Methods

The experiment and the analyses were performed according to the experimental plan and in
accordance with the guidelines and legislation in force, such as the Protection of Animals Act, and the
permission for keeping fish under experimental conditions. The study was approved by the ‘Landesamt
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für Landwirtschaft, Lebensmittelsicherheit und Fischerei Mecklenburg-Vorpommern–Veterinärdienste
und Landwirtschaft‘ Rostock, Germany with the following ID number: 7221.3-2-022/16.

4.1. Experimental Design

The experimental setup consisted of four separate RAS, located at the aquaculture research facilities
at the University of Rostock. Each system included three glass aquaria (100 cm × 40 cm × 50 cm;
volumemax = 200 L, volumeeffective = 150 L) and a sump (volumeeffective = 77 L), resulting in a total,
effective volume of 527 L per system. The sump housed a small mechanical filter for the removal of
particulate matter (filter pad, 30 ppi), a moving bed biofilter supporting nitrification (carrier material:
HEL-X® Biocarrier, 780 g, 836 m−2 m−3, 165 kg m−3 =̂ 3.95 m2 effective surface area), a submerged
pump (AquaMedic Ocean Runner OR 3500), which was set to a flow rate of 13 L min−1 =̂ 4.3 L min−1

per aquarium and a heater (GroTech Heater HI-300, 300 W). Aeration was achieved with a diaphragm
pump (1 RAS−1, EHEIM air pump 100), which was connected to one air outlet in each aquarium. Each
RAS represented an experimental unit only differing in P concentrations (Section 4.3). All RAS were
filled with temperature conditioned tap water.

4.2. Fish and Feeding

Each RAS was stocked with juveniles of African catfish (16 tank−1) with a mean weight (± SD) of
30.81 g ± 6.56 (Fischzucht Abtshagen, Abtshagen, Germany). Prior to the start of the experiment, fish
were acclimated to the rearing conditions for seven days. A set of 16 animals was stocked in a separate
aquarium as a reference for initial fillet and whole-body composition (baseline). This baseline was
treated the same way as the control and the test groups during the acclimatization period (first 7 days),
held without feeding for two days and was then slaughtered for analysis.

The fish were hand-fed during the whole experiment (61 d, from stocking to slaughter), solely
with a commercial diet for African catfish (Skretting Meerval START, 3.5 mm) at 9:30 am. The
feed composition was analyzed with 94.40% dry matter content, 51.30% crude protein, 10.80% fat,
9.85% ash, 2.03% fiber, 2.24% calcium, 0.18% magnesium, 1.55% phosphorus, 1.01% potassium, 0.42%
sodium, and was further specified with 5000 UI kg−1 retinol (E672), 750 UI kg−1 cholecalciferol
(E671), 42.0 mg kg−1 iron, 2.1 mg kg−1 iodine, 5.0 mg kg−1 copper, 16.0 mg kg−1 manganese,
110.0 mg kg−1 zinc, 50.0 mg kg−1 ethoxyquin (E324). During acclimatization, all fish were fed 2.0% of
body weight d−1. The feeding was observed to prevent excess feeding and possible leftovers. Uneaten
pellets were carefully collected with a small net after 30 min, counted and multiplied with the dry
weight of 0.12 g pellet−1. Due to a good feed intake, the feed ratio was gradually increased to reach
a mean daily feeding ratio of 2.64% BW d−1. Mortality was determined visually. Dead fish were
removed from the tank and the mean calculated weight was used to recalculate the feed ratio per fish
tank. Before the fish were slaughtered for the analysis of the initial and final body composition, both
the fish of the baseline and the experimental groups were held without feeding for two days.

4.3. Experimental Units and Water Quality

The concentrations of PO4
3−-P were aimed at four levels, with group 1 (control: P0, without

addition of fertilizer): PO4
3−-P <10 mg L−1, group 2 (P40): 40 mg L−1, group 3 (P80): 80 mg L−1,

and group 4 (P120): 120 mg L−1. P addition was achieved by solving diphosphorus pentoxide (P2O5,
Roth, Karlsruhe, Germany) in a mixing tank (HD-polyethylene) in demineralized water. P2O5 reacts
strongly exothermic with water to orthophosphoric acid (P4O10 + 6H2O → 4H3PO4). The acidic
solution (pH < 2) was then neutralized with sodium hydroxide (NaOH, Roth, Karlsruhe, Germany) to
pH 6.5–7.0 and left for temperature conditioning overnight. The neutralized, temperature conditioned
PO4

3−-P solution was then added to the system water into the sump during water exchange. Due to
the fact that at neutral to alkaline pH, phosphoric acid precipitates with calcium (3 CaCO3 + 2 H3PO4 =
Ca3(PO4)2 + 3 CO2 + 3 H2O) or magnesium (2 H3PO4 + 3 MgCO3 → Mg3 (PO4)2 + 3 H2O + 3 CO2),
which are dissolved in tap water, the target concentrations were reached after multiple additions of

24



Fishes 2019, 4, 3

neutralized PO4
3−-P solution during the first week of the experiment. To adjust the conductivity of the

four treatment groups, sodium chloride was added to the solutions. The general rearing conditions,
defined by the levels of DO, pH-value, electrical conductivity and redox-potential, were measured in
all tanks in triplicate daily between 7:00 and 9:00 a.m. with a multimeter (HACH® Multimeter HQ40d).
To determine the levels of NH4

+-N, NO2
−-N, NO3

−-N, PO4
3−-P, K+, Ca2+ and Mg2+, water samples

were taken on Mondays, Wednesdays and Fridays at 9:00 am, and were measured colorimetrically with
an automated discrete analyzer (ThermoFisher Scientific™ Gallery™) according to the manufacturer’s
protocol. To measure the effect of water exchange and PO4

3−-P dosing to the process water, another
water sample was taken 24 h after water exchange. All samples were measured in triplicates. To
maintain an adequate water quality, water exchange of 75 L =̂ 15% RAS volume was performed by
emptying the pump sumps on Mondays, Wednesdays and Fridays, three hours after feeding.

4.4. Water Quality Calculations

Ammonia nitrogen:

ci
(

NH+
4 − N

)
=

ci
(

NH+
4
)

M
(

NH+
4
) ∗ M(N) (1)

with: ci = concentration, M = molar mass, N = nitrogen, NH4
+ = ammonia.

Total oxidized nitrogen (TON):

ci(TON) =
ci
(
TON, as NO−

3 − N
)

M
(

NO−
3
) ∗ M(N) (2)

with ci = concentration, M = molar mass, N = nitrogen, NO3
− = nitrate, TON = total oxidized nitrogen.

Nitrite nitrogen:

ci(NO−
2 − N) =

ci
(

NO−
2
)

M
(

NO−
2
) ∗ M(N) (3)

with ci = concentration, M = molar mass, N = nitrogen, NO2
− = nitrite.

Nitrate nitrogen:
ci(NO−

3 − N) = ci(TON)− ci
(

NO−
2 − N

)
(4)

with ci = concentration, N = nitrogen, NO2
− = nitrite, NO3

− = nitrate, TON = total oxidized nitrogen.
Total dissolved nitrogen (TDN):

ci(TDN) = ci TON + ci
(

NH+
4 − N

)
(5)

with ci = concentration, N = nitrogen, TDN = total dissolved nitrogen, TON = total oxidized nitrogen.
Ortho-phosphate phosphorus:

ci(PO3−
4 − P) =

(
PO3−

4

)

M(PO3−
4 )

∗ M(P) (6)

with ci = concentration, M = molar mass, P = phosphorus, PO4
3− = ortho-phosphate

4.5. Analysis of Feed and Fish

To assess the feed composition and the related growth performance of fish as the overall
assimilation efficiency of protein, fat and minerals, feed samples were analyzed for dm content, protein,
fat, ash, Ca, total phosphorus (TP), Na, Mg and K at the “Landwirtschaftliche Untersuchungs- und
Forschungsanstalt der LMS Agrarberatung GmbH (LUFA) in Rostock, Germany. The feed parameters
were measured according to standard methods “VDLUFA”, (http://www.vdlufa.de/Methodenbuch/
index.php/de/). Total weight, standard length (nose to base of fin), total length (nose to tip of fin),
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external injuries of all fish were recorded at the beginning and end of the experiment, and skin
coloration of all fish was recorded once at the end of the experiment. To determine the skin coloration
a numbered grey-chart with nine different shades of grey was used. The fish were placed on the grey
chart (RGB codes: 242, 242, 242; 217, 217, 217; 191, 191, 191; 166, 166, 166; 128, 128, 128; 89, 89, 89; 64, 64,
64; 38, 38, 38; 13, 13, 13) immediately after catch, and their individual skin coloration was evaluated
according to the best match.

The first eight, randomly caught fish (including 3 males and 3 females) from each tank were used
for blood withdrawal and dissection. Prior to blood withdrawal, fish were stunned by percussion of the
brain, afterwards they were immediately decapitated. To determine the concentrations of functional
blood parameters (plasma cortisol, P, Ca2+ and NH4

+ cortisol and glucose), approx. 0.5 mL blood was
taken from the Vena caudalis of three males and three females of each tank. The blood glucose was
immediately measured (ACCU-CHEK® Aviva) after blood withdrawal. The remaining blood was
transferred into heparin-coated tubes (Sarstedt Monovette, Li-Heparin LH, 7.5 mL) and stored on ice.
Plasma was prepared, and samples were stored at −20 ◦C until analysis of plasma cortisol, P, Ca2+

and NH4
+ concentrations. To measure cortisol, an enzyme-linked immunosorbent assay (ELISA) for

cortisol in fish (Cusabio®) with no significant cross-reactivity or interference between fish cortisol and
analogues was used according to the manufacturer’s protocol. Plasma minerals (inorganic P, Ca2+,
NH4

+) were analyzed with commercial assays using Fuji DriChem 4000i (FujiFilm, Minato, Japan).
To determine the fillet and organ indices, the fillets, carcass, gonads, hearts, livers, kidneys and

gills were weighed. The morphological analysis of the gills was based on Zayed and Mohamed [69].
To determine negative impact on the gill morphology, samples of the gills were taken at the end
of the experiment. From each experimental group, the gill arches from five males and five females
(n = 4 × 10) were prepared and documented via photography. The pictures of the gill arches were
analyzed to determine potential effects caused by differences of rearing conditions. Also, three samples
of gill arches were taken from each group for a microscopic assessment. Therefore, gill lamellae from
the second gill arch were collected, left in glycerin and 70% ethanol for 24 h at 38 ◦C, and consequently
embedded in paraffin. Glycerin has the same refractive index as cytoplasm, replaces it in the cells, and
is therefore useful as mounting medium for light microscopy. Samples of the suprabranchial organ
were collected and prepared for microscopic analysis the same way. In case of abnormalities, findings
would be compared with the literature.

The fillets of the dissected fish were homogenized three times with a meat mincing machine
(BOSCH, MFW 67440) and conveyed for analysis of the same parameters as the feed to the LUFA
GmbH (see above). The remaining eight fish from each tank were analyzed as whole fish, where total
weight, standard and total length, skin coloration, sex and external injuries were also recorded. These
fish were homogenized and analyzed for whole body composition (LUFA GmbH).

4.6. Performance Calculations and Definitions

From the data referring to the fish counting, feed input, weight measurements, TFI, growth (G),
FCR, SGR, and organ indices were calculated.

Total feed intake (TFI):

Feed eaten by fish over the experimental period
(

g fish−1
)

(7)

Growth (G) (g):
G = Wt − W0 (8)

with W0 = initial fish weight, Wt = final fish weight at harvest (last day of experiment).
Feed conversion ratio (FCR):

FCR =
TFI

Wt − W0
(9)

with TFI = total feed intake, W0 = initial fish weight, Wt = final fish weight.
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Specific growth rate (SGR):

SGR
[
% d−1

]
=

(Ln (Wt)− Ln (W0))

d
∗ 100 (10)

W0 = initial fish weight, Wt = final fish weight, and d = days.
Organ index (OI):

OI =
Organ weight [g]
Body weight [g]

∗ 100 (11)

Mortality (Mo):

Mo [%] =
Number o f dead f ish

Initial number o f f ish
∗ 100 (12)

Apparent Net Nutrient Utilization (ANNU):

ANNU =
(Wt ∗ Xt − W0 ∗ X0)

(TFI ∗ XF)
∗ 100 (13)

W0 = initial fish weight, Wt = final fish weight, X0 = initial nutrient concentration of the fish, Xt = final
nutrient concentration of the fish, XF = nutrient concentration of the feed.

4.7. Fish Behavior

The ethological investigations were based on van de Nieuwegiessen et al. [53]. The behavior was
observed in individual animals, as well as in the whole group after the third and fifth week of the
experiment. Observation of an individual was as follows: in each tank, one animal was observed
for five minutes. Behavioral patterns such as swimming, air breathing and agonistic behavior were
quantitatively documented. The ethogram is given in Table 7.

Table 7. Ethogram—behavioral patterns and their definition, adapted from van de Nieuwegiessen et al. [53].

Behavior Definition

Agonistic behavior Chasing or biting a fish, or being chased upon or bitten by another fish

Air breathing The animal moves to the water surface and takes a gulp of air. This was checked by
escaping air from the gills of the fish, when it was swimming back to the bottom of the tank

Swimming A displacement of the body, while browsing, moving, eating and air-breathing

In case the investigated fish got out of sight during observation, another fish was followed,
starting from the position the former was lost and the observation continued according to van de
Nieuwegiessen et al. [53]. The group behavior was determined by evaluation of video recordings
(from outside the tanks) of five minutes. Thereby, the number of swimming fish was determined in
30 s intervals. The activity pattern was calculated as percentage of swimming in comparison to the
total number of fishes. Air breathing and agonistic behavior were documented as frequency.

4.8. Data Analyses

Data analyses were performed with SPSS (IBM® SPSS® Statistics Version 22). All data were
tested for normal distribution using the Shapiro-Wilk test. When data showed normal distribution,
One-Way-ANOVA was performed and homogeneity of variance was tested using the Levene’s test:
concentrations of Ca2+ in the rearing water, initial body weight, whole body contents of ash, protein,
fat, Ca, P, Na and K, fat content in fillet, ANNUs of protein, fat, P, Mg and K, heart index, blood glucose,
swimming activity (individual), agonistic behavior (individual), air breathing (group).

When data were not normally distributed, the Kruskal-Wallis test was performed: levels of DO,
temperature, pH-value, salinity, conductivity, redox-potential and concentrations of NH4

+-N, NO2
−-N,

TON, NO3
−-N, TDN, PO4

3−-P, K+, Mg2+ in the rearing water, whole body contents of dm and Mg, fillet
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contents of dm, ash, protein, Ca, P, Mg, Na and K, ANNUs of Ca and Na, skin darkness, serum cortisol,
biting wounds, swimming activity (group), agonistic behavior (group), air breathing (individual).
When One-Way-ANOVA showed significant differences and data showed homogeneity of variances
Tukey-HSD (Honestly Significant Difference) was used as post-test (initial body weight, fat content in
fillet), when data showed no homogeneity of variances Dunnett-T3 was used as post-hoc-tests (air
breathing group).

Plasma P, Ca, NH3 were analyzed via variance analyses (PROC MIXED; SAS version 9.4; SAS
Institute, Cary, NC, USA), including effects represented by treatment, tank and sex. Body weight
related traits (total length, standard length, fillet ratio, SGR, FCR, TFI) were corrected for initial live
weight (mean per tank) used as co-variable. The level of significance was set at p < 0.05.

5. Conclusions

Economical, ecological and ethical considerations require healthy animals with high feed efficiency
in aquaculture production. Modern integrated systems such as aquaponics demand adjustment of
water parameters in order to improve plant production, however, with no negative consequences
on fish growth, welfare and product quality. This study demonstrates that different PO4

3−-P levels
between 3.6 and 120 mg L−1 do not affect the P contents of 1% inside the fillet of African catfish.
However, the fat content significantly increases with increasing PO4

3−-P, with relevance for product
quality. The near absence of PO4

3−-P inside the water, combined with the absence of sediments as P
deposits, results in a trend of reduced growth, indicating the importance of dissolved or precipitated P
availability inside the system even under the use of commercial diets. Elevated levels of PO4

3−-P up
to 80 mg L−1 inside the rearing water did not negatively affect the fish, with best growth performance
under 40–80 mg L −1 PO4

3−-P. Only highly elevated PO4
3−-P levels of 120 mg L−1 significantly reduce

the welfare status. This suggests that limited addition of PO4
3−-P fertilizer to the plant units in coupled

aquaponics with African catfish and the reuse of the plant water in the recirculation aquaculture system
are beneficial for both the plants and the fish.
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Abstract: Amyloodiniosis is a disease that represents a major bottleneck for semi-intensive
aquaculture, especially in Southern Europe. The inefficacy of many of the treatments for this
disease on marine fish produced in semi-intensive aquaculture has led to a new welfare approach to
amyloodiniosis. There is already some knowledge of several welfare issues that lead to amyloodiniosis
as well as the stress, physiological, and immunological responses to the parasite by the host,
but no work is available about the influence of fish age on the progression of amyloodiniosis.
The objective of this work was to determine if stress, hematological, and histopathological responses
are age dependent. For that purpose, we determined the mortality rate, histopathological lesions,
hematological indexes, and stress responses (cortisol, glucose, lactate, and total protein) in “Small”
(total weight: 50 ± 5.1 g, age: 273 days after eclosion (DAE)) and “Big” (total weight: 101.3 ± 10.4 g,
age: 571 DAE) white seabream (Diplodus sargus) subjected to an Amyloodinium ocellatum infestation
(8000 dinospores mL−1) during a 24-h period. The results demonstrated a strong stress response
to A. ocellatum, with marked differences in histopathological alterations, glucose levels, and some
hematological indexes between the fish of the two treatments. This work elucidates the need to take
in account the size and age of the fish in the development and establishment of adequate mitigating
measures and treatment protocols for amyloodiniosis.

Keywords: aquaculture; Amyloodinium ocellatum; age; physiological response; hematology;
histopathology; welfare

1. Introduction

Amyloodiniosis is a disease that represents a major bottleneck for semi-intensive aquaculture,
especially in Southern Europe [1]. It is caused by one of the most common and important parasitic
dinoflagellates in marine fish, Amyloodinium ocellatum (Brown). This parasite can potentially affect
almost all fish species living within its ecological range (temperature: 16–30 ◦C; salinity: 10–60 psu) [2].
A. ocellatum has a triphasic lifecycle with a parasitic trophont, a reproductive encysted tomont, and a
free-motile infective dinospore stage [3]. It is considered one of the most consequential pathogens
for marine fish, causing serious morbidity and mortality (around 100%) in brackish and marine
warmwater fish in different aquaculture facilities worldwide [2]. The affected producers can suffer
severe economic impacts, as demonstrated in reported cases of amyloodiniosis in a milkfish (Chanos
chanos) hatchery in 2004 [4] or in Nile tilapia (Oreochromis mossambicus) in the Salton Sea [5], where total
losses reached US$20,000 and US$6–77 million, respectively [6]. The open design of many aquaculture
systems also allows the easy dissemination of this parasite to new places in their ecological range,
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where they find ideal conditions to cause disease outbreaks [7,8]. A. ocellatum outbreaks develop
extremely fast and, at the time of its detection, contaminated fish no longer respond to treatment,
resulting in 100% mortality in a few days [1]. The clinical signs of this disease are changes in fish
behavior, with jerky movements, swimming at the water surface, and decreased appetite [1]. These may
also include increased respiratory rate and gathering at the surface or in areas with higher dissolved
oxygen concentrations.

There are several treatments available for amyloodiniosis, especially for the motile infective
dinospore [9,10], since the parasitic and encapsulated state of trophont and tomont are difficult to treat
and eradicate [1]. These treatments can range from the most classical ones, such as formaldehyde [11];
copper sulphate [1,10,12,13], which can be done in combination with freshwater treatment [14];
or hydrogen peroxide [15,16], to the more atypical ones, such as the addition of larval brine shrimp
(Artemia salina) to the tank to prey on A. ocellatum dinospores [17]. However, most of these treatments
are highly ineffective or unpractical for earthen pond semi-intensive aquaculture, which is the most
common type of aquaculture facility in Southern Europe [1]. This treatment problem, considering
that this is a common and highly consequential disease for producers and that naturally occurring
A. ocellatum blooms have already been detected [18,19], led us to make a new and more holistic
approach to this disease.

One of the more promising approaches to amyloodiniosis is to consider that it is not only a health
and epidemiological problem, which is a very reductionistic approach to the disease, but also a welfare
problem [20].

A disease as a welfare problem is a very special case because it is caused by several other
welfare issues, such as inadequate aquaculture protocols [21], poor water quality [22], nutritional
imbalances [23], physical disturbances (e.g., transport [24] or handling [25]), stocking densities [26],
or social behaviors [27] that can increase the probability of disease outbreaks. However, the disease is,
by itself, a welfare problem and can also cause other welfare problems, such as a decrease in water
quality due to fish death and decay as well as secondary effects of fish treatment [28]. All of these pre-
and post-disease welfare issues can cause chronic stress [24] and immunocompetence loss in fish [29].

Regarding amyloodiniosis, some work has already been done on controlling some of the welfare
issues that can cause this disease. We already know the temperature, oxygen, and salinity conditions
that favor amyloodiniosis outbreak [30–32]. Previous works have already established the water
quality parameters, fish stock density, and water renewal rate in fish production ponds to avoid
A. ocellatum infestation in seabream [33]; the consequences for water quality due to fish death and
decay [16]; and routine hygiene procedures to avoid water quality problems and reinfestation during
an amyloodiniosis outbreak [1]. There are also works that state that fish mortality in an amyloodiniosis
outbreak can be caused by anoxia, which is associated with serious gill hyperplasia, inflammation,
hemorrhage, and necrosis, in heavy infestations [9] or osmoregulatory impairment and secondary
microbial infections due to severe epithelial damage in some lethal cases, which is associated with
apparently mild infestations [31]. Further, the immunological [34–39], stress, and metabolic responses
of some fish species to A. ocellatum [40–44] have also been studied.

However, there have been no studies on the effect of age on the responses or mortality of fishes to
an A. ocellatum infestation.

So, the objective of this work was to analyze the stress and hematological responses and mortality
of white seabream (Diplodus sargus) from different ages when exposed to an A. ocellatum infestation.

2. Results

2.1. Gill Analysis

White seabream gill wet mounts from Small and Big treatments are presented in Figure 1.
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Figure 1. Wet mount of white seabream (Diplodus sargus) gills from “Small” and “Big” experimental
groups: (A) gill from Small treatment at 0 h (100×); (B) gill from Big treatment at 0 h (100×); (C) Small
treatment at 5 h, presenting several Amyloodinium ocellatum dinospores near the gill (400×); (D) Big
treatment at 24 h, presenting several A. ocellatum dinospores near the gill and a great amount of
mucus (400×); and A. ocellatum trophonts in gill from Small treatment (E) and Big treatment (F) at 5 h
of infestation.

We observed that there were no parasites in the gills of both treatments at 0 h of white seabream
A. ocellatum infestation, which validated the history of no parasitological infestation of the fishes
(see Figure 1A,B).

Five hours after infestation, we observed the fixation of A. ocellatum dinospores and their
transformation to trophonts in both treatments (see Figure 1C,E,F). However, the A. ocellatum trophont
counts revealed that the Small treatment had more parasite fixation (more than 500 parasites per gill
arch) than the Big treatment (between 250 and 300 parasites per gill arch).

Twenty-four hours after infestation, we also observed the secretion of massive quantities of mucus
by the gill in the Big treatment (see Figure 1D). The parasite count was 155 ± 5 parasites for the
gill arch, which was lower than the parasite load observed after 5 h of infestation for this treatment.
The gills from the Small treatment at 24 h were too degraded for a viable parasite count.
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2.2. Mortality

After 5 h of infestation by the parasite A. ocellatum, both treatments had a white seabream
mortality of 8.3%, which reached 100% in the Small treatment and 33.3% in the Big treatment after 24 h
of infestation.

2.3. Histopathological Analysis

In the histological analysis of gills, several differences were observed between Small and Big
treatments when white seabream were infested with A. ocellatum. The types of lesions observed in the
gills of white seabream are represented in Figure 2.

Figure 2. Histological section of hematoxylin–eosin (H&E) stained gills from white seabream (D. sargus)
during an A. ocellatum infestation. (A) (100×) and (B) (200×) represent the Small and (C) (100×) and
(D) (200×) represent the Big treatments at 0 h, with normal gills (1—primary lamella; 2—secondary
lamella); (E) (200×) and (G) (200×) represent the Small and (F) (200×) and (H) (400×) represent
the Big treatments at 5 h of infestation. A.-ocellatum-infested fish gills with several histopathological
alterations: hyperplasia of the lamellar epithelium (3), vacuolization (4), mucus cells (5), and fusion of
secondary lamellae (6); (I) (200×) and (J) (200×) images represent A.-ocellatum-infested fish gills of the
Big treatment after 24 h of infestation, with several histopathological alterations: hyperplasia of the
lamellar epithelium (3), fusion of secondary lamellae (6), and necrosis (7).

35



Fishes 2019, 4, 26

The images of Figure 2 show that A. ocellatum infestation led to histopathological alterations such
as hyperplasia and vacuolization of the lamellar epithelium and secondary lamellae fusion.

We observed that there were differences in the type of histopathological alterations between
treatments 5 h after treatment. Gills of the Small treatment presented hyperplasia and vacuolization
of the lamellar epithelium. However, gills of the Big treatment presented hyperplasia of the lamellar
epithelium, an increase of mucus cells, and fusion of secondary lamellae, which culminated in gill
necrosis for this treatment at 24 h of A. ocellatum infestation. The gills from the Small treatment at 24 h
were too degraded for histopathological analysis.

2.4. Stress Indicators

The variations of the cortisol, glucose, lactate, and total protein levels in white seabream exposed
to an A. ocellatum outbreak are presented in Figure 3.

 

 
Figure 3. Cont.
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Figure 3. White seabream (D. sargus) cortisol (A), glucose (B), lactate (C), and total protein (D) levels
in Small and Big treatments during an A. ocellatum infestation (N = 12 at 0 h after infestation for both
treatments, N = 11 at 5 h after infestation for both treatments, N = 0 for Small treatment, and N = 8
for Big treatment at 24 h after infestation. Error bars = standard deviation). Significant statistical
differences between treatments (p < 0.05) correspond to a and b letters.

We can observe that there were significant differences (p < 0.05) in the cortisol levels between
fish from 0 to 5 h after infestation in both treatments. The Big treatment also presented significant
differences (p < 0.05) in glucose levels between 0 and 5 h after infestation.

Lactate and total protein did not present any statistically significant differences (p < 0.05) between
treatments or along the time of the experiment.

2.5. Hematological Analysis

The results of the different hematological indicators analyzed are shown in Table 1.
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Table 1. Hematological indicators in Small and Big treatments during an A. ocellatum infestation on
white seabream (D. sargus) at 0, 5, and 24 h after infestation (N = 12 at 0 h after infestation for both
treatments, N = 11 at 5 h after infestation for both treatments, N = 0 for Small treatment, and N =
8 for Big treatment at 24 h after infestation. Error bars = standard deviation). Significant statistical
differences between treatments (p < 0.05) correspond to a and b letters.

Hematological
Indicators

Small Big

0 5 24 0 5 24

Hct (% ± SD) 29.7 ± 5.90 34.5 ± 6.47 NA 31.2 ± 3.74 32.5 ± 3.80 30.4 ± 4.80
Hemoglobin

(g dL−1 ± SD)
5.24 ± 0.85 5.38 ± 1.21 NA 6.39 ± 0.74 6.93 ± 0.82 6.42 ± 0.78

RBC (% ± SD) 99.9 ± 1.38 99.9 ± 0.54 NA 99.3 ± 1.30 99.6 ± 1.57 99.6 ± 1.52

WBC (% ± SD)
0.081 ±
0.030 a

0.034 ±
0.014 b NA

0.703 ± 0.151
a

0.422 ±
0.082 b

0.430 ± 0.141
b

MCV (fl ± SD) 73.6 ± 1.46 75.1 ± 1.41 NA 71.4 ± 1.47 a 80.0 ± 1.87 b 82.5 ± 1.79 b

MCH (pg ± SD) 13.0 ± 2.11 11.7 ± 2.64 NA 14.6 ± 1.48 17.0 ± 2.01 17.3 ± 2.11

MCHC (gHb
100mL−1 ± SD)

1.76 ± 0.29 1.56 ± 0.35 NA 2.05 ± 0.21 2.13 ± 0.25 2.10 ± 0.26

*Hct—Hematocrit; RBC—Red Blood Cell count; WBC—White Blood Cell count; MCV—Mean Corpuscular Volume;
MCH—Mean Corpuscular Hemoglobin; MCHC—Mean Corpuscular Hemoglobin Concentration; NA—sample not
available due to fish death.

Hematocrit (Hct), hemoglobin, and red blood cells (RBC) did not present any statistical differences
(p < 0.05) between Small and Big white seabream during the experiment, even if there was a
tendency for an increase of this values over time. Mean corpuscular hemoglobin (MCH) and mean
corpuscular hemoglobin concentration (MCHC) also did not present any statistical differences (p < 0.05)
between treatments.

However, we observed statistical differences (p < 0.05) in white blood cell (WBC) values between
treatments, with a lower percentage of WBC in the Small treatment. There were also statistical
differences (p < 0.05) between 0 and 5 h after infestation in both treatments, with a decrease in the
percentage of WBC over time.

For mean corpuscular volume (MCV) values, there were statistical differences (p < 0.05) in the Big
treatment between 0 and 5 h after infestation, with an increase in MCV values over the time.

3. Discussion

Amyloodiniosis causes mortality mainly due to anoxia, osmoregulatory impairment,
and secondary microbial infections due to severe epithelial damage [9,31]. This can trigger several
physiological responses, as seen for gilthead seabream (Sparus aurata) [41], European sea bass
(Dicentrarchus labrax) [39], and yellowtail (Seriola dorsalis) [43]. However, for white seabream, there are
no references about physiological responses to A. ocellatum infestations.

The gill wet mount observation revealed that the gills in both treatments (Small and Big) did
not have any parasite colonization at the beginning of the experiment, which confirms the absence of
parasitological contamination in the used white seabream. It also demonstrated that at 5 and 24 h after
infestation, there was A. ocellatum dinospore fixation and trophont development in both treatments.

The histopathological analysis of the white seabream gills revealed an increase in some
histopathological lesions, such as hyperplasia with vacuolization, lamellar fusion, and necrosis.
This agrees with the lesions reported for several fish species such as cobia (Rachycentron canadum) [40],
porkfish (Anisotremus virginicus) [45], gilthead seabream [42], yellowtail [43], Senegalese sole
(Solea senegalensis) [46], meagre (Argyrosomus regius) [47], silver pompano (Trachinotus blochii) [48],
and European sea bass [38] for infestation of A. ocellatum. However, there were some differences
in the type of histopathological lesions over time. Small treatment gills presented hyperplasia and
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vacuolization of the lamellar epithelium, and Big treatment gills presented hyperplasia of the lamellar
epithelium, an increase in mucus cells (which was confirmed by the observation of great quantities
of mucus in the gills for this treatment on the gill wet mount observations), and fusion of secondary
lamellae at 5 h after infestation. The vacuolization of gill tissue observed at 5 h of infestation
in the Small treatment is usually associated with detachment of the respiratory epithelium and
necrosis [31], which can explain the 100% mortality observed at 24 h after infestation for this treatment.
The increase in mucus cells observed at 5 h of infestation for the Big treatment corresponded to a gill
mucosa-associated lymphoid tissue (MALT) mechanism of defense used by fish as a general response
to ectoparasites [49–51], which can also lead to gill dysfunction due to excess mucus production [43].
This could explain the gill necrosis observed at 24 h of infestation for the Big treatment as well as the
lower mortality rate in comparison with the Small treatment. The absence of an increase of mucus
cells observed at 5 h of infestation for the Small treatment may be due to a certain immaturity of the
MALT system in younger fish [49].

As natural stressors, parasites can trigger several stress responses in fish. One of the most used
indicators for parasitologically induced stress response is cortisol [52]. In this experiment, a statistically
significant (p < 0.05) higher concentration of cortisol in the fish was observed for the two treatments at
5 h of infestation and was maintained at 24 h of infestation in the Big treatment. This agrees with the
cortisol levels reported in gilthead seabream and sea bass exposed to A. ocellatum [39,41] and is within
the range of cortisol values reported for stressed white seabream [53].

As a consequence, cortisol can induce higher concentrations of glucose caused by extended
glycogenolysis and gluconeogenesis through the degradation of glycogen [54]. In this experiment,
we did find statistical differences in glucose levels between 0 and 5 h of infestation for the Big treatment
but not for the Small treatment. The glucose values were within the range of glucose values reported for
white seabream [55,56]. The statistical difference observed in glucose levels in the Big treatment at 5 h
after infestation are in agreement with the data observed for yellowtail infested with A. ocellatum [43]
and could be a consequence of lipid storage usage for energy expenditure on gill mucus production
and osmoregulation [39]. However, the absence of statistical differences in glucose levels between
0 and 5 h of infestation in the Small treatment is puzzling, even if it is in agreement with glucose
levels observed in European seabass infested with A. ocellatum, which suggests a possible inhibition of
the glycogenolysis and gluconeogenesis pathways in the liver by A. ocellatum [39]. This disparity of
response between the two treatments could also be related to fish size [39].

The lactate values observed in this experiment were within the range of values reported for white
seabream [55]. The absence of statistical differences in both treatments for lactate levels is not in
agreement with the differences observed in other studies with fish parasites [57]. However, there was
a tendency for a high level of lactate at 5 h after infestation. This could be due to the role of lactate as a
response to anoxia due to severe gill epithelial damage by A. ocellatum [9,31] acting in hypoxia signaling
and collagen deposition processes. This also explains the tendency of higher levels of lactate in the
Small treatment at 5 h of infestation, proportional to the gill lesions observed in the histopathological
analysis for this treatment.

There were no statistical differences in both treatments for total protein levels. This is in agreement
with the absence of statistical differences in total protein levels observed for gilthead seabream [42].
This could be due to the consequences of high cortisol levels, which control the blood osmolality and
pH by regulating the balance of blood potassium and sodium ions coming from the higher production
of other metabolites and proteins in response to stress [58].

In this experiment, hematological responses showed that Hct values were within the range of
values expected for white seabream [59] and they were not statistically different between treatments.
This agrees with the data observed for gilthead seabream in an infestation with A. ocellatum [41].

The results obtained for hemoglobin and RBC showed no statistical differences between
treatments. This does not agree with the hemoglobin and RBC data observed in yellowtail infested
with A. ocellatum [43]. However, the results obtained for the hemoglobin and RBC analysis followed
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a pattern similar to Hct, which is in agreement with Horton and Okamura’s [60] observations for
infested fishes.

The WBC profile can undergo significant changes during fish disease outbreaks and is thus
an excellent indicator of immune responses. A significant decrease in WBC was observed in both
treatments at 5 h of infestation, indicating a possible inhibition of the immune system due to high
levels of cortisol [61]. This is in agreement with the data observed for gilthead seabream infested with
A. ocellatum [41] and could be also associated with a possible mechanism of innate immune system
evasion by this parasite [50]. Further studies are necessary to better evaluate the response of white
seabream to an A. ocellatum infestation.

MCV showed an increasing tendency but without any statistical differences in the Small treatment,
but there were statistical differences in the Big treatment between 0 and 5 h after infestation, with an
increase in MCV values over time. This is in agreement with data obtained for this index in parasitic
infections [62]. The absence of MCH and MCHC is also in agreement with the previous data.

When we look at all the obtained results, we can observe that the age of white seabream seems
to affect the host response to an A. ocellatum infestation. One possible interpretation of the results is
presented on Figure 4.

Figure 4. Possible interpretation of the results obtained from the stress, hematological,
and histopathological analysis of Small (50 ± 5.1 g, age: 273 days after eclosion (DAE)) and Big
(101.3 ± 10.4 g, age: 571 DAE) white seabream (D. sargus) during an A. ocellatum infestation.

So, when A. ocellatum dinospores reached the gill and started the fixation and transformation into
trophonts, both Small and Big white seabream began to present lesions in gill tissue which increased
over time. However, these were more severe in the Small treatment, possibly due to the nonactivation
of the MALT defense system, which was present in the Big treatment (increase in gill mucus cells).
This triggered a primary stress response in both treatments (cortisol), with a secondary stress response
(glucose) in the Big treatment. However, the absence of glucose and lactate response in the Small
treatment indicates a possible inhibition of the glycogenolysis and gluconeogenesis pathways in the
liver in the Small treatment. The primary stress response to A. ocellatum also inhibited the WBC
immune response in both treatments. These differences in the response to an A. ocellatum outbreak by
the Small and Big treatments may explain the differences in mortality 24 h after infestation.

The findings of this paper highlight the necessity of considering fish age when designing
vigilance plans (which are designed nowadays mainly taking into account the water temperature)
and determining treatment actions during an A. ocellatum infestation. In this way, younger fish will
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need to have a stricter vigilance plan, with short ectoparasitological sampling periods and mitigation
measures and treatment application at the first A. ocellatum trophont detection, to reduce fish stress
and mortality resulting from amyloodiniosis. Older fish could continue to have a less strict vigilance
plan, with less frequent ectoparasitological sampling periods and application of mitigation measures at
lower infestations of A. ocellatum, and treatment application only after A. ocellatum trophont numbers
reach a certain threshold, which should be determined by taking into account the water temperature
of the tank.

4. Materials and Methods

4.1. Fish Culture Conditions

White seabream juveniles were reared at EPPO-IPMA (Aquaculture Research Centre, National
Institute for the Sea and Atmosphere, Olhão, Portugal) and originated from a wild broodstock.
After hatching, fish were reared following the protocol used in EPPO-IPMA for this species [63].

Two sets of 36 individuals, one with an average total weight of 50 ± 5.1 g and an age of 273 days
after eclosion (DAE) and the other with an average total weight 101.3 ± 10.4 g and an age of 571 DAE,
with no history of ectoparasites and no incidence of malformations, were selected. The fish were
kept in two separate 1.5-m3 tanks according to their weight (36 per tank) with a 14 h light/10 h dark
photoperiod (photophase from 6:00 a.m. to 8:00 p.m.). Water temperature was 20 ± 1 ◦C and water
salinity was 37.5 psu. The fish were full-fed with commercial feed three times a day until satiation.

4.2. Preparation of A. Ocellatum Infection Tanks

Eighteen 80-L rectangular plastic tanks were infested with 1000–1200 A. ocellatum tomonts,
obtained from an induced outbreak according to the methodology described in [42], and then incubated
until reaching an average of 8000 dinospores/mL to maximize the stress response [41]. The water
temperature was maintained at 24 ± 0.2 ◦C, 36.5 psu of salinity, and 100% dissolved oxygen in closed
seawater systems, artificial aeration, and a 14 h light/ 10 h dark photoperiod. To avoid differences
between tanks, the water from the tanks were mixed before fish were introduced to ensure the parasite
load was equal in every tank.

4.3. Experimental Design

Fish were fasted for 24 h prior to the experiment. Four fish (N = 4) were measured, weighed,
and then transferred to each 80 L tank (Small treatment—white seabream weighing 50 ± 5.1 g, and Big
treatment—white seabream weighing 101.3 ± 10.4 g). Each treatment had tanks in triplicate for all the
sampling points. Fish were sampled at 5 and 24 h after the beginning of the experiment.

Mortality at each point of sampling was also registered, and dead fish were withdrawn from the
tanks before fish sampling.

4.4. Sampling Protocol

Twelve fish per treatment were sampled in the beginning (0 h) of the experiment. At 5 and 24
h of the experiment, all the surviving fish in each treatment were sampled, prioritizing the most
moribund fish, according to their behavior [1]. Fish that presented erratic and slower swimming
movements, fish aggregation near the aerators and water line, accelerated opercular and mouth
opening movements, or reddish marks on the skin were sampled first.

After sedation with 800 ppm of 2-phenoxyethanol [64], blood was withdrawn from the caudal vein
with a 1 mL heparinized syringe. Collection of blood samples (1 mL of blood per fish, on average) was
completed within 3 min after capturing the fish to minimize the effects of handling on stress parameters.
The collected blood from each fish was divided in two aliquots. One of the aliquots was immediately
frozen at −80 ◦C for posterior analyses. The other blood aliquot was used for hematological analysis.
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After blood collection, the fish was sacrificed with an overdose of 2-phenoxyethanol, according with
the EU Directive 2010/63/EU for animal experimentation.

Plasma was separated from cells by centrifugation (10 min, 5000× g, room temperature),
snap-frozen in liquid nitrogen, and stored at −80 ◦C until analysis of osmolarity, pH, hormonal
(cortisol), and metabolic (glucose, lactate, and protein concentrations) parameters.

Then, the parasite burden was evaluated by microscopic observation of a wet mount of the first
two branchial arches from fish killed by anesthetic overdose with 2-phenoxyethanol [41] from each
treatment at all sampling points.

4.5. Histopathological Analysis

For histological analysis, we collected the first gill from all the fishes from each tank (N = 12 per
treatment). Following fixation in Davidson’s solution (pH 7.2) for two days, tissues were transferred to
70% ethanol. The tissues were processed in an automatic tissue processor Leica TP 1020 and included
in paraffin wax block. Sections that were 5-nm thick were cut with a microtome slide Model Leica
5M 2000 R and stained with hematoxylin–eosin (H&E) according to the procedure described in [65].
Gill tissue was examined under a Nikon H550S microscope using bright-field illumination for the
presence of A. ocellatum and possible pathological changes. Selected gill tissues were then scanned in a
Hamamatsu Nano Zoomer Digital Pathology, and images were taken and processed using NDP View
2 software.

4.6. Stress Indicator Analysis

Plasma glucose and lactate levels were measured using commercial kits from Spinreact
(Glucose-HK Ref. 1001200; Lactate Ref. 1001330) adapted to 96-well microplates. Plasma proteins were
determined in diluted plasma samples 1:5 (v/v) with the QCA Total Proteins kit (Química Clínica
Aplicada S.A., Barcelona, Spain). Plasma cortisol levels were quantified by an ELISA kit (Cortisol
ELISA kit, IBL) modified and adapted to fish [66]. Cortisol was extracted from 20 μL of plasma in
200 μL of diethyl ether. The lower limit of detection (81% binding) was 0.1 ng mL−1 plasma. All the
samples were examined in duplicate and analyzed on a microplate reader (Multiskan GO, Thermo
Scientific).

4.7. Hematological Analysis

Hct determination was performed as described by Soares et al. [67]. In summary, a blood sample
portion was transferred to nonheparinized microhematocrit tubes and centrifuged at 5000× g for 5 min
with a hematocrit centrifuge (EBA 21 Hettich) to determine the hematocrit value. The determination of
hematocrit was calculated as the percentage of red blood cells present in the amount of blood collected.

Total RBC and WBC were counted from blood dilutions using a hemocytometer.
Hemoglobin (Hgb) determination was performed using a commercial kit (1001230, Spinreact)

based on the Drabkin colorimetric principle. All samples were examined in duplicate and analyzed on
a microplate reader at 540 nm (Multiskan GO, Thermo Scientific) [68].

MCV, MCH, and MCHC were calculated with the formula described by Radu et al. [69].

4.8. Statistical Analysis

For group comparisons, normality was assessed using the Shapiro–Wilk test, while the
homogeneity of variance was assessed using Bartlett’s test. If the data were parametric, nested
ANOVA followed by Tukey’s test was done to detect differences between Small and Big fish. Statistical
significance was accepted at p < 0.05. These statistical tests were made using R studio (version 1.0.153).
Values are expressed as mean ± SD.
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5. Conclusions

We can conclude that the age of white seabream affects the response to an A. ocellatum infestation,
especially at stress and histopathological levels, since smaller and younger fish seemed to have a
more immature MALT defense system, and the stress reaction to the parasite seemed to be more acute.
This study demonstrates that age is an influential factor in the response to an A. ocellatum infestation
in white seabream, especially at stress and histopathological levels, and elucidates the need to take
into account the size and age of the fish in the development and establishment of adequate mitigating
measures and treatment protocols for amyloodiniosis. We recommend the establishment of a stricter
vigilance protocol with scheduled ectoparasitological samples for younger fish, since they are more
susceptible to an A. ocellatum outbreak. This will allow for detection of the parasitosis at an early
stage of development and quicker treatment, which will avoid high mortality levels and high levels of
fish stress.
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Abstract: Environmental enrichment, or the enhancement of an animal’s surroundings when in
captivity to maximise its wellbeing, has been increasingly applied to fish species, particularly those
used commercially. Laboratory species could also benefit from enrichment, but it is not always clear
what constitutes an enriched environment. The zebrafish, Danio rerio, is used widely in research
and is one of the most commonly-used laboratory animals. We investigated whether changing the
structural complexity of housing tanks altered the behaviour of one strain of zebrafish. Fish were
kept in three treatments: (1) very enhanced (VE); (2) mildly enhanced (ME); and (3) control (CT).
Level of aggression, fertilisation success, and growth were measured at regular intervals in a subset
of fish in each treatment group. The VE fish were more aggressive over time than either ME or CT
fish, both in the number of attacks they made against a mirror image and in their tendency to stay
close to their reflection rather than avoid it. Furthermore, VE fish were shorter than CT fish by the
end of the experiment, though mass was not significantly affected. There was no significant effect of
treatment on fertilisation success. These findings suggest that the way in which fish are housed in the
laboratory can significantly affect their behaviour, and potentially, their growth. The zebrafish is a
shoaling species with a dominance hierarchy, and so may become territorial over objects placed in
the tank. The enrichment of laboratory tanks should consider aspects of the species’ behaviour.

Keywords: Danio rerio; structural complexity; aggression; territorial; boldness; fertilisation success

1. Introduction

Laboratory animal holding facilities conventionally have been designed on the basis of human
requirements, both economic and ergonomic. Therefore, the captive conditions in which animals are
kept are vastly different from their natural environment, and so the behaviour of such animals is likely
to be unnatural. Indeed, captivity could adversely affect the behaviour and physiology of animals, for
example, if their blood chemistry and metabolism are altered due to unnatural stress levels [1]. In an
attempt to improve scientific validity, laboratories are beginning to alter housing facilities in order to
simulate more natural environments, a concept known as environmental enrichment [2].

Environmental enrichment has traditionally focussed on mammalian species, specifically domestic
and farm animals [1]. Although a variety of definitions exist, the emphasis is generally on increasing
the amount of stimulation the captive environment provides for the animals [1]. Smith and Taylor [2]
state that environmental enrichment should allow an animal to express a more natural behavioural
repertoire. However, this highlights a significant problem: how to define the natural or normal
behaviour of an animal [3]?

Despite fish being commonly used in laboratories [1], information about how to make them
behave naturally or live stress-free lives could be improved. Environmental enrichment has been
widely studied in commercially reared species of fish in an attempt to boost populations when they
are released into the wild (e.g., [4–6]). However, less is known about the environmental and biological
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requirements of cultured species [7,8], and so improving the current knowledge of the impact of
environmental enrichment on different fish species is important (see Reference [9] for a review of
this subject).

Environmental enrichment within both commercial and laboratory aquaria often involves
increasing the structural complexity of the tank by adding various objects to simulate natural habitats,
including gravel, stones, real and artificial plants, plastic tubing, driftwood and upturned plant
pots (e.g., [10–12]), and so reducing abnormal traits [9]. Another common technique used in fish
studies involves altering tank lighting or colour (e.g., [13–19]) in an attempt to simulate a more
natural environment.

Previous studies that compared fish reared in bare aquaria to those in enriched tanks found
significant behavioural differences between the two. For example, fish in structured environments
have been found to display reduced aggression levels (zebrafish, Danio rerio [20,21], salmonids [22]),
possibly due to the structures reducing the visibility between individuals and so reducing aggressive
interactions. Several studies have found that fish kept in bare tanks are more exploratory than those in
tanks with structures added, which are more cautious in a novel environment (zebrafish [12], Atlantic
salmon, Salmo salar [23]). However, Roberts et al. [23] found that when conspecific alarm cues were
released into the water, Atlantic salmon housed in structurally complex tanks took significantly less
time to leave a shelter.

There are mixed findings regarding the growth of fish in enriched and bare tanks, as some studies
have found that fish kept in bare tanks are larger (Chinook salmon, Oncorhynchus tshawytscha [11],
zebrafish [12]), whereas others show enriched fish to be larger (common carp, Cyprinus carpio [14],
thinlip mullet, Liza ramada [19], Atlantic salmon [24]).

The zebrafish is an important vertebrate model organism in a variety of biological disciplines
and is a commonly-used laboratory animal. It has been suggested that enrichment could improve
the quality of care for zebrafish [25] and they seem to prefer structure in a tank [26], but there is a
lack of specific guidelines regarding enrichment for this species. Indeed, plants, which are commonly
used to enrich tanks, can have both positive and negative effects on fish (reduced forebrain, Chinook
salmon [11], slower rate of learning, zebrafish [12], reduced aggression, zebrafish [20,21], reduced risk
taking, Atlantic salmon [23]).

In this study, we investigated the effect of various types of tank enhancement, feasible in a
laboratory setting, on the behaviour (aggression, boldness, activity), reproduction and growth of one
strain of zebrafish by manipulating the tank environment. The results showed that aggression can
increase in fish from tanks that have a higher structural diversity, and that growth may be affected.

2. Results

2.1. Aggression

The type of tank enhancement that fish were kept in significantly affected the mean number of
aggressive attacks fish made towards their image in the mirror test over the course of the experiment
(R2 = 0.40, p = 0.034; Figure 1), with fish from very enhanced (VE) tanks making significantly more
attacks than fish from both control (CT) and mildly enhanced (ME) tanks, given the week (CT: p = 0.017,
ME: p = 0.036). Week affected the number of attacks differently over time for each enhancement
treatment. VE tanks promoted more attacks over time, whereas CT and ME tanks had slightly fewer
attacks over time (model estimates in comparison to VE; CT: −0.05, ME: −0.04).
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Figure 1. Mean ± SE number of aggressive attacks made towards a mirror image in the mirror test in
control (CT), mildly enhanced (ME), and very enhanced (VE) treatments in weeks 1, 3, 6, and 9. There
were five replicates of each treatment in each week (each replicate is shown as a point).

There was a significant interaction between section, treatment, and week for the mean number
of times that fish entered a section (R2 = 0.55, p = 0.002; Figure 2). Fish preferred sections B and
C throughout the experiment for CT and ME tanks, which suggested they were neither avoiding
nor interacting with the mirror image. This was also true of fish in the VE tanks for weeks 1 and 3.
However, in week 6, fish spent more time in sections A and B than C and D. This suggests that fish
in the VE tank began to interact with the mirror. In week 9, fish in the VE tank entered each section
approximately the same number of times.

The number of aggressive attacks conducted by fish was significantly correlated with the time
they spent closest to their mirror image (section A) throughout the experiment (Pearson correlation,
r = 0.27, df = 58, p < 0.05), suggesting that section preference was an indication of aggressiveness.

2.2. Boldness

Boldness, the propensity of individuals to explore a novel environment, was not significantly
affected by type of tank enhancement (p = 0.85) or week (p = 0.43). The mean freezing time, when fish
were completely still and often associated with anxiety, did not differ significantly among enhancement
treatments (p = 0.58) or between weeks (p = 0.45).

2.3. Activity Level

Activity level, the degree to which fish actively moved in their home tank, was not significantly
affected by type of tank enhancement (p = 0.98) or week (p = 0.75). Overall, activity level (Mean ± SE:
88.3 ± 2.1) was significantly lower than boldness (246.6 ± 7.3) (Two-sample t-test: t = 20.75, df = 118,
p < 0.001).

49



Fishes 2019, 4, 22

Figure 2. Mean ± SE number of times fish entered sections A, B, C, and D in the mirror test in control
(CT), mildly enhanced (ME), and very enhanced (VE) tank treatments in weeks 1, 3, 6, and 9. Section A
was closest to the mirror, section D was furthest from the mirror, and sections B and C were in the
middle of the tank. There were five replicates per treatment.

2.4. Reproduction

The mean number of eggs produced by females was significantly affected by the type of tank
enhancement (R2 = 0.32, p = 0.004; Figure 3). Mild enhancement (ME) saw females producing 54%
more eggs than control tanks (CT) and 81% more than very enhanced (VE) (CT: p = 0.05; VE: p = 0.001).
The mean number of eggs produced in CT and VE tanks was not significantly different from each other
(p = 0.32). Week also significantly affected the mean number of eggs produced (p = 0.003; Figure 3).
Fewer eggs were produced in Week 1 than in Weeks 3 and 6 (Week 3: estimate = 0.83, p = 0.01; Week 6:
estimate = 1.11, p < 0.001). However, the mean number of eggs was not significantly different between
Weeks 1 and 9 (p = 0.24).

The proportion of fertilised eggs differed significantly between weeks (R2 = 0.22, p = 0.01; Figure 4).
Fertilisation was significantly lower in Week 1 than Week 3 (p = 0.001), but was not significantly different
from Week 6 (p = 0.09) or Week 9 (p = 0.32). Week 3 had a higher proportion of eggs fertilised than all
other weeks (p < 0.001). There was no significant difference in the proportion of eggs fertilised between
treatments (p = 0.57).
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Figure 3. Mean ± SE number of eggs produced from the control (CT), mildly enhanced (ME), and very
enhanced (VE) tanks over weeks 1, 3, 6, and 9. Sample sizes varied between 3 and 5 tanks, depending
on the number of tanks that produced eggs. There was a significant difference in mean number of eggs
between treatments in week 9 only, where more eggs were produced in ME tanks.

2.5. Growth

At the start of the experiment, the mean mass of fish differed significantly between the different
enhancement tanks (Mean ± SE: CT 0.487 ± 0.008; ME 0.514 ± 0.010; VE 0.462 ± 0.008; ANOVA:
F2,12 = 8.92, p < 0.01) because the fish randomly placed into the ME tanks were significantly heavier
than those placed into the VE tanks (Tukey’s test: p < 0.01). This pattern remained consistent at the end
of the experiment in Week 9. Again, enhancement treatment had a significant effect on mean mass
(Mean ± SE: CT 0.484 ± 0.017; ME 0.505 ± 0.011; VE 0.445 ± 0.009; ANOVA: F2,12 = 5.90, p < 0.05), with
ME fish being significantly heavier than VE fish (Tukey’s test: p < 0.05), and there was no significant
difference between fish in CT tanks and either ME tanks (Tukey’s test: p = 0.49) or VE tanks (Tukey’s
test: p = 0.11). There was no significant change in mass between the start and the end for fish in any
treatment (CT: Paired t-test: t = 0.21, df = 4, p = 0.84; ME: Paired t-test: t = 1.25, df = 4, p = 0.28; VE:
Paired t-test: t = 1.35, df = 4, p = 0.25).

At the start of the experiment, there was no significant difference in the mean length of the fish
allocated to each enhancement type (Mean ± SE: CT 30.459 ± 0.160; ME 30.480 ± 0.178; VE 30.030 ±
0.233; ANOVA: F = 1.74, df = 2, p = 0.22). However, at the end of the experiment, in Week 9, there
was a significant effect of enhancement treatment on mean length (Mean ± SE: CT 30.526 ± 0.341; ME
30.138 ± 0.255; VE 29.436 ± 0.105; ANOVA: F = 4.76, df = 2, p < 0.05) and fish housed in VE tanks were
significantly shorter than fish in CT tanks (Tukey’s test: p < 0.05).
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Figure 4. Mean ± SE proportion of eggs fertilised from the control (CT), mildly enhanced (ME), and
very enhanced (VE) tanks in weeks 1, 3, 6, and 9. Sample sizes vary between 3 and 5 tanks depending
on the number of tanks that produced eggs.

3. Discussion

Overall, our results show that the tank environment can significantly affect the behaviour, and
potentially, the growth of zebrafish, at least in the strain studied. Aggression levels, both in terms of the
number of aggressive attacks made and the time spent close to their mirror image, were significantly
increased in fish from VE tanks compared to fish from the less (ME) or non-enhanced (CT) treatments.
This increase in aggression towards their mirror image was seen from Week 3 of the experiment
onwards, and time spent close to the mirror was found to correlate with the number of aggressive
attacks throughout the experiment. We did not measure aggression in the tanks themselves, so it is
possible that fish behaved differently when tested in front of a mirror in isolation.

In contrast, previous studies have found a decrease in aggression with structural complexity
both in a laboratory setting (crayfish, Orconectes propinquus [27], zebrafish [20,21]) and in semi-natural
environments (white-spotted char, Salvelinus leucomaenis [22]). Both Basquill and Grant [20] and
Carfagnini et al. [21] found that zebrafish aggression rate was significantly reduced when measured in
structurally complex versus bare environments, though the densities that Basquill and Grant [20] used
were very low, so the fish may have been visually obscured by structures in the tank. Furthermore,
both Carfagnini et al. [21] and Basquill and Grant [20] used juvenile, rather than adult zebrafish, which
could suggest that life stage is important. Hamilton and Dill [28] found no difference in the aggression
levels of adult zebrafish in a vegetated and a non-vegetated habitat. Our experiments ran for nine
weeks and it was only after three weeks that aggression was seen to increase, suggesting that there
were long-term effects on aggression when structure was present. Furthermore, as mentioned already,
we measured aggression under controlled conditions, whereas in these other studies it was measured
in the experimental tanks.
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A possible explanation for the increased aggression in the VE fish in our study is that the fish
become territorial over the objects within the tank and so their aggression level increased when
measured with the mirror test. The zebrafish is a shoaling species, known to develop dominance
hierarchies [29–31]. Previous studies have shown that zebrafish are highly territorial over spawning
sites [32] and will defend food sources [28,33]. The structure within the VE tanks could have
represented potential spawning sites, though there was no difference in the number of eggs collected
in this treatment, which might be expected if fish were spawning in alternative sites in some of the
treatments. Alternatively, VE fish may have become territorial over the upturned plant pots and
artificial plants because food often became trapped under or around them, and so the fish could have
been more aggressive when there was more structure because they were defending this resource.
McCarthy et al. [34] found that in rainbow trout (Oncorhynchus mykiss), territories were very easy
to defend when the density was low, but almost impossible to defend at high densities, and so
aggressiveness over potential territories could vary with density, as found in the damselfish, Stegastes
partitus [35,36], with aggression highest at intermediate densities like those used here. In our study, a
random sample of fish was chosen from each tank for the mirror test and an equal sex ratio of fish
was maintained in each tank, making it highly likely that the increased aggression observed was in
both sexes, unless one sex was easier to catch than the other and so was always tested, but we have no
evidence for this.

Increased plasma cortisol levels, known to be associated with stress in fish (e.g., salmonids [37]),
have been demonstrated in fish displaying aggressive interactions during the development of territories
and dominance hierarchies (cichlid, Haplochromis burtoni [38], rainbow trout [39]). Wilkes et al. [40]
found no difference in cortisol levels or aggression between juvenile zebrafish kept in structured tanks
and those in bare tanks. Pairs of zebrafish were found to show increased cortisol levels initially when
housed with vegetation, but this declined with time, so by day 10 fish had lower levels than those kept
individually or in pairs without vegetation [41]. Cortisol was not measured in our experiments, but
the increased aggression within VE tanks is likely to have a negative impact on fish physiology and
welfare, in which case enhancement of housing as implemented here may be detrimental, rather than
beneficial, as usually assumed [20–22]. However, some degree of aggression may not be completely
negative, according to the concept of allostasis [42]. The effect of enrichment on aggression may be
age- and species-specific, and dependent on the territoriality of the species in question.

Fish housed in the VE tanks were significantly shorter than those in the CT tanks by the end of the
experiment, and a significant change in length of these fish was detected, though no comparable change
in mass was detected. This suggests there may have been an effect of treatment on growth rate, but the
results are not conclusive. Previous studies have found that structure in a tank can have a positive
effect on growth. For example, Finstad et al. [24] found that in Atlantic salmon, mass loss (common
over winter [43]) was lowest when structural complexity was highest, possibly because there was less
need for anti-predator behaviour and less competition for shelters. However, consistent with our study,
others have found that fish in bare tanks have higher growth rates than those with structure (Chinook
salmon [11], zebrafish [12]), though some have found no effect of structure on growth (zebrafish [44]),
but an effect on morphology (three-spine stickleback, Gasterosteus aculeatus [45]). Kihslinger et al. [11]
found that after one year of rearing, hatchery Chinook salmon were significantly heavier than their
wild counterparts and similar results have been seen in the laboratory. Spence et al. [12] found that
zebrafish reared in structurally complex environments were significantly shorter than those from bare
tanks. A suggested explanation for reduced growth of fish subjected to structural complexity is that the
objects within the tank trap food, which is consequently less accessible to the fish, as was observed in
our study. Alternatively, an increase in aggression and a decrease in growth could be due to a trade-off
in energy balance.

We did not find an increase in fertilisation success with increasing enhancement. While ME tanks
produced more eggs than either of the other two housing treatments, the proportion of fertilised eggs
did not differ. Carfagnini et al. [21] housed zebrafish in structurally complex and bare tanks and found
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that fecundity was not affected by housing complexity. However, they did find that when levels of
aggression were highest, fecundity decreased [21], possibly due to elevated metabolic costs associated
with high aggression levels.

We found no significant difference in the boldness of fish from the different treatments, a result in
common with other studies on guppies (Poecilia reticulata) and three-spine sticklebacks [46,47]. There
has been considerable debate about the measurement of boldness and whether it could simply be a
reflection of the animal’s general activity level [48] but this has been found not to be the case [49]. In this
study, fish were found to cross significantly more lines in the open-field test than they did in their home
tanks but there was no difference between treatments. In contrast, von Krogh et al. [44] found that
zebrafish from bare tanks had higher locomotor activity than those from structurally complex tanks.

The current study found no significant effect of tank background (ME tanks) on the behaviour of
zebrafish, and so it appears that structural complexity within the tank and not tank background alone
affected the fish. Previous work has found that fish housed in tanks with light-coloured backgrounds
are more aggressive (Atlantic charr, Salvelinus alpines [50]), more exploratory (zebrafish [51]), have
higher growth rates (common carp [14], thinlip mullet [19]) and have a higher oxygen consumption
(scaled carp, Cyprinus carpio [13]). However, no significant effect of tank background was found in
pot-bellied seahorses (Hippocampus abdominalis) [15] and Atlantic cod, Gadus morhua [17], suggesting
that the effect of tank colour or background may be species-specific. It could also be dependent on the
variability of the light conditions in which species live naturally, as the more variable they are, the less
likely it is that differences in tank colour will have an effect.

In conclusion, this study has found that the enhancement of fish tanks, by adding structure, can
significantly affect the aggressive behaviour of adult zebrafish, at least in this strain and when tested
in isolation, and, potentially, their growth. Laboratories need to consider species-specific behaviour
before enrichment is implemented.

4. Methods

4.1. Fish, Treatments and Growth

All fish used in the experiments were adult Nacre zebrafish. Stock fish were housed in 10-litre
tanks (30 × 15 × 24 cm) in a recirculating system. Tanks were kept at 26 ± 1 ◦C under a 12:12 h
light:dark photoperiod with 40 min dusk to dawn simulations. Fish were fed twice a day with
ground-up flake food and day-old brine shrimp (Artemia salina).

Fish were housed in tanks of one of three treatment groups: (1) very enhanced (VE), (2) mildly
enhanced (ME) or (3) control (CT) (Figure 5). Very enhanced tanks contained one artificial plant and
one upturned plant pot (7 cm diameter). Additionally, plastic boards were backed with an aquarium
backing paper (a blue seascape design) and placed against the rear walls of these tanks. Mildly
enhanced tanks contained only the seascape boards against the rear walls, and CT tanks were left
completely bare. These definitions were used purely to describe the experimental treatments and were
not used as value judgements. Ten size-matched fish (five males, five females) were randomly placed
in each treatment tank and there were five replicate tanks of each treatment group.

Fish were given a nine-day acclimatisation period, after which behavioural measurements were
taken. The behavioural tests were done on a subset of three randomly-chosen fish per tank, and
fecundity and fertilisation success were measured per tank. These measurements were taken at regular
intervals throughout the course of the experiment at weeks 1, 3, 6, and 9. Standard length (tip of snout
to caudal peduncle) and mass of each fish was measured at the start and end of the experiment in
weeks one and nine. Previous work has shown that boldness and aggression are not related to size
in either sex in this strain of zebrafish [49]. Lighting during behavioural trials was provided by two
18 W daylight fluorescent tubes placed approximately 40 cm above the test tank. Test tanks were filled
with water from the recirculating system kept at the same condition as water within the housing tank
system. Fish were tested before feeding in order to standardise this.
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Figure 5. The three housing treatments: (a) very enhanced (VE), (b) mildly enhanced (ME), and
(c) control (CT).

4.2. Behavioural Tests

4.2.1. Aggression

Aggression was tested using the mirror test [52,53]. A test tank (28 × 17.5 × 17 cm) was filled
with 4.8 L of water and a mirror (45 × 38 cm) was placed at the back of the tank at an angle of 22.5◦

(Figure 6). A single fish was added to the tank and allowed to acclimatise for 60 s with the mirror
covered. The cover was then removed and the number of aggressive attacks that a fish performed
towards its mirror image was recorded over a 180 s period. The area of the test tank in which a fish
spent most of its time was also quantified immediately after the aggressive attacks were recorded.
The front of the test tank was marked into four equal vertical sections (Figure 6), and the section in
which the fish was located was recorded every 5 s for 180 s. A fish that spent much of its time in section
A could be regarded as aggressive because it was closer to its image, whereas a fish in section D may
be avoiding aggression.

4.2.2. Boldness

To test for boldness, the open-field test [54–56] was used. A single fish was added to the test tank
(48 × 23 × 26.5 cm), which had a 4 × 6 grid on the bottom and was filled with 3.25 L of water; the fish
was left to acclimatise for 60 s. Immediately after this period, the number of lines the fish crossed,
taken as a measure of boldness [49], and the total freezing time (time spent completely still) within a
180 s period, were recorded. The sides of the test tank were covered with opaque paper to minimise
disturbance to the fish caused by the close proximity of the observer.

4.2.3. Activity Level

Activity level was measured in home tanks by placing a 2 × 5 cm grid onto the front of the tank
and recording the movements of a single fish over a period of 180 s. The number of lines the fish
crossed in this period was counted. Three randomly chosen fish per tank were tested.

4.2.4. Reproduction

A spawning dish (12.5 cm in diameter) containing two layers of glass marbles was placed into
each tank at 16:00 on the first day of each measurement period. When fish spawned over the marbles,
the eggs dropped into the spaces, stopping fish from eating them and aiding in their collection [57,58].
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Moreover, zebrafish are likely to choose to spawn in these dishes as they have been shown to prefer to
spawn in a substratum that provides protection to the eggs [59]. At 10:00 the following day, all dishes
were taken out of the tanks, marbles were carefully removed, and all eggs within each dish were
counted and transferred to a Petri dish containing aquarium water. Egg production can be variable in
zebrafish [32], and so the first introduction of a spawning dish did not always lead to egg production.
Therefore, if the fish in a tank did not produce any eggs, a spawning dish was placed in the tank at
16:00 every day for one week until eggs were produced. After the eggs had been in the Petri dishes for
24 h, the number that were fertilised was counted. Fertilised eggs remain transparent after this time
period, but dead and unfertilised eggs become white and opaque [60,61].

Figure 6. Schematic of the front and top view of the test tank used for the mirror test.

4.3. Data Analysis

All data analyses were conducted using the R statistical package, version 2.14.1 [62]. For all
datasets, means were calculated for each tank and used in the analysis. All behavioural data
were analysed with linear mixed-effects models using the nlme package (model outputs shown
in Supplementary Material, Table S1). The mean attack number was log-transformed before being
modelled with enhancement treatment and week as interaction terms; tank was included as a random
effect in the model. The mean number of entries into a section was modelled with section, enhancement
treatment, and week as a three-way interaction, with tank as a random effect. For both the mean
number of attacks and number of entries, model fit was tested using the Akaike information criterion
(AIC), and in both cases, no terms were dropped for either model.

Boldness was measured in two separate models: first, using the number of lines crossed within
the tank as the response variable, and secondly with freeze time as the response variable. Fish activity
was also modelled with the number of lines crossed in the tank as a response variable. In all the
boldness and activity models, treatment and week were fixed effects, with an interaction between the
two proving to be non-significant, and therefore dropped from all models, as determined by the model
fit through AIC.

Reproduction was first examined with the mean number of eggs as the response variable using
a negative binomial model in the “ggfortify” package, to account for over-dispersion in the data.
Enhancement treatment and week were used as fixed effects and no significant interaction was found
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between the two. Secondly, the mean proportion of eggs fertilised was investigated using generalized
linear models in the “stats” package, version 3.5.2, after being log-transformed to give normally
distributed data. An interaction between enhancement treatment and week proved non-significant
in explaining variation through AIC assessment of single-term deletions of fixed effects, and was
therefore dropped from the model. Treatment also proved non-significant as a fixed effect and was
also removed from the final model. Outputs for the reproduction models are shown in Supplementary
Materials, Table S2. Paired t-tests were used to compare the before and after weight and length data.

This work had appropriate ethical approval from the University of Sheffield.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3888/4/1/22/s1,
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Abstract: The ability to assess welfare is an important refinement that will ensure the good condition
of animals used in experimentation. The present study investigated the impact of invasive procedures
on the patterns of movement of zebrafish (Danio rerio). Recordings were made before and after
fin clipping, PIT tagging and a standard pain test and these were compared with control and
sham handled zebrafish. The fractal dimension (FD) from the 3D trajectories was calculated to
determine the effect of these treatments on the complexity of movement patterns. While the FD of
zebrafish trajectories did not differ over time in either the control or sham group, the FDs of the
treatment groups reduced in complexity. The FD of fish injected with different strengths of acetic
acid declined in a dose-dependent manner allowing us to develop an arbitrary scale of severity of the
treatments. The 3D trajectory plots from some groups indicated the presence of repetitive swimming
patterns akin to stereotypical movements. When administered with lidocaine, which has analgesic
properties, the movement complexity of fin clipped fish reverted to a pattern that resembled that of
control fish. Fractal analysis of zebrafish locomotion could potentially be adopted as a tool for fish
welfare assessment.

Keywords: Danio rerio; fractal analysis; nociception; pain; stereotypical behaviour

1. Introduction

The ability to monitor the welfare of experimental animals is a crucial refinement that can inform
scientists of the severity of procedures. Here, we define animal welfare as the state of the individual
as it attempts to cope with the environment [1,2]. However, determining an animal’s welfare state
is extremely difficult because animals cannot verbalise their internal experiences to experimenters.
Instead scientists have to use indirect measures such as changes in behaviour and physiology to assess
whether an animal’s welfare has been compromised [3–6]. While there has been considerable work on
assessing markers of rodent welfare [7,8] there has been relatively less research on fish. Currently fish
are one of the most popular species used in experimentation, second only to mice, with approximately
half a million individuals used in UK experiments in 2017 [9]. Zebrafish (Danio rerio) have become an
important experimental model organism owing to the detailed genetic information available, the high
genetic homology of zebrafish to humans, their relatively low cost, short generation time and easy
maintenance and handling amongst other attributes [10–12]. Despite their popularity, the assessment
and monitoring of zebrafish welfare during invasive experimentation is far behind that of rodents [13],
thus, finding a means of accurately gauging the health status of fish would enhance the wellbeing of a
large number of experimental animals.
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Although the capacity of fish to perceive pain has been questioned [14,15] there is a steady
accumulation of experimental evidence that fish meet the criteria for animal pain [5]. Fish possess
nociceptors, the receptors required to detect pain-causing stimuli [16–19] as well as altered activity
in brain areas that are activated at a molecular, physiological and functional level in response to
pain [20–22]. Fish also show prolonged adverse changes in their behaviour and physiology in response
to a noxious stimulus [23–27] that are ameliorated by providing analgesia [28–31]. For example,
zebrafish injected subcutaneously in the lips with a noxious substance (acetic acid) showed a
concomitant decrease in activity and dramatic increase in ventilation rate [25]. This evidence highlights
the importance of detecting and characterising detrimental changes in the welfare of fish used in
research, especially when commonly used procedures such as fin clip result in the damage of tissue
containing nociceptors [26]. In order to characterise welfare changes from behaviour, a method for
quantifying and comparing complex behavioural patterns in a broad, high-level but compressed
manner is required.

Since animals continually evaluate their constantly changing environments and re-adjust their
priorities accordingly through real-time actions, their natural movement trajectories are complex
and stochastic rather than deterministic since three dimensions are available for flying/swimming.
Conventional methods, for example Euclidian geometry, may describe the complex trajectories with
high accuracy but in a highly complex manner [32–34]. If a reasonably accurate specification of a
trajectory is required, machine learning methods may model or generate autonomous trajectories
to a high degree of approximation, for example evolutionary computation [35], phase transition
networks [36], Markov models [37] and support vector machines [38] among others. However,
these methods retain some complexity and are therefore not usually easily directly deployable as
comparative measures of complexity. Fractal dimension (FD) [39], Principal Component Analysis
(PCA) [40] and Chromatic Analysis [41] are some of the techniques that assist with substantially
reducing the dimensionality (complexity) of models and data. In the case of PCA and Chromatic
Analysis, generally two, three or more parameters are identified to explain the main features of the
behaviour. FD abstracts a single dimension from a data pattern in order to characterise its complexity
in a single parameter, which may be used as a coarse, highly compressed measure of complexity for
comparative purposes, at the expense of broad over-simplification of some of the detail of rich and
diverse patterns that machine learning methods can capture. It is thereby considered to be a potentially
suitable indicator for these purposes.

Fractal analysis can reveal patterns previously undetected by standard analysis of
frequency/duration. It was originally developed to analyse geometric complexity using the concept of
scaling [39] but has since been applied to the measurement of the temporal and spatial complexity of
biological structures or systems [42,43]. Medicine in particular has benefited from using this approach,
extracting ‘hidden information’ from physiological time series data, identifying for example, changing
complexities in heart rate as a response to age and disease in humans where standard analysis revealed
little detail [42]. Fractal analysis has also been applied in animal welfare studies to demonstrate
a reduction in behavioural complexity linked to parasitic infection and pregnancy in Spanish ibex
(Capra pyrenaica) [44], impaired health, ageing and low dominance status in Japanese macaques
(Macaca fuscata yakui) [45], sickness in chimpanzees (Pan troglodytes schweinfurthii) [46,47], exposure to
toxicants in fish and shrimps [48–50], welfare of marine diving mammals [51] and stress in dolphins
(Tursiops aduncus) [52]. Surprisingly in most of these studies, standard behavioural approaches revealed
little difference between treatments.

The aim of this study was to determine whether fractal analysis could reveal changes in female
zebrafish behaviour in response to a series of potentially painful procedures. Different modes of
pain elicit differing behavioural responses. For example, zebrafish administered with a potentially
painful stimulus to the lip area did not show tail wafting which is observed during the same stimulus
administered near to the tail fin (caudal peduncle) or after fin clipping [25,29,53]. Therefore, it is
vital to assess more than one mode of pain in the present study. Previous work in mammalian
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species has highlighted a reduction in behavioural complexity as a result of stress/impaired health
with speculation that behavioural complexity might correlate with states of increased allostatic
load [46,48,52] or with pain and pre-pathological stress states [43,54,55]. The utility of fractal analysis
to characterise the behavioural response of zebrafish to stress and to potentially painful stimuli could
provide a useful tool for welfare assessment of laboratory fish. We hypothesized that potentially
painful interventions in female zebrafish will also result in a reduction in behavioural complexity and
that administering a pain-relieving drug would ameliorate these effects.

2. Results

There was a significant interaction between treatment group and time (F28,192 = 2.757, p < 0.05;
Figure 1) indicating that the type of treatment had a differential effect on the resulting zebrafish fractal
dimension over time. The effect of both treatment and time on zebrafish FD was then investigated as
discussed below.

Figure 1. Mean (±S.E.) fractal dimension (y-axis) of zebrafish trajectories under the following
treatments: control, sham handled, fin clip + lidocaine, fin clip, PIT tag, 1% acid lip, 5% acid lip
and 10% acid lip (n = 7 each group) over time. * Significant difference (p < 0.05) when comparing
treatment groups with controls. Data points have been altered via jitter to reduce overlap.

2.1. Effect of Treatment

Initially all fish had similar FD properties pre-treatment with no significant differences between
any of the treatment groups (F7,48 = 0.794, p = 0.596; Figure 1) demonstrating lidocaine did not affect
FD prior to fin clipping. However, after treatment there were changes in complexity at the 1 h
(F7,48 = 4.388; p < 0.05; Figure 1), 2 h (F7,48 = 9.780; p ≤ 0.001; Figure 1), 3 h (F7,48 = 8.091, p ≤ 0.001;
Figure 1) and 6 h (F7,48 = 7.145, p < 0.05; Figure 1) time points. Post hoc analysis revealed that control
fish had more complex trajectories than the fin clip group at 2, 3 and 6 h (p < 0.05), the PIT tag group at
1, 2 and 3 h (p < 0.05), the 1% acid at 3h (p < 0.05), the 5% acid at 2 and 3 h (p < 0.05) and the 10% acid
group at 1, 2, 3 and 6 h (p < 0.05). The effect of stress in the sham handled group did not result in FD
that differed from controls but did result in much higher FD values than the PIT group at 1 and 2 h
(p < 0.05), the fin clip group at 2, 3 and 6 h (p < 0.05), the 5% acid group at 2 h (p < 0.05) and the 10%
acid group at 1, 2, 3 and 6 h (p < 0.05). The administration of lidocaine appeared to ameliorate the fin
clip as the FD values in this group did not differ from controls (p > 0.05) but did differ from the fin clip
group at 2 and 6 h (p < 0.05), the PIT tag group at 1 and 2 h (p <0.05) and the 10% acid group at 1, 2, 3
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and 6 h (p < 0.05). A visual analysis of 3D trajectory plots generated by treatment groups with high FD
values (control fish) versus low FD values (Fin clip, PIT tag etc.) appeared distinctly different with 3D
plots from fish with lower FD values indicating repetitive movement patterns (Figure 2).

Figure 2. Comparison between the 3D trajectory plots (0–5 min sample taken from a 25 min recording
at the 2 h time point) of three control zebrafish with fractal dimension (FD) scores above 1.15 (A,
FD = 1.17; B, FD = 1.16; C, FD = 1.18) and three treatment zebrafish with FD below 0.9 (D, FD = 0.88
10% acid lip; E, FD = 0.90 fin clip; F, FD = 0.90 PIT tag). Those selected reflect that observed across each
group. x, y, z-axes shown on plot F.

2.2. Effect of Time

Over the duration of the experiment there were no significant differences in the FDs of control
(F4,24 = 0.906, p = 0.476), sham handled (F4,24 = 1.294, p = 0.300), Analgesic fin clipped fish treated with
lidocaine (F4,24 = 0.119, p = 0.975) and 1% acid lip (F4,24 = 1.158, p = 0.354), therefore, this measure
remained the same for the duration of the experiment. However, the FD of the fin clip (F4,24 = 10.580,
p ≤ 0.0001) PIT tag (F4,24 = 6.112, p ≤ 0.005), 5% acid (F4,24 = 3.149, p < 0.032) and 10% acid group
(F4,24 = 7.967, p < 0.0001) declined over the 1–3 h time points with some groups showing a slight
increase in score at 6 h (except the 5 and 10% acetic acid groups). Pre intervention FD scores were
significantly higher than all other post intervention time points including 6 h (p < 0.05).

2.3. Hypothetical Scale of Severity

The range of values associated with each treatment appeared to occupy a sliding scale with control
(1.08–1.15; Figure 3) and 10% acid lip (0.83–0.97; Figure 3) occupying opposite ends of the spectrum
while the rest of the treatments (Lidocaine 1.06–1.12; Sham handled 1.04–1.11; 1% Acid 0.96–1.09; PIT
tag 0.94–1.05; 5% Acid 1.03–0.95 and Fin clip 1.02–0.9; Figure 3) overlapped each other across the range
of the spectrum. The clustering of FD scores for each treatment combined with the observed decrease
in FD as the percentage of acetic acid increased led to the tentative development of a potential scale
of severity ranging from Normal (Control); Stress (Sham); to Mild to Severe Pain linked to FD scores
from the painfully treated groups (Figure 3).
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Figure 3. Hypothetical FD welfare scale indicating the range of FD values associated with each
treatment group. A decrease in FD value indicates a reduction in welfare and an arbitrary scale of
intensity represents zebrafish welfare as normal, stressed and in pain from mild to severe.

3. Discussion

Fractal analysis of the locomotory behaviour of female laboratory zebrafish subject to two
laboratory procedures and a validated pain test was found to differentiate undisturbed fish from
those subject to potentially painful procedures. The reduction in the complexity of the fish trajectories
observed in this study signified a profound change in behaviour after a noxious event. While the
trajectory complexity of control and sham handled fish remained relatively constant over the duration
of the experiment, a significant reduction in complexity was noted across the pain groups. The decrease
in movement complexity associated with the potentially painful interventions used in this study is
similar to that observed in mammalian studies where acute stressors resulted in significant reductions
in behavioural complexity [43,48,56]. This is also consistent in studies on pain in rainbow trout [23,28]
and zebrafish [25,29,31,53] where the amount of swimming activity was reduced. Relatively lower
behavioural complexity has been suggested to be an indicator of stereotypical behaviour [57].
Stereotypies are repetitive behaviours with no obvious function but may be linked to a sign that
the animal is trying to cope with the current welfare challenging situation [58] or is in a state of
distress [59]. In the present study the 3D trajectory plots of individuals with the greatest reduction in
complexity showed repetitive swimming patterns. The presence of stereotypical behaviours in other
species may indicate poor welfare [60] which can result from the application of a noxious stimuli [61].

An important property of a system used to identify changes in animal welfare is its ability to
detect changes in behaviour that are proportional to the intensity of the applied stimulus. In this
study the FD value of female zebrafish trajectories declined at a rate that scaled with the concentration
of acetic acid. A previous study conducted in our laboratory [62] explored the effect of these same
noxious interventions on more traditional behavioural measures including average speed (cm/s),
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percentage time spent in the bottom of the tank and amount of the tank explored. In that study the
behavioural response of the 1% acid group was easily distinguishable from the two higher strengths
as the higher strength groups had slower average speeds and spent more time on the bottom of the
tank with less exploration: the difference between the 5 and 10% acid group, however, was much
harder to discern but can be seen using FD analysis here. The only behavioural difference between
the two higher strengths of acid was in the amount of time individuals spent in the top half of the
tank; zebrafish injected with 10% acid spent more time in the top half of the tank rather than the
bottom which was the case for all other treatment groups. This behavioural measure was similar
to that observed in controls but inconsistent with that observed in the other pain groups (fin clip,
PIT tag insertion, 1 and 5% acid groups) where avoiding the top half of the tank, an anti-predatory
behaviour or anxiety response [63], seemed fairly predictable. This failure to avoid the top half of
the tank by 10% Acid fish could be due to the severity of the pain being so great that it took priority
over normal anti predatory or anxiety behaviour; this phenomenon has been seen in another fish
species, the rainbow trout, where subcutaneous acid injection into the lips resulted in these fish not
exhibiting normal fear or anti-predator responses [23,64]. The use of standard behaviour measures,
therefore, required at least two behaviours (time spent in the bottom half of the tank and either average
speed or percentage of tank explored) to identify a meaningful difference between the 5 and 10% acid
groups [62] while here fractal analysis was able to differentiate the two groups with just one value.
Current definitions of animal pain suggest animals may respond by altering their behaviour and when
animals reduce activity this may be an attempt to conserve energy to divert to the healing process
but may also be similar to guarding behaviour where reduced use of a limb or area prevents further
damage and pain [5]. Reduced activity is observed in mammalian responses to pain and thus the data
presented here and in other studies using trout and zebrafish [23,30,31,62] suggests this response is
evolutionarily conserved and underlies mechanisms to recover from injury. In the laboratory context
prolonged changes in behaviour could potentially confound experimental studies [65] whereas in a
natural setting abnormal behaviours may alter the risk of being detected by predators [23].

The scaled decrease in movement complexity in relation to different strengths of acetic acid
allowed the development of a provisional scale of severity that we then used to attempt to gauge
the intensity of other commonly practiced procedures. Both the fin clip and PIT tag resulted in a
reduction in complexity that fell between that observed for the 5 and 10% acid groups suggesting that
these procedures are significantly painful. The changes in behaviour associated with these procedures,
however, could also be due to the physical changes of the body that accompany these interventions.
The impact of administering lidocaine which acts as a local anaesthetic with analgesic properties
makes this explanation unlikely since fin clipped fish behaviour returned to normal when lidocaine
was subsequently applied; their FD was not significantly different from control or sham handled
zebrafish and did not differ over time. It is worth considering that lidocaine could have impacted
normal behaviour although adverse behavioural reactions to this drug were not observed during
the pre-treatment time point. Indeed, a study using lidocaine as an immersive agent in zebrafish
demonstrated there were no side-effects when administering lidocaine alone [29].

The addition of extra weight via the implantation of a PIT tag appeared to have the least impact
on swimming performance with several studies reporting no negative effects across a range of species
on critical swimming velocity [65–68]; a measure of the swimming velocity at which maximum oxygen
uptake occurs [69]. Although similar studies have not been conducted in zebrafish, the PIT tags used
in this study equated to approximately 2% of the individual’s bodyweight. This is much less than the
tags (6–12% bodyweight) used in a study on chinook salmon (Oncorhynchus tshawytscha) which found
no detrimental effects on swimming performance [66]. Measurements taken within our laboratory
also suggest that female zebrafish can routinely carry eggs equalling 5+% of their bodyweight making
it unlikely that PIT tag insertion in this study affected swimming performance. The reduction in
behavioural complexity over the 6 h period, therefore, is likely to result from the tissue damage that
accompanies this procedure. The potential for this procedure to be painful is also validated by another
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study from within our laboratory where the standard behavioural measurements (average speed,
percentage tank explored and percentage time spent in the bottom half of the tank) of PIT tagged
fish diverted from control behaviour to a similar degree to that observed in the 5% acid group across
the 6 h experiment [62]. Previous studies have noted that in some species tagging is associated with
infections, reduced feeding and increased mortality [67,68]. The immediate physiological response
to the implantation of acoustic tags in carp and roach (Rutilus rutilus) led to an increase in cortisol
concentrations with peak cortisol levels occurring between 2 and 10 h post-tagging [70]. Although
the response to tagging appears to be species and tag specific [68] several studies have indicated
the potential for tag implantation to induce an acute stress response and lead to mortality although
no mortality was seen in the present study; the reduction in movement complexity noted in this
study would certainly suggest that the procedure is having a detrimental effect on behaviour. While
little has been done to address the potential for this procedure to cause pain, it is possible that the
implantation of PIT tags in the short term results in damage to the musculature of the body wall
leading to abdominal discomfort.

Tail or caudal fin clipping does have the potential to impede swimming ability when tested in
other species [71,72]. Comparisons between wild type and no-tail zebrafish indicated the absence of a
caudal fin could result in a 65% reduction in critical swimming performance [73]. This is an important
consideration as a reduction in the ability to swim efficiently could be responsible for changes in more
traditional behavioural measures such as locomotor activity, rather than being due to behaviours
associated with an animal undergoing a painful treatment. One of the benefits of measuring movement
or FD complexity, however, is that it is largely independent of behaviours related to swimming
performance and instead describes how the fish chooses to explore the area [43,74] thereby possibly
offering an insight into the subjective experience of the individual. Even if these procedures reduced
critical swimming velocity, this should not dictate an effect on complexity. To control for the effect of
any physical modifications on movement complexity we included a treatment group providing fin
clipped fish with lidocaine. The lidocaine appeared to ameliorate the behavioural effects of the fin
clip in that movement complexity was restored to those seen in control fish. The analgesic properties
of lidocaine have previously been demonstrated in trout, where the behavioural and physiological
symptoms associated with the injection of acetic acid were greatly reduced [28] and in fin clipped
zebrafish [29]. The ability of lidocaine to diminish the impact of the fin clip in this study is evidence
that the reduction in behavioural complexity was not due to the physical change accompanying
the removal of the fin but instead part of a complex behavioural reaction to painful tissue damage.
This was mirrored in our previous studies where the fin clip elicited reductions in average speed, tank
exploration and time spent in the bottom half of the tank [29,62]; these changes in behaviour were
greatly ameliorated via the addition of lidocaine and other analgesics highlighting both the success of
lidocaine as an analgesic as well as the ability of FD analysis to accurately describe the welfare status
of zebrafish.

The potential for the fin clip to be painful is considerable as studies have demonstrated the
presence of nociceptors within the tail fin of the common carp (Cyprinus carpio) [26]. Nociceptors are
sensory neurons that are preferentially stimulated by noxious stimuli. The properties of nociceptors
in fish have been well documented with their physiology being identical to that of mammalian
nociceptors [18,75]. The nociceptors found in the tail fin of carp consisted of C-fibres and A-δ fibres at a
similar abundance to those found in the trigeminal nerve in trout [26,75]. The removal of a considerable
section of tail fin is therefore likely to excite these receptors while exposing them to the environment.
As well as the identification of nociceptors, Roques et al. [26] also observed a distinct change in the
behaviour and physiology of fin clipped Nile tilapia (Oreochromis niloticus), with individuals showing
higher swimming activity while spending more time in the light than controls over the 6 h duration of
the experiment. The fin clip procedure in the present study also caused a distinct change in behaviour
relative to control and sham handled zebrafish with a reduction in movement complexity also lasting
for the 6 h observation period.
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Zebrafish are a gregarious species and are often held in groups. Studies have demonstrated
that group housed zebrafish recover more quickly from fin clipping than those held individually [76]
and that fear responses are reduced when zebrafish have olfactory and more importantly visual cues
of conspecifics [77,78]. This phenomenon is termed social buffering where social support assists in
reducing responses to threatening stimuli or events and appears evolutionarily conserved from fish
to mammals [77,78]. Thus, it is conceivable that if we repeated these experiments in group housed
zebrafish we may see a lesser or no change in the complexity of movement. However, we chose to test
individual zebrafish as this is more relevant to the laboratory context. Zebrafish are held individually
after invasive procedures to allow recovery and promote healing (e.g., cardiac surgery [79], optic nerve
crush [80] and spinal lesions [81]) or to allow genotyping from fin clips [29]. Further, the 3D tracking
of groups of animals whilst maintaining individual identity is not currently possible as demonstrated
in the present study for individual behavioural tracking. More importantly, it would be very difficult
to understand the complexities of the group response if we did not first understand the changes in
an individual so we propose this is a stepping stone for future studies which should investigate this
phenomenon in groups of zebrafish when technology allows.

The differential response of female zebrafish to the treatments in this study, indicate the ability of
some interventions to have a greater impact on behavioural complexity than others; fin clip and 10%
acetic acid interventions for example, exhibited much lower FD values relative to controls over time
compared to the sham handled or 1% acid lip groups. Identifying the range of values associated with
each intervention in this study allowed the tentative construction of a hypothetical FD based welfare
scale by which the severity of new interventions could be measured. In this present study there is a
clear gap between the ranges of values associated with control fish (1.08–1.15) versus those associated
with fin clip (1.02–0.9) and 10% acid lip (0.94–0.83). From this it could be argued that values close to
and above 1.15 indicate excellent welfare and those close to and below 0.9 indicate negative welfare.
Sham handled fish occupied a range of values from 1.04–1.11 potentially indicating a part of the scale
that might describe the stress of handling and anaesthesia. The range of values associated with the 1%
acid lip (0.96–1.09) group occupy the middle of the scale slightly encroaching on to the range of control,
PIT and fin clipped fish indicating a more mild to moderate impact on zebrafish welfare. From this
scale it could be argued that in terms of the severity of procedure, 10% Acid Lip > Fin clip > PIT > 5%
Acid Lip > 1% Acid lip>Sham handled. Future work could refine and add clarity to the scale through
the testing of a wider range of procedures and could provide a means of assessing actual severity of
a variety of invasive experiments including non-painful treatments that may cause stress or distress.
It would also be vital to extend this work to male zebrafish and to other strains where it is possible
behavioural responses may differ from AB females.

4. Materials and Methods

4.1. Subjects and Husbandry

Eight month old female zebrafish (D. rerio) (n = 56; mean size 0.83 g ± 0.04) of AB strain were
randomly selected from the University of Liverpool aquarium in-house breeding project: Stock fish
were maintained in a semi-closed recirculation system in 10 L tanks at 28 ± 1 ◦C, with constant aeration
on a 14:10 h light: dark cycle. The use of females removed the confounding factor of sex. Fish were
selected at random, netted carefully into a 3L tank and transferred individually to a semi-closed
recirculation system consisting of two parallel rows of nine glass tanks (20 × 30 × 20 cm; n = 1 fish
per tank) each fitted with an identical, external laminated printout of a green plant background.
The background acted as a green screen enabling the behavioural tracking system [82] to accurately
differentiate between the focal fish and the background. All tanks were supplied with filtered
water (pH 7.2, NH3 ≤ 0.01 mg/L, NO2 ≤ 0.01 mg/L, NO3 ≤ 5 mg/L) maintained at a constant
temperature of 28 ± 1◦C, under a 14:10 light: dark regime with aeration provided by an aerated,
fluidised 200 L biological filter. Fish were acclimatised in their experimental tank for two weeks
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prior to experimentation and fed twice daily ad libitum with a commercial tropical ornamental flake
(TetraMin, Tetra, Melle, Germany). Fish were only used in experiments if they fed readily when food
was presented for at least seven days. Fish were in chemical (through shared water) and visual contact
with adjacent tanks so they had social contact until the evening prior to experimentation when two
opaque pieces of plastic were placed in between tanks to visually isolate the test individuals.

4.2. Treatment Groups

The effect of several potentially painful procedures on the behaviour of zebrafish was tested
against control (undisturbed), sham handled (anaesthetised and handled in a similar manner and
time frame but no treatment) plus a further group that had a fin clip but were administered with
lidocaine (5 mg/L dissolved in the tank water) which prevented the behavioural changes associated
with fin clipping in a previous study on zebrafish [29]. Fish were randomly assigned to one of the
eight treatment groups (n = 7 for each group): Control; sham handled; five noxiously-stimulated
groups (1–3. Injected subcutaneously with either 1, 5 or 10% acetic acid into the lips; 4. PIT tag
injection through the abdomen; and 5. fin clip where 40% of the caudal fin was removed as described
in The Zebrafish Handbook (http://zfin.org/zf_info/zfbook/chapt7/7.8.html).); and an Analgesic
group subject to fin clip administered with lidocaine, a local anaesthetic with pain-relieving properties
(5 mg/L Sigma-Aldrich Co., Dorset, UK). Only the fin clip group were tested with lidocaine to
keep sample sizes to a minimum and previous studies have demonstrated drugs with analgesic
properties prevent behavioural changes in response to acetic acid [27,30,31,53,83]. Control fish were
left undisturbed for the duration of the experiment; all other treatment fish were carefully netted and
transferred to a 1 L beaker containing 500 mL of aerated water dosed with benzocaine (0.033 g L−1;
Sigma-Aldrich Co., Dorset, UK) where fish were anaesthetised to deep plane anaesthesia so they were
unconscious during the procedure. Benzocaine was used as it has short lasting analgesic properties [84].
After anaesthesia the sham treatment group were handled similarly but without any invasive treatment
applied. During anaesthesia the Acid groups were injected subcutaneously into the frontal lips using
2 μL per lip with either 1, 5 or 10% acetic acid using a sterile gastight syringe and needle (34 g;
Hamilton; Bonaduz, Switzerland). PIT tag treatment fish were orientated upside down and a sterile
20 gauge needle used to inject a 4 mm PIT tag into the abdomen (Loligo systems, Viborg, Denmark).
All fish were returned to their home tank after the intervention and allowed to recover from the
anaesthesia where video recordings began 1 h afterwards; no mortalities occurred in response to any
of the above treatments.

4.3. Data Collection

Fish movements were captured on video for 25 min periods, five times throughout the experiment
at the following time points; 40 min pre-treatment, 1, 2, 3 and 6 h after treatment. These time points
were chosen as fish subject to noxious stimulation usually show an initial adverse response up until 3 h
then recovery by six hours in acetic acid tests [23,25]. Fish were tracked using two industrial IDS USB
3.0 colour video cameras (IDS; Obersulm, Germany) fitted with a 25 mm monofocal lens and connected
to a computer (HP compact elite 8300; Palo Alto, CA, USA) running tracking software developed at
the University of Liverpool [82]. Cameras positioned dorsally and laterally to the focal tank were used
to track the 3D trajectories of fish. Cameras positioned above the tanks were mounted on a sliding
gantry 1.4 m above the two parallel rows of nine tanks; this enabled the cameras to be moved from
tank to tank without disturbing the fish. Cameras positioned laterally were attached to tripods 1.4 m
away from the focal tanks and were manually moved between tanks although only one tank on each
side was recorded each day with cameras moved the previous evening. Treatments were randomised
to prevent order effects. Data files generated by the 3D tracking software written in MATLAB were
used to analyse the fractal dimension of fish trajectories. The tracking software was validated through
blind comparisons with a human observer comparing the scores percentage (%) time spent in different
zones of the tank and % time spent inactive (8 videos tested with 100% accuracy). The pre-treatment
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behavioural recordings were carried out at the same time each day (commencing at 10:00 a.m. GMT),
to minimise any effect of diurnal fluctuations on behaviour. Inflow to all tanks was turned off at
9:30 a.m. GMT to isolate each tank chemically and in the Analgesia group the lidocaine was added at
this time to allow uptake and to ensure lidocaine in itself did not affect pre-treatment behaviour.

4.4. Fractal Dimension

Fractal dimensions (FDs) were obtained for the fish in order to characterise, in a single parameter,
various aspects of their behaviours during each 25 min period under study (see Supplementary
Information for raw data). The basic procedure for obtaining an FD followed that of Nimkerdphol
and Nakagawa [33,85]. An FD may be obtained from a variety of source data, for example location
or distance. In this case, three FDs, FD (x, y, z), were obtained from the location of a fish in the tank
along each of the x, y and z dimensions and an average composite FD was calculated for the three
dimensions FDx, FDy, FDz taken together. The procedure for ascertaining the fractal dimension for
a period consisted of obtaining discrete Fourier transforms of the x, y and z vectors computed with
the fast Fourier transform (FFT) [86] using the first 17 min (8192 location samples) out of the 25 min
recording period (the number of samples in the FFT needs to be a power of 2. With the sampling rate
used, 17 min = 8192 samples). A Fourier transform is usefully applied to signals in order to obtain
a different view of them which can give additional information. Often, the transform converts the
signal from one domain (e.g., time) to another (e.g., frequency). For example, a sound signal may be
graphically represented as the amplitudes of the sampled signal on the y-axis with the x-axis as the
time domain. In the case of the FD in the present study, application of the FFT in effect transforms the
domain from being the absolute location coordinate of the fish in time to the domain of relative change
in location coordinate. Figure 4 shows an example of the x-coordinate dimensions and the FFTs thereof
for a Control fish and a Fin Clip fish 2 h after treatment.

Figure 4. X-coordinates over 4096 samples (4000 shown) for a control zebrafish (a) and a fin clipped
zebrafish (b) in period 3 together with the plots (c,d) of the logs of the FFTs of the x-coordinates with
samples shown on the horizontal axis in the format log10(n/2) on plots (c,d).
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Figure 4a,b show the x-coordinates of a control fish (C2) and a fin-clip fish (FC2) in their tank 2 h
after intervention, indicating that C2 is much more active as compared with FC2 in both the extent
of the trajectories across the tank within x = 13 to x = 206 and the frequency of them, whereby the
maximum trajectories by FC2 are within x = 49 to x = 171 and are fewer in frequency. The gradient
of the plot of an FFT of a variable (here the x-dimension) gives an indication of the complexity of
the variable (here, activity in that dimension) and indicates the FD. For example, a static fish has a
flat, constant trace across the samples (i.e., a straight line in Figure 4a or b and a corresponding FFT
gradient (FD) of ~0. A fish that swims half way across the tank and back would have FD ~0.5, one that
swims fully across, ~0.92 and one that swims two full round trips across and back, FD ~0.94. The FDs
of C2 and FC2 in Figure 4c,d are 1.17 and 0.93 respectively, indicating that the complexity (FD) of the
control fish activity by location is substantially higher than that of the fin clip fish.

4.5. Statistical Analysis

Data were analysed using SPSS software 21. The fractal dimension data was normally distributed
for all interventions as assessed by Shapiro-Wilk’s test (p > 0.05), displayed homogeneity of variance
as assessed by Levene’s test (p > 0.05) and did not violate sphericity (p > 0.05). An interaction between
time and treatment was first tested on the FD via a mixed model ANOVA which also analysed the
impact of treatment group and time separately followed by post hoc Tukey tests to determine where
differences lay. A FD scale describing the welfare state of zebrafish was constructed using the range of
FD values for each treatment group. The range of FD values for each treatment group was calculated
using the means of the top and bottom third of all FD values post intervention. A hypothetical scale of
severity was created based upon the FD calculations.

4.6. Ethics Note

Experiments were conducted with approval from the Home Office, U.K. (licence no. 40/3534) and
the University of Liverpool’s Ethics committee. At the end of the experiment, fish were euthanized
using a schedule 1 method (concussion followed by pithing) and tissue harvested for use in other
studies. All fish were treated humanely and care taken when carrying out the treatments. As different
modes of pain elicit different behavioural responses it was vital we tested more than one type of
painful stimulus. The treatments were chosen as they represent either a standard pain test, such as
the acetic acid groups [23,27,31] or they are routinely used for identification purposes such as the fin
clip [87,88] and PIT tagging [67]; thus knowledge of the severity of these procedures would be useful
in refining procedures and applicable to other laboratories using these methods. The PIT tags used
weighed 0.020 g equating to around 2% of the bodyweight of the individuals used in this study which
is below the threshold weight of tags known to affect swimming performance [66]. Although there is
evidence that benzocaine may be more aversive than other anaesthetics [89], benzocaine also acts as
a local anaesthetic and so provides a period of short-term pain relief pre-operatively thus being the
more ethical choice of anaesthetic during these painful treatments. The sham treated group controls
for any stress associated with handling and anaesthesia. We did not perform any sham injections of
non-painful saline since previous studies demonstrate there are no differences between control and
sham injected fish [19,31,53,83].

5. Conclusions

The results from this study demonstrate the ability of fractal analysis to identify differences in
behaviour that scale with the intensity of the administered noxious procedure thus highlighting its
potential to reveal insights into the welfare status of zebrafish. This ability to differentiate between
different strengths of acid appeared to give it a better resolution than the more traditional behavioural
scores. Significant reductions in movement complexity were observed in most pain groups relative
to controls and sham handled fish, which is consistent with what has been observed in mammals
experiencing high levels of acute stress [43,44,52]. The greatest reductions in complexity were observed
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in the 10% acid lip and fin clip groups highlighting the possibility that these interventions may be more
intense while the provision of lidocaine ameliorated the impact of the fin clip further highlighting the
likelihood that these routine procedures are indeed painful. This data, therefore, demonstrates these
procedures should be accompanied by the provision of analgesia and here we can recommend the use
of 5 mg/L lidocaine based on the present study. Currently, procedures which result in acute pain for a
few hours are deemed to be of mild severity under EU legislation [90] but our results show that the
responses to fin clipping and PIT tagging persists for several hours and as such should be deemed
moderately severe. However, if immersion analgesia is provided to alleviate any associated pain
and discomfort, this procedure could be reduced to mild. The increased use of fish and in particular
zebrafish in research means that they are subject to a wide variety of invasive procedures with little
known about the ability of these interventions to cause pain. It is crucial, therefore, that non-invasive
tools like fractal dimension analysis be used and developed to address the severity of protocols so
that appropriate actions can be taken to ameliorate their impact upon health and welfare. Being able
to assess severity and possible pain from a laboratory procedure and further minimising pain via
analgesia represent important refinements in the treatment of experimental zebrafish.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3888/4/1/8/s1.
We supply the FD data set.
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Abstract: Fish social behavior can be affected by artificial environments, particularly by factors that
act upon species that show aggressive behavior to set social rank hierarchy. Although aggressive
interactions are part of the natural behavior in fish, if constant and intense, such interactions can cause
severe body injuries, increase energy expenditure, and lead the animals to suffer from social stress.
The immediate consequence of these factors is a reduced welfare in social fish species. In this paper,
we consider the factors that impact on the social behavior and welfare of Nile tilapia, an African
cichlid fish widely used both in fish farms and in research; this species is frequently used as a model
for physiology and behavior research. This is a polygynous species whose males interact aggressively,
establishing a territorial based hierarchy, where a dominant male and several subordinate males
arise. When social stability is shrunk, the negative effects of prolonged fighting emerge. In this paper,
we summarized how some of the common practices in aquaculture, such as classifying individuals
by matching their sizes, water renewal, stock density, and environment lighting affect Nile tilapia
social aggressive interactions and, in turn, impact on its welfare. We also discuss some ways to
decrease the effects of aggressive interactions in Nile tilapia, such as environment color and body
tactile stimulation.

Keywords: aggressive interaction; social stress; fighting ability; social rank; social communication

1. Introduction

Social behavior is defined as any kind of interaction between conspecifics, in such a way that
it influences their immediate or future behavior [1]. In this conceptual framework, fish social
behavior includes reproductive behavior, such as mating and courtship, cooperative interactions [2,3],
shoaling [4], and social hierarchy, which is marked by aggressive interactions to reach a certain social
rank and to defend territory, as well as environmental resources [5]. Social interaction, however, is not
limited to conspecifics, but it can also occur among heterospecifics, such as in client-cleaner coral
reef fishes, wherein a species cooperates by cleaning parasites off of another species, thus interacting
between them [6,7].

For each kind of social interaction, several types of information are exchanged between
interactants, either directly or indirectly. In the first and more generalized case, information is
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exchanged between interactants, for instance, during contests to achieve a dominant rank [8]. In the
second one, an individual gathers information indirectly from other interactants, and uses that
information at a later time, in a similar circumstance. For example, a male Betta splendens will quickly
engage in a contest after obtaining information about its rival’s fighting outcome if it is a loser, but will
approach more slowly if facing a winner from a previous fight [9]. Thus, socially organized individuals
receive and send several types of messages from/to conspecifics, within a social communication
network; it is interpreted depending on several intrinsic and extrinsic factors. When the external
environment is changed, social communication can be impaired and social interactions can be affected.
For instance, for some fish species chemical information is important in social rank communication [10],
however, water dilution can dilute such information, thus, disturbing social stability and increasing
aggressive interactions [11,12].

According to Creel et al. [13], social environment is one of the main sources that induces
physiological stress in vertebrates, known as social stress. The type of interaction alongside the
social rank stimulates the hypothalamic–pituitary–adrenal (HPA) axis, thus increasing the secretion
of glucocorticoids, which will impact upon the growth, reproduction, and immune function of
animals [13]. Cortisol levels, for instance, are higher for dominant or subordinate individuals,
depending on the circumstances [13]. Social instability, in turn, is usually associated to increased stress
and its negative effects upon individuals [14,15], as that is a condition characterized by intense and
prolonged fighting; therefore, knowing the factors that affect social behavior is an important tool to
understand the mechanisms modulating animal welfare.

A rich behavioral repertoire is shown by fish species from the cichlid group, whose social
behavior is complex and, although some variations can occur, it does have some patterns as a species.
For example, all cichlid species take care of their broods, which can be defined as a bi-parental
care, with both the male and the female caring for the eggs and fingerlings in the substrate [16];
or mono-parental care, with only the male or the female taking care of eggs by keeping the fingerlings
inside their mouths (mouthbrooding cichlids) [17]. Some species show cooperative behavior as
helpers in the group [3]. Despite these behavioral variations, all cichlid species engage in aggressive
interactions to establish social rank and territory [16], which is marked by biting, mouth fighting,
tail beating (known as overt fight), and by signals such as threats and other displays (restrained
aggression). This type of interaction is not only observed in adult males and females, but also in
juveniles, which show a very similar aggressive behavior to that of adults. For example, the angelfish
Pterophylum scalare and the Cichlasoma parananese show a similar social interaction, their social rank
being clearly established when they are juveniles [12,18]. Aggressive behavior is, therefore, part of the
competition for resources, for example, food, reproductive partners, spawning and brood care site,
in which dominant individuals have priority over others to access such resources [19]. Overall, the
adaptive value of such social hierarchy is to reduce the detrimental effects of competition, by organizing
the access to environmental resources and reducing the cost of prolonged fighting, such as energy
expenditure, body injuries, and social stress for the contestants.

Although aggressive interactions are part of their natural behavior, some of the common practices
in aquaculture, such as classifying individuals by matching their size, water renewal, stock density,
and environment lighting can affect social interactions in a way that shrinks the natural adaptive value
of social behavior. As a consequence, there will be reduced welfare in social fish species, as well as an
impact on fish production [5]. In this paper, we present a synthesis on social impairment and welfare
of Nile tilapia, Oreochromis niloticus (Linnaeus, 1758), an African cichlid fish widely used both in fish
farms and as a research model due to its physiology and behavior. In fact, tilapia production has
grown exponentially over the last few years (global production was approximately 5.6 million tons in
2015, [20]) and it has become the second most farmed fish species worldwide [20]. Thus, it is necessary
to consider factors affecting the species’ welfare to propose adequate technology for the improvement
of tilapia farming and housing.
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2. Nile Tilapia Social Behavior

Nile tilapia is a polygynous species whose male individuals aggressively interact establishing a
territorially based hierarchy [21]. The contestant males fight each other, a winner emerges (dominant
male) and starts to defend a territory wherein a circular nest is dug and courtship and spawning will
take place [22,23]. Many subordinate males defend territories near the dominant one, although some
males do not get any territory at all. Mating occurs through a lek system, with females visiting several
nests before mating (Figure 1). After spawning, females take the eggs in their mouths and carry out
mouthbrooding for nearly 14 days, until broods are completely released in the open environment [21].

Similarly to other cichlids, Nile tilapia adult males and females show social-rank based
interactions [24,25]. Juveniles also have a similar behavior to that of adults (e.g., [26,27]), however, it is
probably due to a competition for food rather than for reproduction [28]. Depending on the context,
social rank is kept among males through physical limits on the ground (territory and nest), as well as
through different types of sensorial cues, such as visual [29,30], chemical [31], and acoustic ones [32,33]
which counteract overt fights. When some of these social signs are impaired by environmental changes,
specifically artificial ones, social rank signals become unable to keep social stability, thus increasing the
negative effects of prolonged fighting, such as increased social stress and decreased growth, which are
indicated and discussed hereafter.

Figure 1. Nile tilapia’s social behavior. Males fight (A) and a dominant and subordinate rank
(clear and gray fish, respectively) emerge; the dominant male starts to defend a territory, wherein it
digs a circular nest (B). The mating system is a lek polygyny; then several males dig nests surrounding
dominants (B). Fish continue defending territory and attracting females (C). After spawning, the female
leaves the arena and starts mouthbrooding until fryers arise (D). Some males do not get territory and
stay around the arena challenging territorial males (some act as sneakers). Females (the smallest fish in
the drawing) visit the arena and mate with territorial males.

3. Social Stress and Socially Controlled Growth

The stress caused by the social organization of animals is an inherent biological characteristic to
many animal species, with representative examples on fish and other vertebrate classes [13]. For these
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species, different social statuses in a group will impinge different demands on individuals and,
therefore, different amounts of energy availability resulting in fish with different growth rates and
developments, including reproduction. Nile tilapia is one of these species, whose causal factors of
intraspecific growth heterogeneity were extensively investigated by our research group, at the time led
by Dr. Gilson Volpato, as shown hereafter.

Although results varied genetically for individuals with different growth rates, we observed that
the growth heterogeneity in Nile tilapia is associated with the social rank of the animals in the group;
i.e., dominant animals grow more than subordinate ones [34]. Volpato and Fernandes [35] proposed a
diagrammatic view of the mechanisms involved in the social control of growth in fish, considering
species that present or do not present a hierarchical rank. According to them, the heterogeneous
growth found in socially organized fish may be due to a combination of the following factors related
to social stress: different food intake rates (paradigm of food competition), different digestion rates,
appetite suppression, or different rates of energy expenditure of animals occupying different social
statuses in the group (paradigm of social stress). Studies conducted in our laboratory suggest that
dominant and subordinate Nile tilapia individuals eat equivalent amounts when food is not a limited
resource, with a temporal difference in intake; dominant animals eat before subordinate ones [35,36].
The stress arising from the social hierarchy of dominance is considered to be the main promoter
of growth heterogeneity in Nile tilapia. Subordinate individuals show higher metabolic rates than
dominant ones, thus indicating that most of the energy is used for other purposes. Studies developed
by Fernandes and Volpato [37] on the effect of social stress on carbohydrate metabolism in adult Nile
tilapia were pioneers in demonstrating that subordinate animals had a glycemic concentration that
was twice as high as dominant ones after two days of grouping, and had a significant decrease in
hepatic glycogen concentration after four days, which indicates that subordinates use more energy for
adjustment to social stress than dominants.

Metabolic differences between fingerlings from different social ranks were also demonstrated
by Alvarenga and Volpato [27], when they found a significant association between some agonistic
profiles and metabolism in juvenile Nile tilapia, inferred from oxygen consumption, resistance to
progressive hypoxia, and ventilatory rate. The authors pointed out that the metabolic variability among
individuals of the same social status is directly related to the agonistic profile of male interactants.
Then, the individual growth rate in Nile tilapia results from the individual metabolic pattern impinged
by the stress caused by the social hierarchical status. Subordinates grow less than dominants, in a
linear scale, according to their social rank.

Recently, de Verdal et al. [28] found no correlation between social rank, food conversion efficiency,
and growth rates in juvenile Nile tilapia. The authors concluded that such a result could be explained by
a low number of agonistic interactions and the fact that fish were under low food competition. However,
according to Carrieri and Volpato [36], the snatching frequency is not a reliable parameter to indicate
an individual food intake among Nile tilapia, which problematizes studies that require the evaluation
of the cumulative effect of competition on food intake, such as growth or conversion efficiency studies.
On the other hand, de Verdal et al. [28] studied groups of 15 individuals, which suggests that social
hierarchy could be affected by the number of animals interacting in the group.

4. Impacts on Social Rank-Based Behavior

4.1. Body Size and Fighting Abilities

An important cue related to social information is the access to the opponent’s fighting abilities [38].
In this sense, body size constitutes crucial information, as several cichlid species can visually access this
characteristic in their opponents (see [39], for Melanochromis auratus, and [40] for Astronotus ocellatus).
The more similar the size, the longer and harder the fighting, as shown for Nannacara anomala [41].
Despite this knowledge, fish like Nile tilapia are selected according to their similar size during grading
management in aquaculture systems [42], which results in fish with similar fighting abilities being in
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the same tank. This method can increase chances of mortality as a consequence of massive energy
expenditure and also of physical injuries. In fact, this is the case with Nile tilapia. Boscolo et al. [43]
studied the effect of matching Nile tilapia males, GIFT lineage, according to their size. They compared
aggressive interactions in groups formed by five homogeneously sized or heterogeneously sized
males. They found that fish had twice as many fights in the homogeneous group compared to the
heterogeneous one; they also showed social instability, although the cortisol level was similar in
both treatments. Furthermore, Barreto et al. [44], found a similar result for Nile tilapia, Thai lineage,
in which fish showed increased body lesions and scales loss when grouped according to their size.
In this case, cortisol was equally elevated for every individual in the similar-sized group, whereas it
was high only for alpha and beta fish in the heterogeneous group. Altogether, these studies clearly
demonstrate the negative impact of gathering fish with similar sizes (and similar fighting abilities)
on the Nile tilapia welfare. As an example, Garcia et al. [45] found a higher growth performance for
Nile tilapia in tanks where no size selection was applied. Thus, the heterogeneous growth originated
from social rank system seems to be an adaptive mechanism for reducing overt fights in Nile tilapia,
indicating that grading should be rethought.

4.2. Stocking Density

Stocking density, strictu sensu, is the concentration at which fish are initially stocked into a
system, but the term has been used to refer to the density of fish at any point in time, considering
either their biomass or the number of fish [46]. The stocking density is directly linked to welfare as
it affects food competition and consumption, growth, stress, health, and mortality [46]. For social
species, the number of individuals in a group is associated to the probability of encounters. As a
result, we would expect that the larger the group is, the higher the probability of fighting. However,
the contrary is observed for other species, such as salmonids, whose aggressive interactions reduce at
high stocking densities [46,47].

There are several studies regarding the effects of stocking density on the Nile tilapia production,
but only a few suggesting the effects of social behavior, although they do not quantify aggressive
interactions. For instance, according to Ellison et al. [48], Nile tilapia reared at low stocking densities
(fry LD = 94 individuals at 1.5 kg m−3 vs. fry HD = 366 individuals at 6 kg m−3) have an increased
expression of genes related to stress which is likely due to increased aggressive interactions; moreover,
they are more susceptible to the consequences of infection by Saprolegnia parasitica, and have higher
mortality rates. Overall, these authors showed that Nile tilapia reared at low densities have a
higher susceptibility to negative effects than those reared at higher densities. On the other hand,
Garcia et al. [45] showed that a low stocking density (130 juveniles m−3 vs. 450 juveniles m−3) improves
growth rate and food conversion in Nile tilapia. Among several factors, the authors discussed the
probability of a better opportunity for both subordinate and dominant fish to access food and to reduce
aggressive interactions among them. Barcellos et al. [49] studied the Nile tilapia’s response to an
acute stressor (net chasing) at four stocking densities (groups of one, two, five, and 10 fish/100 L−1).
They found higher cortisol levels at stocking densities of 10 fish compared to those of one, two, and five.
They attributed these results to detrimental effects from social stress, which was probably caused
by agonistic interactions. Although these three studies discuss the effects of social behavior on Nile
tilapia’s performance under different stock densities, none of them quantified their social interactions.
Indeed, the number of animals clearly hinders the aggressive behavior quantification for most of those
conditions. Furthermore, there are differences in the experimental protocol between those studies that
make it difficult to conclude only in terms of high or low density if social hierarchy can be affected
by the number of animals in the group, without considering the amount of available food, shelter,
and space [5]. Nevertheless, studies combining the effect of stocking density and social aggressive
interactions should be conducted in order to allow us a better understanding of its impact on Nile
tilapia’s welfare.
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4.3. Chemical Communication and Social Rank Signaling

Cichlids are known to use chemical information in several social interactions, particularly when
signaling social rank, as in Astatotilapia burtoni [50], for example. In fact, differences between dominants
and subordinates have been shown for the well-studied species Mozambique tilapia Oreochromis
mossambicus [10,51], whose male stores urine and releases it when a male intruder invades its
territory [52]. Furthermore, males reduce their aggressiveness against a mirror when exposed to
the urine of a dominant male [53], showing that urinary odorants act as a dominance signal for this
species, modulating the aggressiveness in rival males and keeping the social hierarchy stable.

The chemical communication is also important for the social behavior of this species. The first
authors to show the role of chemical communication in Nile tilapia were Giaquinto and Volpato [31].
They observed that the recognition of social positions for such species was impaired when chemical
communication was absent, even when there was visual contact. Male pairs were kept in an
aquarium and were separated by a transparent glass (so that they had visual contact) with a hole
in it, allowing water to flow between compartments. When the hole was capped and chemical
communication was interrupted, fish spent more time fighting and hierarchy was not established.
These results showed that chemical cues can play an important role in Nile tilapia’s dominance
relationships. Later, Gonçalves-de-Freitas et al. [11] simulated a scenario of water changing, a common
practice in fish maintenance. They tested the effect of water renewal on aggressive interactions
between pairs of juvenile male Nile tilapia, and found that after 50% water changing, subordinate
fish started to fight dominant ones again, destabilizing social hierarchy. This showed that chemicals
which signalized dominance had been washed out through water renewal, stimulating fights in
the group [11]. How, then, could we control the water quality without washing away important
social signals? The answer could be the amount of water renewed. In the juvenile angelfish cichlid,
Pterophyllum scalare, for example, a change of 25% water stimulated aggressive interactions in the
group for one hour, and after this period aggressive interactions returned to basal levels [12]. On the
other hand, after changing 50% water, fish kept an increased aggressive interaction rate for 24 h [12].
Thus, it is possible that other cichlid species, such as Nile tilapia, also behave that way, although this
hypothesis needs to be tested.

4.4. Environment Lighting

Changes in environment lighting can affect aggressive interactions and stress in fish by increasing
light intensity [54] or by changing the daily photoperiod [55]. These effects are usually indirect,
since they change the levels of melatonin in individuals, which is a light-controlled hormone
involved in the modulation of several types of behavior, such as biological rhythm, color change,
and aggressiveness [56]. High levels of melatonin are associated to reduced aggressive behaviors in
fish and other vertebrates, whereas the opposite is also true, i.e., reduced melatonin is associated with
increased aggressive behaviors [57–60]. Thus, long days and high intensity illumination are expected to
increase aggressiveness, although some differences can be found among fish species and developmental
stages. Environment lighting is a matter of consideration for the Nile tilapia welfare, because they have
a good sense of vision [61,62]; consequently, light can affect their behavior and physiology in several
ways. These factors are, however, more relevant in aquaria systems, inside laboratories, where the
environment is more translucent than in ponds.

In Nile tilapia, increased light intensity (from 280 to 1390 lx) reduces aggressive interactions
between pairs of juvenile males [63], whereas it clearly increases fights among adult males [64].
Although it is known that cichlids are more aggressive and tend to become dominant under long
photoperiods, such as Cichlasoma dimerus [65] and Tilapia rendalli [55], information about this influence
on Nile tilapia’s social behavior is scarce in the literature. According to Martinez-Chavez et al. [66],
Nile tilapia shows a daily variation in melatonin levels, which follows a clock-controlled rhythm (low
during photophase and high during scotophase); it allows us to hypothesize that the day length can
affect social aggressive interactions as it happens for other cichlids. Studies regarding the effect of
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day length on Nile tilapia is related to other important parameters to aquaculture purposes, such as
feeding rate, growth, and reproduction [67]. Thus, the effect of day length on aggressive interactions
of Nile tilapia is still an open research field.

5. Mitigation Technics

A way to reduce the detrimental effects of fish fights is, obviously, to know what increases
aggressive encounters and, then, shape the artificial environment accordingly. For example,
finding ways to keep low intensity illumination in translucent environments, renewing a lower
amount of water from the tanks, or avoiding grouping fish with similar fighting abilities (same sized
fish) in the same place. Knowledge on some of these mitigating factors is still scarce or confused,
such as stocking density. Therefore, it is obviously necessary to keep studying in order to find out how
external environment and management practices affect the social behavior of Nile tilapia. However,
there are some other strategies that can help reduce aggressive interactions. We will now discuss some
of them.

5.1. Environmental Enrichment

The first solution we can arrive at in order to improve Nile tilapia’s welfare is providing them
with a more enriched environment. As a definition, environmental enrichment is a modification of the
environment, which may increase the animals’ behavioral opportunities and lead to improvements
in their biological function [68]. Enrichment offers new opportunities to express behaviors and to
achieve preferred activities by animals [69,70]. In addition, it may reduce abnormal behaviors, such as
stereotypies [69].

Some studies with fish had already shown that environmental enrichment can reduce the
behavioral deficit in poor artificial environments [71–73]. It was also demonstrated that enrichment
decreases aggression rates between individuals in zebra fish (Danio rerio) [74], in the convict cichlid
(Archocentrus nigrofasciatus, redescribed as Amatitlania nigrofasciata) [75], in the pearl cichlid (Geophagus
brasiliensis) [76], and in the redbreast tilapia (Tilapia rendalli) [77]. These authors discuss that an
enriched and more complex environment may decrease the probability of encounters between animals,
by reducing the visibility between opponents or limiting the boundaries of small territories in the
environment, leading to a decrease in aggressive interactions in these species. However, the opposite
occurs for Nile tilapia. According to Barreto et al. [78], environmental enrichment increases the
aggressiveness in Nile tilapia males. Such an effect occurs because enrichment increases the value of
the resource (territory). Thus, individuals are more aggressive when striving for valuable resources
to themselves. In fact, the cost of fight can increase as the resource value increases [79]. Therefore,
environmental enrichment is not a way to counteract aggressive interactions in Nile tilapia, and would
reduce welfare instead.

5.2. Body Tactile Stimulation

Tactile stimulation is achieved through a mechanical stimulus, such as touches on the body,
when two or more individuals are interacting [80], or artificially, by using some devices [81,82].
Such stimulation has been studied as an alternative to promote animal welfare in several animal
groups. In mammals, for example, tactile stimulation reduces both stress levels [83] and heart beat
rates [84]. Soares et al [81] demonstrated that tactile stimulation decreases stress in a coral reef fish,
decreasing its cortisol levels after confinement. However, Bolognesi et al. [82] demonstrated that tactile
stimulation does not decrease the cortisol level in Nile tilapia immediately after the application of a
stressor (either social or non-social stressor), but it reduces the aggressiveness in pair staged fights.
Such an effect was supposed to be controlled by serotonin (5HT), since this neurotransmitter is released
during body tactile stimulation and acts as an inhibitor of aggression in fish [85,86]. This present
study raises the potential of using tactile stimulation as a way to mitigate the negative effects of social
aggressive interactions on Nile tilapia and other fish species.
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5.3. Environment Color

Fish have photoreceptor cones in their eyes, which give them color vision [87,88], and allow
them to discriminate between different colors in the environment [89]. The most common methods
for studying the effects of the colors of the environment are through testing different background
colors [90] or applying colors to the environment [91]. A red environment, for example, stimulates food
intake but not growth [92], whereas a blue environment is efficient to improve reproduction in Nile
tilapia [93]. Additionally, a blue environment influences Nile tilapia’s HPI axis, since isolated fish show
lower cortisol levels after a confinement stress [94]. Maia and Volpato [91] also demonstrated that a
blue lighted environment prevents the increase in the ventilatory frequency in confined fish. Although
how the color of the environment will affect Nile tilapia’s social aggressive behavior is not available
in the literature, we assume that this could be a way to reduce the detrimental effects of aggressive
interactions, since the blue color reduces stress levels in Nile tilapia.

5.4. Preference Tests

Naturally Nile tilapia’s welfare is not limited to their social aggressive behavior. Even though it is
not so easy to reduce this inherent individual stressor, it is possible to adopt several measures upon fish
behavior. Preference tests, for instance, are widely used to promote better animal welfare; through them,
we know what an animal wants regardless of physiological indicators [95–97]. By knowing what
animals prefer, we can shape the environment by providing the preferred items and therefore,
increase the fish welfare level. However, preference tests should be carried out under several conditions,
taking into account successive choices among several items, and keeping in mind that preference may
vary from individual to individual and over time [89,95]).

Some preference tests were carried out with Nile tilapia over the last years. For example,
Luchiari et al. [98] demonstrated that individuals prefer to access places lit by yellow light rather
than red, green, blue, or white light. However, a recent study conducted by Maia and Volpato [99]
showed that it takes at least 10 days of testing to find the color preference for this species, green and
blue being the most preferred colors in the population. Another study assessing the motivation of
Nile tilapia to access places with distinct colors also showed that they were less motivated to access
yellow and red, but were more motivated to access green and blue [89]. Few individuals prefer yellow,
which reinforces individual preference in such tests [89].

Mendonça et al. [100] showed that Nile tilapia males chose to make their nests in sand substrate
when compared to other substrates such as stones; this indicates that the weight and structure
of the substrate is evaluated by fish. Furthermore, Freitas and Volpato [101] tested different
substrates granulometry and also demonstrated that tilapia individuals prefer small-grained substrates.
This preference was more consistent during the morning period than the afternoon, proving the
relevance of the period of the day. As we can see, preference tests are still scarce to evaluate Nile tilapia
welfare. Further research is needed to understand how preferences could be associated to aggressive
interactions and if such preferences are capable of reducing their consequent detrimental effects.

6. Concluding Remarks

Several studies regarding the welfare in Nile tilapia consider growth, stress, and reproduction.
However, some of the problems found in aquaculture and the welfare of tilapia are, in fact,
consequences of their social interactions. It is necessary to keep in mind that social aggressive
interactions depend on the external environment, as well as on fish communication, and social
environment, which includes information and response from other individuals in a group (Figure 2).
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Figure 2. Summary of factors in artificial environment that would affect Nile tilapia’s social

behavior. For instance, light intensity, color, water renewal, grading for size, stocking density, and any
other management that directly affects social communication. When such changes increase aggressive
interactions, the welfare will be impaired by increased social stress levels and other effects from fighting,
such as body injuries and very high energy expenditure. In summary, everything that affects social
environment will affect welfare as well.

What is necessary therefore to know about social behavior in order to deal with Nile tilapia
welfare? The main points are listed here:

1. Knowing communication channels and their role as social signaling to keep a good environment
for social communication. Lack of information on social rank will increase aggressive interactions.

2. The dynamics of social interaction, including information regarding the adaptive value of such
behavior (e.g., fighting ability). In this sense, grading to gather same sized fish will group together
individuals with the same fighting abilities. The consequence will be increased aggressions and,
certainly, mortality will be higher than that already considered during fish management.

3. Factors affecting aggressiveness (such as environment lighting and color) and physiological
control, both neural and hormonal, of individual aggressiveness. Adequate control on such
variables will help not to exaggerate the effects from aggressiveness.

4. Strategies to counteract aggressive behaviors, such as body tactile stimulation, which will
increase welfare and health in several ways. This is still a developing possibility for fish keeping
and aquaculture.
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Abstract: Traditional animal welfare paradigms have focused on maintaining physical health and
mitigating negative impacts to wellbeing. Recently, however, the field has increasingly recognized
the importance of positive welfare (i.e., mental and physical states that exceed what is necessary for
immediate survival) and accordingly introduced manipulations and indicators of positive welfare
for use in agriculture, laboratories, and zoos/aquaria. The creation and monitoring of positive
welfare requires an in-depth knowledge of species-specific behavior and biology, which necessitates
species-specific or, at a minimum, taxa-specific standards. Research on positive welfare in fish is
lagging in this regard and therefore merits further consideration. In this paper, we aim to merge
what is already known about positive welfare with the existing fish behavior literature to develop
a plan of action for fish welfare research that will ultimately contribute to the development of positive
welfare standards and assessment strategies for fish. We begin by exploring the origins of positive
welfare research and then outline the physical, psychological and species-specific areas of inquiry that
can be investigated in fish. In addition to presenting current findings on fish motivation, emotion,
potential sources of positive welfare such as fulfillment of motivational urges (establishing agency,
engaging in exploration and learning), and play behavior, we also identify promising areas for future
research aimed at developing accurate and appropriate indicators of positive welfare in fish.

Keywords: animal behavior; fish welfare; positive welfare; welfare enhancement; negative and
positive affect; motivation

1. Introduction

The past two decades have witnessed mounting interest in fish welfare and mounting interest in
positive welfare, i.e., mental and physical states that exceed what is strictly necessary for short-term
survival. To date, these trends have mostly progressed in parallel, with very little work at the intersection:
positive welfare for fishes. Recent empirical (e.g., [1]) and theoretical breakthroughs [2–4], however,
suggest that the time is ripe for such investigations; positive welfare can no longer be considered
a luxury—it is critical to understanding and creating even minimally-acceptable welfare—and advances
in fish behavior and cognition research [5,6] point to many exciting areas for future work.

Historically, animal welfare science has focused on alleviating suffering (chronic stress, pain,
etc.) and identifying physiological and behavioral signs of poor welfare, such as frequent illness,
elevated blood cortisol and stereotypic behaviors [7]. Fish research has been no exception to this
pattern. However, there is now a growing recognition among animal welfare scientists that pursuing
the goal of relieving suffering does not lead to a lack of suffering [4,8], thus indicating that even neutral
animal welfare necessarily involves positive welfare.

Interestingly, in the early 2000s, human psychology came to a similar conclusion: that psychological
science is not complete without understanding positive experiences and positive emotions [9].
This realization resulted in a new field of study (positive psychology) and the central insight that a life
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without positive experiences is not merely a neutral life, it is a bad life [9]. Positive experiences protect
against boredom, languishing, and emotional distress, and positive emotions strengthen long-term
well-being, resiliency, and even improve biological outcomes, such as increased cardiovascular
health [10]. Similar patterns are now being identified across the animal kingdom [4,11,12] and there is
every indication that the same mechanisms function in fish as well.

The aim of this review is thus 2-fold. First, we wish to document the origins of positive welfare
research, investigate its assessment parameters and highlight the significance of positive affect in
animal husbandry. Second, we seek to explore the potential ways in which these concepts have been
and could be applied to fish welfare research. In addressing these issues, we survey the current
literature on positive welfare and identify three important areas of consideration for future work on
positive fish welfare: (1) environmental inputs that are likely to produce positive welfare for fish,
(2) assessing positive welfare in fish utilizing recent developments in emotion research, and (3) play
behavior, which, under certain conditions, is consistent with aspects of positive welfare [13] and likely
occurs in some species of fish [14].

2. A Brief History of Positive Welfare Scholarship

2.1. Original Conceptualizations of Positive Animal Welfare

Fraser and Duncan [7] were among the first welfare researchers to propose incorporating measures
of positive affect into welfare assessment. They reasoned that if animals experience negative affective
states (pain, hunger/thirst, fear, exhaustion, etc.), evolutionary theory suggests they should experience
positive affective states as well. According to Fraser and Duncan [7], motivational affective states (MASs)
evolved as separate processes to solve two different types of motivational problems; survival situations
(what the animal needs) and opportunity situations (what the animal wants/likes). In both scenarios,
the animal’s affective state and resulting behavioral responses usually result in an evolutionarily
advantageous outcome where the net outcome of the action on the animal’s fitness is positive.
Affective states are triggered by internal or external stimuli and subsequently motivate certain types of
behavioral responses which can be positive (pleasure, joy, excitement, fulfillment, etc.) or negative
(pain, hunger/thirst, fear, exhaustion, etc.). From an evolutionary standpoint, it is therefore in the
animal’s best interest to avoid prolonged negative affective states and promote positive states in order
to optimize fitness.

Fraser and Duncan [7] suggested that analyzing behavior using their conceptual framework of
positive and negative affect is necessary in order to generate a comprehensive assessment of an animal’s
welfare. Historically, welfare research has largely focused on mitigating prolonged need situations,
i.e., those in which the animal is required to perform an action necessary to cope with threats to their
survival and the resulting negative affective states, such as fleeing from a predator or searching for
water during a drought. While providing relief from need situations will have a net beneficial effect on
poor animal welfare, the most this approach can accomplish is to raise the welfare status from poor
to neutral. While prolonged need situations are detrimental to animal welfare, their absence does
not indicate positive affect. Fraser and Duncan [7] argued that providing animals with situations to
promote positive affective states such as pleasure and joy are necessary to improve welfare past the
neutral point. This work provided the imperative to incorporate positive welfare markers and use
a combination of behavioral analysis and life history knowledge to predict when an aspect of animal
management is likely to cause a positive reaction.

While the evolutionary theory and behavioral observations discussed by Fraser and Duncan [7]
strongly suggested that positive emotions are not exclusive to humans, there was still little practical
information regarding ways to promote positive affect in animals. Yeates and Main [15] were among
the first ethologists to compile and publish a comprehensive review of positive welfare assessment
methodology, suggesting that positive welfare should be evaluated on the basis of input (physical
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resources that are required or valued by an animal) as well as output (positive outcomes such as
behavioral responses, cognitive processes and physiological markers indicative of positive affect) [15].

Experimental approaches that might allow researchers to explore animal happiness include
physiological, behavioral and cognitive assessment. Yeates and Main [15] noted the utility of
analyzing each source of evidence in context; for example, a behavior pattern appearing to be
connected to a positive emotional experience can be corroborated by its display in appropriate contexts
indicative of positive affect. Behavioral indicators of positive welfare involve activities typically
performed when an animal’s affective state is positive, such as, behavioral reactions to pleasant
taste, vocalizations associated with outcomes expected to entail positive affect, and facial expressions
associated with positive experiences [15]. Though the facial expressions of fishes are not well studied,
many species of fish are known to be capable of producing distinct vocalizations that could be useful
in discerning their general affect and it is reasonable to expect the possibility that fish display a range
of physical and behavioral reactions in response to pleasant sensation (including changes in facial
conformation).

Later, Balcombe [16] expanded on the evolutionary significance of positive affect, reiterating Fraser
and Duncan’s [7] claim that pleasure is adaptive as it motivates animals to partake in activities
that benefit their fitness and evaluating potential sources of pleasure in animal life. In so doing,
Balcombe [16] presented an overview of common behaviors likely to initiate or indicate positive affect,
such as playing, engaging in sexual activity, eating and tactile stimulation.

2.2. Current Thinking on Positive Animal Welfare

The last decade has seen a marked increase in interest in positive animal welfare and proposed
applications facilitating positive affect in animal husbandry guidelines. A number of prominent
ethologists have advocated for incorporating positive welfare measures into existing welfare assessment
paradigms. For example, Mellor [17] suggests incorporating positive welfare assessment into the Five
Freedoms [18], arguing that fulfilling the Five Freedoms is not sufficient to ensure animal welfare as
it ignores important psychological aspects of welfare beyond the animal’s immediate physical and
biological needs. Similarly, Mellor and Beausoleil [19] propose modifying the Five Domains model of
animal welfare developed by Mellor and Reid to include a measure of positive welfare in each domain
(see [17] for a table of Five Freedoms and updates for positive welfare).

Other scientists have proposed incorporating methods used in human psychology into existing
animal welfare assessment paradigms. Mellor [20] presents a neuropsychological explanation of
the relationship between emotions and behavior in animals based on a model of action-oriented
systems previously described in humans. Webb et al. [21] suggest adopting human quality of life
indicators into animal welfare assessment methodology as a framework for quantifying and assessing
animal happiness.

Most recently, ethologists have proposed methods of incorporating positive animal welfare
indicators into animal husbandry and management guidelines. Lawrence, Newberry and Spinka [22]
propose applying positive welfare assessments in order to improve the quality of animal life
in pig-keeping, highlighting the overwhelming bias towards negative welfare research thus far.
Similarly, Whitham and Wielebnowski [23] and Wolfensohn [24] suggest incorporating positive welfare
into standard animal welfare assessment guidelines used by zoos and aquariums (such as the Animal
Welfare Assessment Grid).

3. Motivation and Environmental Inputs

What types of environments and opportunities are likely to create positive welfare for fishes?
In general, animal welfare relies on understanding what the animals want, which provides a starting
place for testing ideas regarding what inputs are likely to be needed for ensuring welfare [25].
For example, a seminal study in mink (Neovison vison) used behavioral economic principles and
methodology to show that mink will push heavily weighted doors to access swimming pools but will
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not push as hard for access to slightly more (empty) space. Importantly, this program of research also
showed that consistent with their motivational preferences, mink experience increased stress when
they are prevented from having access to swimming opportunities, but not when they are prevented
from having access to slightly more space [26]. Recent studies have used similar experimental designs
in fish to show, for example, that goldfish will swim against a current to access plants [27] and that
a species of cichlid, Mozambique tilapia (Oreochromis mossambicus), will push against a door to access
social partners [28]. Before the experiment is designed and the data collected, however, the model of
motivation inspiring the study plays an outsized and sometimes hidden role in the type of information
that is gained from the research [29].

Thus far, the predominant model of motivation in animal welfare has been an implicit model
that is focused on modifying physical parameters within the current systems of use, e.g., agriculture,
laboratories, zoos and aquaria. While this informal ‘model’ has provided invaluable information
regarding the elements that need to be changed to mitigate and alleviate potential suffering, it has
been less useful for answering questions related to positive welfare. The creation of positive welfare
requires a more sophisticated model of motivation, one that is not merely reactionary to currently
suboptimal conditions, but instead identifies promising areas of investigation for the goal of creating
a full and fulfilling life.

Recent work in human psychology provides one such model of motivation. Higgins [30] has
identified three domains to consider in motivation research: (1) value effectiveness, the motivation to
have valued outcomes (and avoid aversive ones), (2) control effectiveness, the motivation to be in control
or be agentic, and (3) truth effectiveness, the motivation to learn and have opportunities for cognitive
engagement. Evidence for these three domains can be found throughout the animal kingdom [12],
indicating that this model may also serve as a useful framework for developing hypotheses related to
what inputs may promote positive welfare in fish.

3.1. Motivation for Value Effectiveness

To date, the most studied domain of motivation in animal welfare is value effectiveness:
the motivation to have or to avoid specific material outcomes. Classic animal welfare research
that falls into this category has shown, for instance, that hens are highly motivated to access nest
boxes before laying [31]. Work related to value effectiveness has been conducted in many species of
fish as well. One recent study used a preference index to assess Nile tilapias’ (Oreochromis niloticus)
motivation over time for different tank wall colors [32] and other work has shown that male tilapia’s
(O. mossambicus) substrate preference is conditional on social context [33]. Similarly, other work has
shown that Coho salmon (Oncorhynchus kisutch) have a strong preference to be in environments with
dark backgrounds and, when restricted to lighter backgrounds, are four times more aggressive than
when they have access to dark backgrounds [34].

While value effectiveness is often used to identify husbandry features that might cause suffering
by their presence (e.g., aversive ambient conditions) or absence (e.g., preferred substrate), it can
also stimulate hypotheses for resources that might promote positive affective states. For example,
research designed to identify which food sources a fish is most motivated to eat (regardless of nutritional
content), could provide ideas for food items to periodically introduce into their diet to create sensory
pleasure [16]. Similarly, studies assessing the motivation to access hiding structures would be a first
step to understanding what design features may best promote a sense of safety and security in fish.

3.2. Motivation for Control Effectiveness

Control effectiveness refers to the desire to manage or control what happens [30]. In other words,
beyond the desire to simply have good outcomes (which would be classified as value effectiveness),
studies in many different species have indicated that animals are also motivated to be agentic, to be
the one who brings the desired outcome about [12,35]. Support for the importance of a distinct
motivation for control effectiveness can be found across the animal behavior and welfare literature,
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including recent work on animal agency [2,11], the proposed relationship between predictability and
animal welfare [36], and contrafreeloading studies, some of which date back to the middle of the last
century [37]. The common thread throughout all these lines of research is the evidence that animals are
interested in taking action, often rejecting opportunities to be passive recipients of desired end-states
and benefiting from opportunities have more control over their lives.

While we are not aware of any research directly assessing motivation for control effectiveness
in fish, there are several studies that indicate it is a promising domain to consider. For example,
Nile tilapia were found to have improved immune function and lower stress levels when they had
control over their feeding schedule [38]. This study employed a yoked design in which half the fish
were given access to a device that allowed them to trigger the release of food on demand. The other
half of the fish received food on a ‘yoked’ schedule, matched to when the first group activated the food
device. This design thus kept the material outcomes and their timing constant across both conditions;
the only difference was that one group had control (agency) whereas the other did not. As such,
the improved immune function (which, in addition to positive welfare, may have added production
value), can be traced to the increased agency in the self-feeding group.

More work in the domain of control effectiveness in fish is clearly needed and the large body
of evidence across species of terrestrial animals [11,12] points towards several promising areas for
future fish welfare research. In particular, contrafreeloading studies—which assess the degree to which
animals will perform unnecessary work (e.g., lever pressing or foraging behaviors) for freely available
resources—could investigate whether fish contrafreeload and if they do, determine what sorts of work
they enjoy most.

Another methodology that may be useful for examining whether fish are motivated to have
control is conditioned place preference (CPP) paradigms, which involve training an individual to
associate a neutral environment with a certain type of experience (e.g., receiving a reward). If the
animal perceives the experience to be positive, the originally neutral environment will eventually
become preferred and if the animal perceives the experience to be negative, the originally neutral
environment will eventually become aversive. As CPPs have already been successfully demonstrated
in some species of fish including zebrafish (Danio rerio) [39] and gilthead sea bream (Sparus aurata) [40],
CPP studies represent a promising avenue for future research of this kind. If fish are motivated to have
control or be agentic, we would expect future research to show that fish develop CPPs for environments
in which they experience control opportunities.

3.3. Motivation for Truth Effectiveness

The third domain to consider is truth effectiveness, the motivation to learn, explore, and engage
in cognitively stimulating activities [30]. The motivation for truth effectiveness is distinct from the
motivations for value effectiveness and control effectiveness in that it refers to the motivation for
gathering and processing information. In other words, beyond the desire to simply have good
outcomes (value effectiveness) and to make good outcomes happen (control effectiveness), studies in
many different species have indicated that animals are also motivated to explore, solve problems,
and understand patterns [12,35].

Evidence for truth effectiveness motivation in nonhuman animals dates back to classic studies
from the middle of the 20th century, with Harlow’s [41] work on problem-solving behavior in monkeys
and Berlyne’s [42] investigations into curiosity in rats. Since then, many other species have been found
to want to engage in information processing activities, causing scientists to refer to a fundamental
exploratory motive [43] and link problem-solving opportunities to animal welfare [44]. Most recently,
there is mounting interest in animal boredom, which is a potentially underappreciated welfare risk and,
without appropriate cognitive stimulation, one which many captive animals are likely to suffer [3,4,45].

Existing evidence suggests that at least some species of fish have a motivation for truth effectiveness.
Anecdotally, fish are often noted for their curiosity, i.e., the motivation for information—for example,
the observation that in experimental settings, some species of fish are known to explore a maze even
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after it has been solved. There is also some scientific work to support this impression [14]. For example,
experimental work has shown that European minnows (Phoxinus phoxinus) have a strong propensity
to inspect novel objects [46] and when given the opportunity, zebrafish will readily inspect new
spaces [47].

Novelty and exploration are not inevitably motivating to animals, however. Most species find
forced exposure to novel environments and unfamiliar objects to be aversive, which is why these
manipulations are often used to assess negative emotions such as anxiety, stress, and fear. Indeed, one of
the most commonly used tests of negative affective state in fish is the novel tank diving paradigm [48].
The key difference between these types of tests and those that can reveal an animal’s desire for exploration
is whether exposure to the novelty is voluntary or forced. Under forced-choice exploration paradigms,
animals often show signs of aversion, whereas under free-choice paradigms, animals often show signs
of preference for information gain [43]. Thus, future work aimed at assessing the degree to which
fish species may be motivated for learning, exploration, and problem solving (i.e., truth effectiveness),
should employ free-choice paradigms whenever possible and ensure that fish have access to a familiar,
safe shelter in which they can retreat if a novel experience becomes overwhelming.

Providing fish with environmental enrichment [49] designed to increase complexity while
mimicking their natural habitat may be an effective way to offer choice, encourage exploration,
and facilitate curiosity. While determining appropriate enrichment strategies is highly dependent
on the species’ natural history, there are some principles that have been found to be successful in
generating positive effects on a variety of species used in research and aquaculture. In general,
many species of captive fish benefit from the incorporation of species-appropriate substrate, tank color,
structural complexity and sensory stimulation provided by aquatic plants and submerged structures
such as logs or rocks. For a comprehensive overview of current environmental enrichment research for
captive fishes, see Näslund and Johnsson [49].

4. Positive Emotion

The study of emotions in animals has received a growing interest in the past few decades,
as evidenced by the emergence of a new discipline referred to as Affective Neuroscience [50] and fish
research has been no exception to this trend [1,51]. From an evolutionary perspective, emotions are
considered to be adaptive programs intended to direct other physiological responses or directly
solve adaptive problems faced by a species over time, defined as intense but short-lived affective
responses to an event manifested through physical changes [50]. Emotion is classically described as
including a behavioral component, an autonomic component (physiological and endocrine responses)
and a subjective component (emotional experience or feeling), and can thus be assessed using both
physiological and behavioral parameters [50].

4.1. Physiological Indicators of Positive Emotion

Changes in physiological parameters such as heart rate, blood pressure and levels of adrenaline
and/or cortisol are often used as indicators of emotions. However, physiological markers should ideally
be paired with a behavioral assessment as physiology on its own may indicate sensory arousal but not
necessarily emotional valence [51].

The link between rewarding behavior and positive emotion has been established through both
behavioral and neuropsychological analysis. Appetitive (seeking/wanting) behaviors or incentive
salience have been associated with the release of dopamine from the mesolimbic pathway, a neural
pathway found in most vertebrates (including fish) that is responsible for facilitating reinforcement and
reward-related motor function learning and plays a role in the subjective perception of pleasure [52],
while consummatory (liking) behaviors have been associated with opioids [50]. Social behavior,
reproductive behavior, play, self-grooming and other maintenance behaviors all have rewarding
properties, releasing endorphins which activate the mesolimbic system, establishing a positive
feedback loop and corresponding behavioral expression. Conversely, deprivation of opportunities
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to perform specific rewarding behaviors produces signs of withdrawal paralleling those observed
in deprivation of an addictive drug, further reinforcing the link between rewarding behavior and
pleasurable experience [50].

Emotional limbic activity has been shown effect immune function in vertebrates, suggesting that
immune activity may prove a promising tool in investigating emotion [50]. In pigs, positive and
negative emotional experiences affected immune system parameters (s-IgA levels) antagonistically,
paralleling results of experiments on the relationship between emotion and immune function in
humans [50]. It should be noted that immune system function is influenced by a plethora of external
and internal factors and should therefore only be used to assess emotional valence in in conjunction
with other physiological or behavioral markers.

Physiological evidence suggests that fish possess the necessary anatomical and chemical structures
to experience emotion [6,51]. It appears that emotions involve brain circuits that have been
conserved and elaborated upon throughout vertebrate evolution [53]. The fish telencephalon has
homologous limbic and dopaminergic structures involved in emotional processing similar to the
mammalian amygdala and hippocampus. Additionally, fish show stress responses similar to mammals,
releasing adrenaline and noradrenaline during fear and stress responses, resulting in increased heart
rate and ventilation. Fish also produce cortisol in response to emotional stimuli and express transmitter
substances including dopamine, serotonin and oxytocin/isotocin associated with reward and mood in
humans [54,55]. Finally, multiple studies have shown that fish possess the physiological criteria for
pain perception including nociceptors, natural pain-killers (opioids), neural pathways and other brain
areas involved in pain perception [56–58].

4.2. Behavioral Indicators of Positive Emotion

A number of behaviors, many of which have been documented in fish [14], can signal positive
emotional experience in animals, including successful coping, accessing reward, and successful
goal-directed behavior. Boissy et al. [50] propose monitoring five behavioral expressions of positive
welfare; play behavior, affiliative behavior, self-grooming, vocalizations, and information-gathering.
Most research on positive emotion in fish has focused on affiliative and play behaviors, the latter of
which is discussed in the section on play.

A potential source of positive emotion in gregarious species is communication and social
bonding [59]. As social bonding is a critical element of survival in many species, it follows that
pro-social behaviors incorporating fitness benefits may indicate positive emotional states. Pro-social
affiliation is likely a good starting place to explore positive emotions in fish as they have various
communication modalities [51] and diverse and complex social behaviors.

For example, many fish species have the ability to recognize each other as individuals and some
also exhibit parental care [51]. Similarly, some species of cichlids form monogamous pairs and have
helpers, constructing a social group of fish of both sexes who share in defending territory and the
brood [51]. Studies on zebrafish (Danio rerio) have shown that proximity to a conspecific has rewarding
properties and that even mere visual contact with a conspecific can be used to reinforce behavior
in an associative learning task [60]. Allogrooming represents another group activity that has been
linked to positive emotion, such as inducing a relaxed state [50] in fish and other vertebrates. In fish,
it has been shown that tactile stimulation can lower stress levels [61] and facilitate future pro-social
interactions [62]. Taken as a whole, these lines of research indicate that, under certain circumstances,
the presence of a conspecific and pro-social behavior is likely to involve positive emotional responses
in some species of fish.

Following this line of reasoning, Franks et al. [63] evaluated a distinct type of shoaling behavior,
heightened shoaling, in order to determine its candidacy as a behavioral indicator of positive emotion
in zebrafish. Continuous scans of six 30-L tanks of zebrafish housed in semi-natural conditions (sloping
gravel substrate, artificial plants, and rocks) revealed multiple instances of this unique and discrete
behavior: distinct episodes of abnormally high group cohesion and synchrony, typically lasting for
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approximately 7 min, but sometimes as long as 30 min. Because these episodes of heightened shoaling
were also characterized by low aggression and seemed to occur spontaneously, due to internal group
dynamics alone, they share many of the features that are associated with positive emotion in other
species [50]. This study underlines the need for a better understanding of species-specific behavior
under naturalistic condition in order to successfully evaluate the true behavioral repertoire that may
be indicative of positive emotion [7,50].

Communication is another promising area of study, although it should be noted that traditional
methods of evaluating social communication in animals may not be applicable to fishes. Rather than
relying on anthropocentric behavioral manifestations of pleasure such as facial expressions, we suggest
investigating alternate behavioral indicators of positive affect specific to fish, including vocalizations [64],
chemical signaling [51], coloration changes, electrical impulses, and bioluminescence. In sum, there is
a diversity of potential for future work in identifying behaviors indicative of positive emotions in fish.

4.3. Eliciting Positive Emotion in Fish

Boissy et al. [50] propose several practical ways of promoting positive experiences in farmed
animals, in both the short and long term: positive anticipation (signaling or predicting a reward in
advance), positive contrast (giving a higher reward than expected) and coping and controllability
(enabling the animals to cope with or to control the situation). These interventions can all be applied
to and tested in fish, suggesting many fruitful ideas for how positive emotions might be elicited and
studied in fish.

Anticipation of a positive or rewarding event induces a state of positive affect. Investigations of
what animals find positively reinforcing and of the animal’s behavioral expression during anticipation
or expectation of the rewarding result provide a basis for assessing positive emotional states in
animals [50]. Such work (some of it dating back decades) has already been conducted in several species
of fish. A recent example comes from work by Nilsson [65], who used conditioning and trained groups
of cod (Gadus morhua) to associate a light signal with a positive up-coming event, i.e., the delivery of
food. The fish showed anticipatory behavior and gathered in the feeding area after they had been
presented with the light signal.

Positive contrast, on the other hand, describes the experience of receiving an outcome that is
better than expected. In a typical positive contrast experiment, an animal is first trained to expect
a reinforcer of a certain size. The test phase occurs when the expected reward is replaced by an even
stronger or larger reinforcer (e.g., more food or better-quality food). If the animal changes its behavior
so that its response is faster/more vigorous than that of a control group given the larger reinforcer
from the start, a successive positive contrast (SPC) has occurred [50]. Interestingly, an early study
by Bottjer, Scobie and Wallace [66] found behavior in goldfish (Carassius auratus) that is consistent
with a positive contrast effect. In this study, goldfish in the positive contrast condition responded at
a higher rate to the conditioned stimulus (a light cue) than fish in the control condition, despite the fact
that the reinforcement level (i.e., food amount) was the same for both groups. Given the cognitive
sophistication found in many species of fish [5], it is likely that other species of fish may experience
positive contrast (i.e., are able to track the relative value of a reward rather than it’s absolute value),
which suggests that positive contrast may be a promising area for future research on positive emotion
in fish.

Finally, scholars have suggested that successful coping and exerting control over the environment
can also increase positive welfare [12]. While facing challenges inevitably involves some degree of
stress, only chronic stress brought about by the persistent inability to cope causes long-term distress
and learned helplessness [50]. In contrast, short-term social and physical challenges can be perceived as
positive engagement experiences when the net result is a learned coping behavior and/or rewarding goal.
In other words, if there is a high probability of success, challenges can actually be a source of positive
welfare. Studies applying learning procedures with positive reinforcement, for example, are likely to
reflect the behavior of fish experiencing positive emotion in response to a cognitive challenge.
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5. Play

Play has fascinated scholars for millennia and yet it remains a highly contentious area of study for
many reasons, not the least of which is that play behavior can be hard to define and identify [7,13].
Nonetheless, part of the root of the scientific fascination with play stems in part from the notion that
under certain conditions, play may be associated with positive emotions and signal improved welfare.
Indeed, some scholars have identified it as one of the most promising indicators of positive emotions
in domestic animals in part because it can be measured noninvasively and can be easily recognized
in some mammals [7,13,50]. Identifying and measuring play behavior in non-mammalian species is,
however, much more challenging due to its variability between species and mutable characteristics [67].
Moreover, the relationship between play and welfare and especially positive emotions is complex and
controversial [13,68]. Thus connections between play and positive welfare require more work before
the implications of observing different types of play at different levels in different species held under
different conditions are known. With due consideration of these qualifications, however, play remains
an intriguing avenue for future research on positive welfare in fish for reasons we outline below.

5.1. Identifying and Assessing Play in Fishes

First, a large body of anecdotal evidence and some empirical work suggests that play exists in many
species of fish [14,67]. How might we assess play behavior in fish? Ethologist Gordon Burghardt [14]
presents a working method for identifying play behavior based on five criteria. While aspects of these
criteria can be somewhat subjective, they represent a useful starting point for flagging behaviors that
may be good candidates for future research. Burghardt’s core criteria are as follows:

1. Play behaviors are typically not fully functional and are often directed toward stimuli that do not
contribute to immediate survival.

2. Play is autotelic (self-rewarding) and is often characterized as something that animals seem
to engage in voluntarily. Play behaviors appear to be spontaneous, intrinsically motivated,
rewarding, reinforcing or pleasurable.

3. Play behaviors may resemble ‘serious’ performance of ethotypic behavior but differ in structure
and/or timing to adult behavior. Play behavior is “incomplete, exaggerated, awkward,
or precocious” and “involves behavior patterns with modified form, sequencing, or targeting” [14].

4. Play is performed repeatedly, but not stereotypically during at least one developmental period
in life” [14].

5. Play is initiated when the animal is in a relaxed state, i.e., when there are no immediate threats to
the animal’s fitness and the animal is not strongly motivated to perform other behaviors.

Burghardt [14] argues that fish possess the necessary behavioral and cognitive pre-requisites that
support play behavior in other animals, including exploration and curiosity. The existing evidence for
play in fish are discussed below along with the main types of play.

Social play involves two or more animals usually of similar age and size [13,69] and facilitates
integration into groups and social skills [70,71]. As such, social play is more commonly observed
in young animals than adults, though it is known to occur at lower frequencies in adults of some
species [14]. Burghardt [14] reports anecdotal accounts suggestive of social play in several cichlid
species. For example, Burghardt [14] describes an instance in which a socially-housed white spotted
cichlid (Tropheus duboisi) was observed repeatedly approaching a cichlid species from Lake Malawi
(Labeotropheus sp.), performing a lateral display and eliciting a brief chase, a potential example of
teasing play [14]. Similarly, young cichlid (sp) are often observed nibbling and rubbing against their
parent’s flanks, which may be play behavior as it does not appear to serve any adaptive function [14].
Controlled and systematic observation of these types of fish social behavior, especially between
neonatal cichlids and their parents, would be useful for determining whether they are consistent with
our understanding of play.
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Object play is directed at inanimate objects and can involve one or more participants [14]. It is
typically observed when animals manipulate objects that appear to provide no obvious survival
benefit [14] and is thought to be related to the development of motor skills [69]. Observations of
object play have been observed across a wide range of fish species. For example, many species of
captive fish have been reported repeatedly manipulating objects within their environment for no
immediately obvious function [14] and anecdotal evidence suggests some predatory species such as
great white sharks (Carcharodon carcharias) may hunt for fun when prey is not needed for nourishment.
Most recently, an empirical study systematically observed the object manipulation behavior of white
spotted cichlids (Tropheus dubois) and found that their behavior was consistent with all the criteria
for play behavior [67]. The provision of sensory-stimulating objects may be a good starting place for
further empirical work on object play in fish.

Locomotor play involves jumping, running and performing other motor activities in a sudden,
persistent and frenetic manner [14,69,71]. It is thought that locomotor play serves to benefit the animal
physiologically by promoting muscle growth, strengthening bones and increasing cardiopulmonary
capability [13]. Perhaps the most well-documented example of locomotor play in fish is leapfrogging,
in which individuals repeatedly launch themselves over objects floating in the water such as plants,
leaves, sticks and other animals. Burghardt [14] notes that leapfrogging has been reported in needlefish,
Hemiramphidae (halfbeaks), Clupeidae (herring and shad) and Atherinidae (silversides) and outlines
several hypotheses attempting to explain the origins and purposes of leapfrogging, including the idea
that leapfrogging may be an instinctive means of ectoparasite control or to elicit a pleasurable tactile
sensation. Most recently, Fagen [72] has argued that jumping behavior is likely a form of locomotor
behavior in Atlantic salmon (Salmo salar).

5.2. The Play–Welfare Relationship

Play is often used to assess affective states in both human and nonhuman animals [14,68] and is
gaining interest in applied ethology as a welfare indicator [50,69]. The first clue that play behavior is
important to animal welfare is its absence in poor welfare situations. Play behavior often disappears
when animals are under fitness challenges but re-emerge as they recover [13]. As such, the absence of
play, particularly in young animals, is considered an indication of poor welfare.

Importantly, however, play behaviors also change in timing or kind in conjunction with a decrease
in welfare. Research in children suggests that, beyond the total duration of play, poor welfare may be
reflected in qualitative aspects such as the display of solitary over social play and the degree to which
play bouts are continuous vs. fragmented. Play research aimed at understanding the play–welfare
relationship should, therefore, attend to the quality (type and fragmentation) and timing in addition to
its quantity [68]. Future work on fish play could begin by mapping out the range of potential play
behaviors and its qualitative characteristics across different conditions, which is a necessary starting
point before strong inferences to welfare are drawn.

Overall, however, play is most common in situations when the animal is well fed and not under
any threat to fitness [68]. This positive association between play behavior and need fulfillment provides
the basic foundation for the link between play behavior and animal welfare [13,50]. Fraser and
Duncan [7] argue that certain behaviors are indicative of internal states; according to their theory of
animal welfare, play occurs when an animal is in an opportunity situation in which their immediate
physical needs are met and the behavior results in a net positive impact to their fitness (i.e., the pleasure
derived from performing the activity eclipses the fitness cost of performing that activity).

Play can be used both a behavioral indicator of good welfare but also as tool to promote it [13].
Several studies have documented the contagious nature of play amongst conspecifics, suggesting that
one playful individual can trigger a cascade of positive affect, resulting in substantial welfare benefits to
social animals. Social learning, which involves an element of contagious behavior, has been documented
extensively in teleost species [73,74], suggesting that future research on fish social interaction may
yield important results to welfare. For example, Held and Spinka [13] suggested stimulating social
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play behavior in captive animals by providing the opportunity for positive social communication,
a scenario that could be applied to captive fish by housing individuals in social groups of appropriate
size and composition.

Future research with fish could leverage these intriguing ideas and follow up on the anecdotal
observations outlined by Burghardt [14]. Importantly, however, such research requires housing fish in
environmental and social conditions conducive to a relaxed state. Furthermore, the current relative
paucity of documented play behavior in fish may not indicate that fish do not play but rather that they
are too uncomfortable in the typical housing we provide for them to engage in play. The first steps
towards studying play behavior and by extension the relationship between play and welfare in fish is
therefore to provide animals with social and environmental conditions conducive to a relaxed state in
which their needs are met.

6. Conclusions

Drawing from existing literature on welfare paradigms in both human and nonhuman animals,
we identified potential physiological and behavioral signifiers likely involved with positive welfare in
fish and suggest future research that could support the ways in which caretakers can promote positive
welfare in captive fish including the provision of species-appropriate housing (e.g., ambient color) and
social conditions as well as opportunities for control (e.g., self-feeders) and cognitive engagement
(e.g., visual stimulation via port holes and/or novel objects). Incorporating indicators of positive affect
into fish welfare assessment strategies will be particularly important given the growing number of
captive fish for whose wellbeing humans are primarily responsible. In particular, generating scientific
knowledge on ways of identifying and monitoring species-specific indications of positive affect is an
essential step forward in understanding fish welfare.

In closing, it is worth clarifying that we are not advocating for positive welfare as a distinct field
of research. Separating positive welfare from negative welfare is likely an artificiality, creating the
impression of welfare as a static contrast between immediate pleasure and immediate suffering.
In psychology, it has been argued that there is no positive psychology or negative psychology, there is
only psychology [75]; similarly, rather than categorizing welfare into positive vs. negative types,
it may be more useful to have the simple goal of understanding welfare and making sure that that
understanding is complete. Thus, the aim of this review was not to present a new and separate area of
study but rather to highlight a class of experiences and emotions that are currently being neglected
and issue the call for more research in these areas.
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Abstract: Fish welfare is an essential issue that needs to be tackled by the aquaculture industry. In
order to address it, studies have been limited to a small number of species and the information is
generally scattered. In order to have a consistent overview of the welfare of farmed fishes, we present
the FishEthoBase, an open-access database that ultimately aims to provide information on the welfare
of all fish species currently farmed worldwide. Presently with 41 species, this database is directed to
all stakeholders in the field and targets not only to bridge the gaps between them but also to provide
scientific information to improve the welfare of fish. The current text explains the database and
presents an analysis of the welfare scores of 41 species, suggesting that (i) the general welfare state of
farmed fishes is poor, (ii) there is some potential for improvement and (iii) this potential is related to
research on species’ needs, but (iv) there are many remaining knowledge gaps and (v) current fish
farming technologies do not seem to fully address welfare issues. The existence of a framework, such
as the FishEthoBase, is proposed as fundamental to the design of strategies that improve the welfare
of farmed fish.

Keywords: fish welfare; ethology; FishEthoBase; risk analysis; welfare scores; welfare criteria;
framework

1. Introduction

Aquaculture is presently the main source of sea food products for human consumption, with
approximately 80 million tonnes of harvested fish in 2016 [1]. However, unlike the relatively low
number of terrestrial species farmed for food (26 in total), the fish production relies on 362 species [2–4].
This is an astonishing number that fluctuates as new taxa are added each year while others are
abandoned [2–4], although it is worth noting that the 20 most common species account for 84.2% of
total fish production [5]. In addition, and again in contrast with the amount of information on the
biology of terrestrial farm animals, there are severe knowledge gaps regarding many (if not most)
farmed aquatic species. The knowledge that does exist is focused primarily on production traits rather
than welfare. In fact, research has pushed the physiological limits of many fish species in growth,
fertility and size, as a consequence of (or resulting in) highly artificial conditions [6]. This creates
an obvious issue regarding welfare: Fish are sentient beings [7–9] and each species has evolved for
millennia in natural contexts, developing adaptations, behaviours and coping mechanisms which
are relevant for those contexts [10]. The artificial conditions of captivity, particularly in industrial
aquaculture, pose a whole new category of stimuli, for which the animals are seldom equipped to deal
with: Space restraints, unnatural aggregations, barren environments, handling and other frequent
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artificial stressors, etc. [11]. Artificial selection may not necessarily be an answer to the issue, because
(1) the domestication of fish is very recent and (2) selected or ‘domesticated’ strains may be far from
their welfare optima as a consequence of their domestication processes [3].

Natural behaviour is pivotal for the welfare assessment of captive animals. Behaviour is the first
and foremost indicator of the biological state of an animal, and behavioural observations are the best
tool to understand not only the physiological state of the individual but also its mental state [3,12–14].
Therefore, the knowledge on the ethology of farmed fish species is a conditio sine qua non for the
correct evaluation of their welfare. This evaluation must rely on a clear operational definition of welfare
and on robust indicators that are able to measure unambiguously the variables they are assumed to
be measuring. Optimal welfare indicators should take into account not only the health of the fish
(i.e., a function-based approach to welfare) [15] but also reflect the animals’ emotional state (i.e., a
feelings-based approach) [16] as well as their natural needs (i.e., a nature-based approach) [11,17]. In
addition, assessing cognitive biases [18] and positive affective states [19] is now an important tool
to improve the welfare of farmed fish. A suite of operational welfare indicators has been developed
extensively for salmon, for example [20,21], while a broader framework of behavioural indicators is
also available for fishes in general [14].

A definition of welfare that complies with the criteria previously addressed is: “The state of the
individual as it copes with the environment” [22,23]. This definition of welfare has several implications:

“1) Welfare is a characteristic of an animal, not something that is given to it; 2) Welfare will vary from
very poor to very good, i.e., the individual may be in a poor state at one end of the welfare continuum
or in a good state at the other, 3) Welfare can be measured objectively and independently of moral
considerations; 4) Measures of failure to cope and measures of how difficult it is for an animal to cope
both give information about how poor the welfare is; 5) Knowledge of the preferences of an animal
often gives valuable information about what conditions are likely to result in good welfare, but direct
measurements of the state of the animal must also be used in attempts to assess welfare and improve it;
and 6) Animals may use a variety of methods when trying to cope. There are several consequences of
failure to cope, so any one of a variety of measures can indicate that welfare is poor, and the fact that
one measure, such as growth, is normal does not mean that welfare is good”.

([22], page 4168)

It is well known that domesticated land animals still display behaviours that reflect adaptation to
their evolutionary environments, despite not being necessary in their rearing contexts [24]. Considering
that this phenomenon occurs in species that have been under domestication for millennia, it is more
than likely to occur also in fish, whose domestication process is far more recent: Centuries in the
case of carp, tilapia and trout, or decades as in the case of most of the cultured fish recently [3]. The
behavioural patterns of fishes observed in the wild are, therefore, the gold standard to assess their
welfare state. Although phenotypic plasticity may surely play a role in the adaptation of a fish species to
artificial rearing [25–28] it is nevertheless imperative to understand the ethology or natural behavioural
repertoire of farmed animals in order to evaluate their welfare conditions and implement measures to
mitigate the effects of life in captivity.

In this paper we will:

• Describe in detail the FishEthoBase project, an open-access database on fish ethology and welfare.
• Use these data to assess the general welfare state of farmed fishes presently and use the scoring

scheme in the database (FishEthoScore) to provide an outlook on the potential of fish species to be
farmed in good welfare.

2. The FishEthoBase Project

The database aims to provide the basis for the global assessment of the welfare of farmed fish.
The public portal www.fishethobase.net is a platform where the scientific knowledge regarding the
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ethology of ultimately all farmed aquatic species is reviewed, scrutinised, organised and summarised
in order to answer relevant questions concerning welfare. The database, therefore, aims to bridge the
gap between the scientific community and the aquaculture industry. The data are organised into two
main approaches:

(1) Full profiles, divided into Findings, where an extensive review on the biology of the species in
the wild and in captivity is assessed through bibliographical reviews. Recommendations, where
proposals for rearing in captivity under good welfare conditions are made on the basis of the
review, and a Summary where this knowledge is condensed.

(2) Short profiles, where a rapid assessment of the welfare state of each species is performed through
literature-based answers to 10 core criteria, pointing at main problems and possible solutions,
and providing the base for the numerical assessment of welfare�the FishEthoScore.

The fundamental idea underlying the FishEthoBase is to devise a series of criteria that can be
applied to all farmed species, and therefore create a framework that allows the comparison of species
in terms of welfare. By asking the same questions about all species, not only can we compare their
welfare state, but also assess and rank their potential to be farmed in good welfare conditions. The
details of the methodology and rationale are explained below.

2.1. Full Profiles—Findings

The findings section on the database aims to be a systematic and exhaustive literature review
of the essential knowledge on the behavioural biology of each farmed species, with the purpose of
understanding in depth how the farming conditions affect the fish. All entries are referenced, identified
in the text with a number, and the reference list is detailed by citing order at the bottom of each species’
profile. The following criteria, containing detailed sub-criteria, are addressed:

• Ethograms
• Distribution
• Natural co-existence
• Substrate and/or shelter
• Food, foraging, hunting, feeding
• Photoperiod
• Water parameters
• Swimming
• Growth
• Reproduction
• Senses
• Communication
• Social behaviour
• Cognitive abilities
• Personality, coping styles
• Emotion-like states
• Self-concept, self-recognition
• Reactions to husbandry

2.2. Full Profiles—Recommendations

The data presented in the findings section is used to create a series of recommendations, which
provide essential tools for the humane rearing of the species reviewed. These are not meant to be
equivalent in detail to a farming manual but rather present how systems should be designed to
accommodate the fishes’ needs. For example, it is likely that the recommendations discourage from
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certain practices that studies have indicated to be detrimental to welfare or suggest alternative methods
that have been demonstrated to improve the welfare state.

2.3. Summary

All the previous data is condensed in a shorter and less technical text to deliver the main
information to a broader audience.

2.4. Short Profiles

The Short Profiles Section of the database aims to be a sharp assessment tool of the general welfare
state of a farmed species. To achieve this, a set of 10 core criteria was chosen to portray the variables
in fish farming most likely to affect the welfare of fish (see Section 2.4.1 for a description of why and
how the criteria were selected). Each criterion is divided into the general life stages of the animal,
which generally correspond to rearing stages in the farming environment: Eggs, larvae (hatchery),
juveniles (nursery), adults (grow-out) and spawners (broodstock). The entries for each life stage
then refer to the knowledge in nature (i.e., in the “Wild”) and under aquaculture conditions (i.e., in
“Farm”), ideally discriminating the various farming methods when literature is available. For each
criterion, the existing knowledge on the biology in the wild is, therefore, overlapped with the existing
knowledge on farming conditions, which will implicitly allow drawing conclusions on the welfare
conditions of the species regarding that criterion. Furthermore, this overlap is the basis for the scoring
of the FishEthoScore, an index that summarises the likelihood of good welfare under common rearing
conditions, the potential for rearing under good welfare in high-standard conditions and the certainty
of our findings (explained in detail in Section 2.4.2).

The formalisation logic of the entries is summarised in Figure 1.

Figure 1. Logic and organization of the entries in the Short Profiles. Each species is divided into four
main life stages (larvae, juveniles, adults and spawners), corresponding to four production stages
(hatchery, nursery, grow-out and broodstock). For each of these, the entries provide information from
the wild and under farming conditions (see text for details).

All entries in the database are referenced, identified in the text with a number, and the reference list
is detailed by citing order at the bottom of each species’ profile. When there is no reliable information
on any of the sections described above, a standard sentence ‘no data found yet’ is entered. When
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findings are contradictory or insufficient, the entry becomes ‘further research needed . . . ’ to highlight
the existence of knowledge gaps.

2.4.1. Selected Criteria for the Short Profiles

The basic rationale for the short profiles is that the catalogue of questions, or criteria, designed to
achieve a rapid evaluation of the welfare state of a farmed species should be as short and sharp as
possible. We arbitrarily set the cut off line at 10 critical questions, which should (i) depict the major
limitations imposed to the lives of fish under farming conditions and, therefore, directly impact their
welfare (ii) be able to be applied to all farmed species. These criteria were designed to take into account
not only the multidimensional nature of welfare (mental, physiological and natural [29–31]) but also
common conceptual guidelines towards animal welfare in practice—namely the five freedoms [29]
and the allostatic model [32,33].

In general, the constraints imposed on fish in any farming method are: Restricted space,
manipulation and handling, low complexity of the environment, unnatural aggregation of individuals,
artificial feed and feeding regime, and slaughter. The selection of the 10 core criteria, therefore, reflects
these impositions (Table 1).

Table 1. Description and rationale of criteria used in the short profiles of the FishEthoBase www.
fishethobase.net.

Criterion Type of Constraint Possible Effects

1. Home range Spatial Disrupted swimming behaviour, impaired
movement.

2. Depth range Spatial Disrupted swimming behaviour, impaired
movement.

3. Migration and habitat change Spatial
Disrupted swimming behaviour, migration
drivers not met (feeding, reproduction,
habitat choice, etc.).

4. Free reproduction Physiological, Behavioural
Impaired mating, courting and spawning
behaviours, inbreeding, disrupted sexual
selection.

5. Aggregation Social

Impaired communication and swimming
patterns, disrupted social networks,
territoriality and shoaling configurations,
increased overall cost of high social stress.

6. Aggression Behavioural, social Increased fighting and injuries, increased
overall cost of high social stress.

7. Substrate and shelter Environmental, ecological

Altered swimming and/or feeding patterns,
reduced opportunities for escape, disrupted
flight response, increased overall cost of high
social stress.

8. Handling Physiological, Mental Infection, injury, anxiety, chronic stress, pain,
death.

9. Malformations Physiological Impaired mobility, feeding, breathing or other
aspects of biology.

10. Slaughter Death Extreme pain and suffering.

1. Home Range

By definition, farming fish implies holding individuals in a confined area. The dimensions of
such horizontal space restriction vary greatly according to the rearing method, the species and the life
stage. In some species and life stages these dimensions may potentially match the natural behaviour of
the species (e.g., C. idella [34], O. niloticus [35,36], S. aurata [37,38], C. gariepinus [39,40]) while in most
cases this does not happen and may, therefore, have a negative effect in fish welfare [41].
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2. Depth Range

Similarly to the home range, all farming methods require a depth limitation to avoid the escape of
fish. In species living in shallow waters, their natural depth range is matched by some farming methods
and solutions. However, there is a huge variation in physical and environmental components depending
on the depth of the water column [42,43]. Therefore, limiting the natural vertical movements to depths
that are feasible for aquaculture systems may directly impair fish welfare. Furthermore, shallow
depths may also interfere with welfare through higher exposure to anthropogenic disturbances [44,45],
inadequate exposure to light [44] and ultraviolet radiation [46] or forced contact with surface-dwelling
disease agents [47].

3. Migration and Habitat Change

Spatial restraints become especially relevant if they impede migration. The negative effects may
be mitigated if farmers provide the animals with the resources they are migrating for, e.g., access
to mates, target feed or season-appropriate environmental conditions (for example, C. gariepinus
moving shallower to spawn which could be simulated by draining water [48], S. salar moving from
freshwater to the sea at smolt stage [49] may be mimicked by transferring the fish to saltwater). In most
cases, however, the welfare of species that perform seasonal movements due to spawning, feeding,
environmental or other needs may be strongly affected by captivity because often the motivation to
migrate is not yet known, or whether providing the resource negates the desire or need to migrate, or
even it is impossible to meet under farming conditions [50].

4. Reproduction

In broodstocks, natural reproduction (i.e., without any type of direct manipulation of the animals)
is generally accepted as a sign of good welfare: Spontaneous spawning only occurs if the stressors in the
captive environment are not strong enough to inhibit the neuroendocrine reproductive pathways [51].
Therefore, the investment in breeding will only be worthwhile for an individual if conditions are
suitable. In many broodstocks, however, reproduction is induced through hormonal stimulation and/or
spawning is achieved through stripping or other invasive procedures to streamline production [51].
The welfare of the fish may thus be impaired directly by the procedure and indirectly by the associated
handling [52] (see also 8. Handling below).

5. Aggregation

To streamline fish farming, the animals need not only to be confined but also to be aggregated
in order to minimise spatial requirements and maximise catch per effort. There are many ways to
calculate and define the number of fish per unit of space or volume and time, and the concept itself is
complex [52,53]. However, the artificial manipulation of inter-individual distances during extended
periods of the lifetime of fishes may surely represent a major impairment of their welfare: Aggregation
below biologically relevant densities may be an issue in naturally shoaling or schooling species, while
high density in solitary species may cause stress, infection, behavioural disorders or mortality [11].
The responses to rearing densities are nevertheless specific to species and life stage [11,52,54].

6. Aggression

The rearing of aggressive species, or the facilitation of aggressive behaviour in farmed species
due to confinement, density or farming method, is not advisable for obvious reasons: Injuries, stress,
decrease in production and overall hindering of welfare [11]. For example, chronic subordination
in hierarchical species (that are often prevalent in the aquaculture industry, such as salmonids and
sparids) leads to serious welfare problems in low-ranking individuals [55–59]. Aggressive interactions
may also indirectly impair other aspects in fish life, such as nutrition [60], growth [61] or the immune
system [62] for example.
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7. Substrate and Shelter Needs

Fish farming hygiene standards and routine activities (cleaning, feeding, grading, harvesting,
etc.) generally require simple or barren environments: For example, raceways and tanks are advised
to have smooth surfaces to ensure water flow and prevent the accumulation of detritus [63,64]. Sea
cages are usually barren for the same reason. While pelagic species might not need substrate or shelter,
benthic species rely on substrate features for shelter, nesting or other uses that are an essential part
of their natural environment (e.g., S. aurata, O. niloticus or S. solea). When such species are farmed
under standard methods, their natural requirements are not met, and their welfare may be impaired.
This also applies to auxiliary species, such as lumpfish used to de-lice salmon in sea cages [65]: This
species is naturally benthic throughout most of its life [66] and would require a substrate to meet its
natural needs.

8. Handling

Manipulation and handling are the most direct acute and chronic stressors that occur in aquaculture.
These including routine actions, such as cleaning and culling, regular events, such as grading, sexing,
transport, vaccination or other treatments, and high impact procedures, such as crowding, harvesting
and slaughtering. The effects of manipulation and handling on welfare are well documented: Physical,
physiological and mental stress, injury, infection and death [11,50,52]. These routines are the most
invasive actions imposed on farmed aquatic animals and the ones that most highly disturb and
impair their welfare [67]. However, these aspects may readily be improved, as they depend solely on
engineering solutions.

9. Malformations

Malformations can and do occur naturally in fishes. However, many abnormalities found in
farmed species arise, are evoked by or occur in higher frequency due to the farming conditions
themselves: Collisions due to spatial restrictions or early stage incorrect rearing temperatures may be
responsible for skeletal deformities, common diseases or absence of optimum water quality may cause
morphological problems, nutritional or feeding deficiencies or may easily delay or impair growth and
cause cataracts, for example [68,69]. While taking into account that the lack of predation and lower
competition found in the aquaculture environment allow longer survival of deformed fish (at least
theoretically), these individuals have, nevertheless, their welfare impaired by deformations prompted
by human action [70].

10. Stunning and Slaughter

Humane slaughter is a key feature for the good welfare of farmed fish. However, most farmed
species are slaughtered commercially through asphyxia in ice [71], despite the fact that there are
presently many solutions that ensure either immediate and painless death or render the fish unconscious
through effective stunning [71–78] These solutions, however, are not applied as consistently as expected,
which results in a vast majority of aquaculture production being slaughtered in poor conditions that
impose excruciating and unnecessary suffering to individuals. In addition, humane slaughtering of
fish results in better overall product quality [79].

Supplemental Criterion (A): Domestication Level

The artificial selection processes that led to domestication in terrestrial animals are in effect in fish.
Theoretically, the selection of strains that show better adaptation to the rearing environment would
possibly benefit the welfare of the animals. However (1) the concept of ‘better adaptation’ is often
anthropomorphic and based on production indicators, not welfare [3] and (2) The artificial selection
of fish is very recent, and despite its intensity, it is not clear whether we can truly refer to fish as
domesticated [3,4]. Therefore, although it is undeniable that human-induced selection occurs, its effect
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on welfare is often ambiguous and scoring domestication level as positive or negative in welfare terms
becomes equivocal (see Section 2.4.2).

Supplemental Criterion (B): Forage Fish in the Feed

The final question of the short profiles deals not only with the welfare of the focal species but
with the ecological and welfare influence of forage fisheries on harvested animals. The undeniable
impact of this activity should not be taken lightly [80] but the welfare effects of fishmeal and fish oil
replacement with alternative sources are not yet fully determined: There are reports of health and
development problems of farmed individuals using fish meal and fish oil replacements [81]. Therefore,
scoring forage fishery and replacement with sustainable sources as positive or negative in welfare
terms is confusing (see Section 2.4.2).

The data compiled, summarised and critically reviewed in these criteria is the backbone of the
database. It should allow the user to make an informed evaluation of the current and potential welfare
state of the species and show where there are knowledge gaps that deserve further research, regardless
of the additional scoring we provide and that is described in the following section.

2.4.2. Scoring Framework: The FishEthoScores

In addition to providing data on each of the criteria, the information is also summarised in welfare
scores: The FishEthoScores are extracted from the entries, and the scoring framework is based on a
common risk analysis background [82] to condense the existing information and determine:

- The Likelihood that the fish experience good welfare under the lowest standard farming
conditions found in the literature regarding that specific criterion. The possible scores are Low,
High, Unclear or No Findings;

- The Potential for the species to experience good welfare in the highest standard rearing conditions
regarding that specific criterion (or the expected improvements in the near future). The possible
scores are Low, Medium, High, Unclear or No Findings.

- The Certainty of our assessment of the criterion, i.e., a measurement of the general quality,
quantity and clarity of the data available for the species. The possible scores are Low, Medium,
High or No Findings.

The questions, answers and the scoring framework are logically designed so that affirmative
responses have a positive valence, while negative responses have a negative valence (Table 2).

Table 2. Questions regarding the 10 selected criteria for the Short Profiles in the FishEthoBase
www.fishethoase.net.

Criterion Question(s) Possible Answers

1 Are minimal farming conditions likely to
provide the home range of the species?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.
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Table 2. Cont.

Criterion Question(s) Possible Answers

2 Are minimal farming conditions likely to
provide the depth range of the species?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

3

Are minimal farming conditions
compatible with the migrating or
habitat-changing behaviour of the
species?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

4 Is the species likely to reproduce in
captivity without manipulation?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential to allow for it under
farming conditions?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

5
Is the aggregation imposed by minimal
farming conditions likely to be compatible
with the natural behaviour of the species?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential to allow for it under
farming conditions?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.
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Table 2. Cont.

Criterion Question(s) Possible Answers

6 Is the species likely to be non-aggressive
and non-territorial?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

7
Are minimal farming conditions likely to
match the natural substrate and shelter
needs of the species?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

8
Are minimal farming conditions
(handling, confinement etc.) likely not to
stress the individuals of the species?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

9 Are malformations of this species likely to
be rare under farming conditions?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.
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Table 2. Cont.

Criterion Question(s) Possible Answers

10
Is a humane slaughter protocol likely to
be applied under minimal farming
conditions?

Likelihood is High.
Likelihood is Low.
Data are Unclear.

Is there potential for improvement?

Potential is High.
Potential is Medium.
Potential is Low.
Data are Unclear.
There are No findings to support scoring.

How certain are these findings?

Certainty is High.
Certainty is Medium.
Certainty is Low.
There are No findings to support scoring.

The FishEthoScores for each species follow a conservative strategy and are determined through
the simple sum of the high scores in each dimension:

Likelihood FishEthoScore: The sum of ‘High’ scores throughout the criteria, varies between 0 and 10.
Potential FishEthoScore: The sum of ‘High’ scores throughout the criteria, varies between 0 and 10.
Certainty FishEthoScore: The sum of ‘High’ scores throughout the criteria, varies between 0 and 10.

The FishEthoScores are, therefore, a conservative quantitative summary of a qualitative assessment.
The strategy to exclusively use the sum of ‘High’ scores and avoid attributing intermediate values to
other possible scores (“Medium”, “Low”, “Unclear” or “No findings”) is deliberate. In that sense, the
FishEthoScores may be a simplification (which any index inherently is) but we opt to lose detailed
information so that the calculation of the score is consistent and straightforward. In any case, the
scoring information is available both in all the text entries and summarised in a table the top section of
each short profile.

Taken together, the three FishEthoScores aim to be representative of the overall welfare state for
each species under farming conditions, i.e., high FishEthoScores represent good welfare whereas low
FishEthoScores represent poor welfare.

The dimensions (Likelihood, Potential and Certainty) are independent of each other, therefore
allowing comparisons and rankings among species and among criteria. The FishEthoBase is highly
dynamic, is continuously growing and ever-evolving as new species are added and new papers are
published. For this analysis, we will use the data publicly available on 31 October 2018 (41 species).

3. Assessment of Welfare in Farmed Fish Species

A complete table of all the species analysed with their corresponding FishEthoScores is provided
as Supplementary Material.

Using the FishEthoScores, we analysed the meaningful correlations between them. We used the
scores on Likelihood, Potential, Certainty and Improvement Capacity (measured as Potential minus
Likelihood as a proxy to gauge how far a species is from its best possible welfare conditions) in a
Spearman correlation matrix, in order to answer questions, such as (but not limited to):

- Are farmed fish species experiencing good welfare?
- Is there potential for farmed species to experience good welfare?
- Are fish species far from their best possible welfare conditions? Does the existing knowledge

influence the current or prospective welfare state of farmed fish?
- Are fish species which currently experience better welfare the ones who show the greatest

potential to be farmed in best conditions?
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All tests were two-tailed with α = 0.05. Correlations and significance tests were performed using
Microsoft Excel.

Regarding the low-standard farming conditions, the average Likelihood score is 0.44 ± 0.02
(mean ± SE) (in a maximum of 10). The maximum value found is four in the Kingfish Seriola lalandi
followed by three in the Nile tilapia Oreochromis niloticus.

Considering the high-standard practices found in the literature, the average Potential is 1.37 ± 0.04
(in a maximum of 10), with a maximum of eight in the Nile tilapia followed by six in the African catfish
Clarias gariepinus.

The current knowledge regarding the 10 criteria is also sub-optimal, as Certainty has an average of
1.93 ± 0.04 with a maximum of six in the Nile tilapia followed by five in African catfish and in the
European sea bass Dicentrarchus labrax.

There seems to be little Improvement Capacity, as on average the species are 0.93 points away (where
zero is the complete fulfillment) to achieve their full welfare potential. The case where there is more
capacity to improve is the African catfish, where six points separate the best from the worst conditions.

Conversely, the domestication levels of farmed fish according to [83] are high, with an average of
3.90 ± 0.02 (in a maximum of five) and many cases where species are fully domesticated (i.e., there are
already selective breeding programs, focused on different traits, such as growth, yield, flesh quality,
etc.) [83,84].

The correlation matrix between these variables is summarised in Table 3. We found significant
correlations between Likelihood and Potential. The latter is also correlated with Certainty and
Improvement Capacity. No other significant correlations are found.

Table 3. Correlation matrix for the selected variables. Values are Spearman ρ. Significant correlations
are marked with *.

Likelihood Potential Certainty Domestication Improvement Capacity

Likelihood 1
Potential 0.60 * 1
Certainty 0.21 0.56 * 1
Domestication 0.02 0.11 0.14 1
Improvement Capacity 0.08 0.80 * 0.49 0.18 1

4. Discussion

The FishEthoBase is the first (and, to our knowledge, the only) exhaustive database concerning
the welfare of farmed fishes. Despite the limitations inherent to any database, it nevertheless provides
a broad overview of the variability of farmed fish species, their specificities concerning welfare and
the current knowledge regarding the main welfare aspects that may be affected by farming practices.
However, perhaps even more importantly, it provides an overview of the empty spaces: Not only does
it point out the research gaps but also the mismatch between scientific advances and industry practices.
In many cases this mismatch is due to practices implemented in fish farms being ahead of what is
known and published in academia. In others, it is the other way around. Therefore, one of the major
aims of FishEthoBase is to help clear the opacity between the two fields and favour the communication
between them.

According to the review of the literature, the low-standard farming conditions generally fail
to respond to the basic welfare needs of farmed fish. Although slightly better, the high-standard
conditions found in the literature nevertheless also fail to meet the basic welfare requirements of
these species. Even considering that the approach of the FishEthoBase is very broad and conservative,
that the industry has advances which take time to reach the literature (and vice-versa) and that any
kind scoring is limited to some degree by subjective bias, the scenario seems to be bleak. Specifically
concerning the Likelihood that a species is presently being reared in good welfare according to the
lowest standards found in the literature, no species reaches a positive mark (i.e., >5). Regarding the
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Potential to be reared in good welfare, only two species (Nile tilapia and African catfish) out of the 41
have a positive mark. A possible conclusion is that, according to the criteria and evaluation detailed
above and based on the scientific literature available, these are the two species whose biology seems
to be most appropriate to cope with captive conditions, which nevertheless need to be of the highest
standard. All the other 39 in the database fail to pass this test, which may be due to the incapacity
of rearing systems to meet the welfare needs of the species at some point of its life cycle, or to the
biology of the species not being suitable for farming, regardless of human appetites and industry
inclinations. The notion that some species cope better with farming conditions than others is not new
(e.g., see [85]) and it is based on the long and extremely diverse evolutionary history of fish. It should,
therefore, be possible to exploit biological traits of fish species in order to achieve viable production
while maintaining good welfare and imposing minimal stress. On the other hand, some species may
not be suitable to cope with aquaculture (at least using the present methods or in a foreseeable future),
and therefore, their farming should be either revised or discouraged. Domestication or selection of
phenotypes (“strains”) that present better indicators could be an answer. However, it should be noted
that the process of domestication is very recent in fish [4,83] and may introduce variability in the fish
response to rearing that should be dealt with caution [3,85].

The positive correlation between Likelihood and Potential indicates that the species who seem
to cope better with its current farming conditions are the ones who have the greatest potential to
experience welfare in high-standard farms. It also means that the potential of a species to be reared
under good welfare is dependent on its current welfare state. This may be related to the biology of
these species, but it is possible that better solutions are available (or under development) for these
species because both academia and the industry realise that good welfare ‘pays off’ also in terms of
production: If fish experiencing good welfare perform well, further improving their welfare will also
improve their performance.

One of the key results from this analysis is the strong correlation between Certainty and Potential.
This suggests that knowledge and research are key to improve the conditions of farmed fish, which
contributes to better production results [86,87]. Welfare has also been shown to be a driver when
consumers choose their animal products in some markets [88,89], while in others this driver is present
only in some segments of the population [90]. The knowledge provided by the FishEthoBase may,
therefore, not only be a key to identify research gaps in the welfare of farmed species, but also paves
the way for consumer information and future welfare certification schemes that are science-based,
reliable, efficient and verifiable.

One result that may be a cause for concern is the very low Improvement Capacity. This means
that, in general, there is not much that can be done to improve the welfare of farmed species. This can
be explained either because of the species’ biology, specific welfare needs throughout the life cycle
or at certain stages, or limitations in farming methods and technology. Rather not surprisingly, the
Improvement Capacity is also related to the Potential, which is self-explanatory.

Interestingly, the high domestication level in farmed fishes does not seem to improve their welfare.
This is probably because the recent domestication process of fish has been focusing more on production
traits than welfare [3], which is also suggested by the low scores on Certainty. In fact, many species
have a large body of research regarding feeding, growth or spawning (e.g., tilapia, salmon, trout, sea
bream, sea bass) yet the knowledge on welfare traits and indicators is rudimentary, as demonstrated
by the low Certainty score. In Europe, recent efforts have been undertaken to address these knowledge
gaps. One example is the COST action ‘Welfare of fish in European aquaculture’, that produced a high
number of reports for these species, e.g., [71,73,74,76,77]. Another example is the growing number of
papers on welfare of Atlantic salmon [20,54,91–94], that highlights the rising importance of welfare
for the farming of this species. Nonetheless, it is still a drop in an empty ocean of knowledge (or lack
thereof) for the remaining more than 300 species farmed worldwide.
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5. Conclusions

In this discussion, we analysed the general trends from the FishEthoScores, and concluded that (i)
the general welfare state of farmed fish species is bad, (ii) there is some potential for fish to be reared
in better welfare conditions, (iii) this potential is generally related to research on species’ needs but
(iv) there is much to be done in order to fill in the knowledge gaps and (v) current or prospective fish
farming technologies do not seem to allow much improvement. However, we believe we have barely
scratched the surface for data exploration. The database is open access and the concept behind it is
that the users should explore the portal and its contents to its fullest potential, either in generic terms
as we have done here, or in a species-specific manner. Nevertheless, we reiterate the idea that the
real essence and value are the data compiled, summarised and critically reviewed for each species.
The FishEthoScore is crude yet useful quantification tool to assess the general welfare state of the
species—though prone to subjective interpretation. The knowledge underpinning the scores, however,
is indeed objective and should allow the user to make an informed evaluation of welfare state of the
species, identify the knowledge gaps and eventually design solutions to improve the lives of farmed
fish. As new knowledge is gained, the team behind the FishEthoBase continues to update the database.
Furthermore, the concept of this project is to provide an open platform for researchers, industry
members and other stakeholders to share their expertise and critically examine the data available.

Supplementary Materials: The following are available online at http://www.mdpi.com/2410-3888/4/2/30/s1, Table
S1: FishEthoScores for 41 farmed fish species available in the open access database FishEthoBase www.fishethobase.
net.
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