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Abstract: High stocking density is used in aquaculture to optimize farming. However, such strategies
can stress territorial fish by increasing aggression, thus harming the fish welfare and productive
performance. Here, we tested the effect of long-term tactile body stimulation (TS) on alleviating
the impact of high stocking density in Nile tilapia (Oreochromis niloticus). Ten males were grouped
for 21 days into four treatments (10 replicates each one) combining TS with high (1.2 kg-m3) or low
(0.6 kg~m3) densities: (1) without TS and high density; (2) without TS and low density; (3) with TS
and high density; and (4) with TS and low density. A rectangular PVC frame fitted with vertical
plastic sticks sided with silicone bristles was placed in the center of aquarium. The fish receive TS
when passing through the bristles. An apparatus without bristles was used as control. We found
higher cortisol levels under TS conditions. All parameters of productive performance (growth, food
efficiency, and condition factor) were higher in the treatment with TS and low density, lower in the
treatment without TS and high density, and similar between treatments high density with TS and
low density without TS. The results suggest that TS improves productive performance of Nile tilapia,
counteracting the negative effects of high stocking density.

Keywords: food efficiency; growth rate; sensorial enrichment; stress; welfare
Key Contribution: Long-term TS counteracts the impacts of high stocking density and, when com-

bined with low stocking density, it has better performance. Therefore, TS is a tool that can improve
fish productivity and welfare.

1. Introduction

Global fish production has steadily increased over the last few years, with Nile tilapia
(Oreochromis niloticus) ranking third among fish species in the world in terms of production
quantity [1]. This increase in production is followed by the necessity for larger spaces
in fish farms to raise the fish adequately. However, instead of increasing space, high
stocking density is usually carried out by farmers. This condition affects food competition
and consumption, growth, and can generate non-adaptive stress, therefore affecting the
fish’s quality of life and welfare [2]. Consequently, concerns about the impact of increased
production on the species have also grown [3,4].

Stocking density is represented as the biomass or number of individuals for the volume
of the tank at any time during rearing [5]. Both high as well as low densities can impair
animal welfare based on the natural behavior of the species [6]. For example, for species
that naturally live in large shoals, low densities can be detrimental, whereas, for territorial
species (such as Nile tilapia and salmonids), high densities can have negative effects as it
increases aggressive interaction [3]. High densities can affect fish welfare, especially when
associated with limited spaces used to increase productivity by area [3,7].
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High stocking density is a very common stressor in the production of Nile tilapia [8],
associated with several effects, such as: decreased growth and feed efficiency [9-14];
decreased condition factor (K) [14]; increased cortisol levels [10,15]; decreased immune ca-
pacity [16]; increased mortality [12-14,17]; and worse economic performance in biofloc [17]
and cages culture systems [13]. Nile tilapia is a social fish that establishes social rank and
whose dominant male defends a reproductive territory by fights [8]. Thus, the number
of individuals in a group is associated with the probability of encounters. As a result,
we would expect that the higher the stocking density, the higher the probability of fights.
Hence, studies combining the effect of stocking density and social aggressive interactions
should be conducted to allow us to better understand its impact on Nile tilapia’s welfare [8].
At the same time, finding alternatives to minimize the negative effects of rearing on fish
welfare are urgent.

A strategy that has been increasingly considered to improve fish quality of life in
rearing systems is environmental enrichment. It is a way to increase environmental com-
plexity by adding physical structures and providing several types of motor or sensorial
stimuli [18,19]. The main goal of environmental enrichment is providing elements to re-
duce maladaptive traits [18], trigger fish’s nature-based behavior [20], as well as meet their
physiological, behavioral and psychological needs [19], which can improve animal welfare.

In this context, tactile stimulation (TS) emerges as a sensorial enrichment to improve
animal welfare. Several studies on mammals have demonstrated that some kind of touch, ca-
ress, or “massage” promotes positive effects in animals. For example, Field et al. [21] demon-
strated that TS decreases stress and reduces anxiety in humans, decreases heart rate in
piglets [22], increases weight gain and decreases aggression in isolated rodents [23]. In fish,
short-term TS (10 days or less) has been reported to decrease stress in reef fish (Ctenochaetus
striatus) [24] and reduce aggression in previously isolated male Nile tilapia [25]. In the long
term (21 days), TS decreases aggressiveness and increase productive performance in social
groups of male Nile tilapia [26]. As high stocking density is associated with aggressive
interactions and social stress in territorial fish, we aimed to investigate whether long-term
TS alleviates the negative effects of high stocking density on the welfare of Nile tilapia.

There is no universal definition of animal welfare; however, according to
Huntingford et al. [27], there are several indicators of welfare in fish (and other animals)
depending on the approach. An animal is considered as being in a good welfare state
if it is healthy and shows adequate feeding, growth, and reproduction (function-based
approach). The same if animal shows absence of fear, pain, and suffering (feeling-based
approach), as well as can express its natural behavior repertoire (nature-based approach).
In animal production science and aquaculture, the function-based approach is more used,
but all the different approaches are not exclusive. While working with one approach, other
approaches can also be proposed, particularly by offering conditions that bring positive
valence to the individuals [28]. Here, we hypothesized that TS counteract the negative
effects of high density. We predicted that individuals in contact with TS would exhibit
reduced stress and increased productive performance parameters, such as growth rate,
feed efficiency, and condition factor, thus considering the welfare function-based approach.

2. Methods
2.1. Fish Housing

Males of the genetically improved farmed tilapia (GIFT) strain, Oreochromis niloticus
(L.), from a commercial supplier (Projeto Peixe fish farming, Sales Oliveira, Brazil) were
acclimated for 20 days in polypropylene tanks (ca. 500 L, 1 fish/10 L) with water at 27 °C
and 12L:12D light regime (7:00 a.m. to 7:00 p.m.). The fish were fed twice a day (9:00 a.m.
and 3:00 p.m.) with commercial fish food (AGROMIX®, Jaboticabal, Brazil—32% crude
protein, to apparent satiety). Water quality was maintained using biological filters (400 L/h)
and constant aeration. The tanks were siphoned weekly to remove leftover food and feces.
However, it was ensured that no more than 25% of the water was replaced so that there
was minimal harm to the animals, e.g., [29,30].
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2.2. Tactile Stimulation

TS was provided by an apparatus previously tested in our lab [25,31]. It was composed
of vertical plastic sticks filled with silicone bristles on each side, fixed in a rectangular
polyvinyl chloride (PVC) structure (Figure 1A). A similar apparatus without silicone
bristles was used as control, as it did not provide TS (Figure 1B). Both apparatuses, each in
their respective treatments, were introduced in the middle of the glass tank (Figure 1C);
thus, when passing through the center of the glass tank, the fish in the TS treatment had
contact with the silicone bristles (Figure 1D). The TS apparatus does not remove the mucus
lining the bodies of animals, nor does it cause injury [25,26,31]. Moreover, Nile tilapia
individuals spontaneously cross through this apparatus and overcome an aversive stimulus
to access it [31], meaning it is not aversive to the fish.
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Figure 1. Tactile stimulation device and experimental design. The apparatus for tactile stimulation
(TS) made of a rectangular PVC structure with silicone bristles attached to plastic sticks (A), and a
device without silicone bristles for control (B). An apparatus positioned in the middle of the glass tank
(C) and fish receiving body TS (D). The experimental design and experimental schedule are shown
in (E). We combined low (10 fish/280 L—0.6 kg-m3) or high (10 fish/140 L—1.2 kg-m3) stocking
density with presence or absence of TS for 21 days, therefore setting 4 independent treatments
(N = 10 replicates each one). Photos: A.C.S. Gauy.

2.3. Experimental Design

We tested the effect of tactile stimulation on fish’s productive performance under high
(1.2 kg-m?) and low (0.6 kg-m?) stocking densities. We used groups of 10 males tested in
four treatments: (1) Without TS and high density; (2) Without TS and low density; (3) With
TS and high density; (4) With TS and low density. There were 10 replicates (glass tanks
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with groups of 10 animals) per treatment; therefore, 400 animals were used. A summary of
the experimental protocol is shown in Figure 1E.

To obtain different stocking densities, we reduced the available space rather than
increasing the number of animals in the same space (Figure 1E). Thus, we standardized the
number of animals in all treatments, as different numbers of individuals in a group can
interfere with aggressive interactions between them [32]. Thus, the animals were grouped
into tanks of different lengths and similar height: 60 x 60 x 40 cm; ca. 140 L for the
high-density treatments and 120 x 60 x 40 cm; ca. 280 L for the low-density treatments.
All sides of the tanks were covered with opaque blue plastic to avoid visual contact with
animals from the neighboring tanks. Blue was used because it prevents stress in Nile
tilapia [33]. Small gravel substrate was added to the glass tanks because Nile tilapia prefer
this condition than an environment without substrate [34].

All the fish were anesthetized with benzocaine (Ethyl 4-aminobenzoate, Sigma Aldrich®,
Sao Paulo, Brazil) at 0.03 g/L, measured, weighed, grouped, and assigned to one of the
treatments for 21 days. The 21-day period was chosen as the long-term period, as it
corresponds to three times the time used to provide TS to Nile tilapia [25]. Furthermore, it
has already been shown by Gauy et al. [26] that 21 days is sufficient to observe a cumulative
effect of TS on reducing fights in this species.

2.4. Feeding Procedures

The animals were fed at the same time and with the same feed provided during
the acclimatization period, but with 4% of the group biomass. The amount of feed
provided throughout the experiment was not statistically different between treatments
(mean =+ standard error of feed provided (g)—treatment without TS and high density:
131.15 £ 16.95; treatment without TS and low density: 127.48 &+ 11.87; treatment with TS
and high density: 131.42 + 15.06; treatment with TS and low density: 154.72 + 18.14; two-
way ANOVA, between treatments: F(; 35) = 0.77, p = 0.39; between densities: F(j 36 = 0.39,
p = 0.53; no interaction between treatment and density: F(; 35y = 0.74, p = 0.40).

2.5. Productive Performance Parameters

All animals (n = 10 groups each treatment, total 400 animals) underwent biometry on
the 1st, 10th, and 21st day of the experiments. Biometry on day 10 was used to adjust the
proportion of feed offered to the animals (4% of biomass/day, divided into two meals per
day, 9:00 a.m. and 3:00 p.m.) (Figure 1E). Six parameters of productive performance were
evaluated for each group:

- Length gain = final standard length — initial standard length;

- Weight gain = final weight — initial weight;

- Coefficient of size variation in the group = (standard deviation/mean) x 100;

- Specific growth rate (SGR) = (In final weight — In initial weight/time) x 100;

- Apparent feed efficiency ratio (FER) = weight gain/feed intake, which reflects the
association between food consumed and weight gain [35]. As we could not evaluate
individual food consumption, we estimated the FER as a proportion of weight gain
and food received each day. We assumed that feed efficiency improves with increase
in apparent FER [35];

- Condition factor (Fulton’s K) = (weight/length3) x 100, which reflects the physio-
logical state of the fish in relation to its welfare [36], and was calculated according
to [37,38]. K shows if fish grow with a balanced association between length and weight
and can be used as welfare indicator [39].

2.6. Blood Sampling and Cortisol Assay

Blood samples were collected from all animals (n = 10 groups each treatment, total
400 animals) on the 21st day of the experiment (Figure 1E) for further analysis of plasma
cortisol levels, as cortisol is a physiological indicator of stress in fish [2,40,41]. The animals
were anesthetized (benzocaine, 0.09 g/L) and blood samples were collected from the caudal
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vein using hypodermic needles and heparinized syringes. Handling was performed for
less than 2 min to avoid interference with hormone levels [42]. Blood was centrifuged
at 3000 rpm for 10 min, and the plasma was frozen at —20 °C for later hormone assays.
Cortisol assays were performed by enzyme-linked immunosorbent assay (ELISA), using
commercial kits (IBL—Immuno Biological Laboratories, Hamburg, Germany), already
validated for Nile tilapia [26,43]. The analysis was performed on all fish in the experiment
in duplicate and without dilution of the samples. The intra- and inter-assay coefficients of
variation were 5.7% and 11.5%, respectively.

2.7. Control of Abiotic Variables

The photoperiod was 12L:12D (7:00 a.m. to 7:00 p.m.). External charcoal filters were
used to aerate and maintain water quality. Water parameters were monitored on days 1, 10,
and 21, and the mean =+ standard error of the days in each treatment is shown in Table 1.

Table 1. Mean + S. E. of water parameters on the three measurement days in each treatment (n = 10
each treatment).

Parameters without TS with TS
High Density Low Density High Density Low Density
T (°C) 27.57 £ 0.06 27.34 +£0.09 27.32 £0.10 27.40 £ 0.09
pH 7.04 £0.03 7.05 £ 0.05 7.03 £ 0.05 7.07 £0.03
DO (mg-L~1) 8.29 £0.07 8.46 £ 0.07 8.47 £+ 0.07 8.45 4 0.12
NHy* (mg-L™1) 0.12 £ 0.03 0.06 £ 0.02 0.17 £ 0.05 0.08 £ 0.03
NO,~ (mg-L™1) 0.14 £ 0.03 0.07 £ 0.02 0.13 £ 0.03 0.08 £ 0.02

Temperature (T) and pH measured by electronic device—Hanna HI98127 (Smithfield, VA, USA); Dissolved oxygen
(DO) measured by electronic device—Hanna HI9146 (Smithfield, VA, USA); Ammonia (NH,*) and nitrite (NO, ™)
levels measured by commercial kits—LabconTest (Camboriti, Brazil).

2.8. Statistical Analysis

Data were tested for normality and homoscedasticity using Kolmogorov—Smirnov
and Fmax tests, respectively [44]. The analyzes were carried out with the mean of the
10 fishes per replicate, resulting in 10 data points per treatment. Two-way ANOVA was used
to compare initial and final standard lengths and weights, group coefficients of variation,
length gain, weight gain, SGR, FER, and group cortisol level (dependent variables) between
TS and density (categorical variables). Repeated measures MANOVA was used to compare
the initial and final K (dependent variables) between TS and density (categorical variables).
Tukey HSD test was used as a post hoc test. Statistical significance was set at p < 0.05.

2.9. Ethical Note

This study followed the Ethical Principles adopted by the National Council for the
Control of Animal Experimentation (CONCEA /Brazil) and was approved by the Com-
mittee on Ethics in Animal Use of the Instituto de Biociéncias, Letras e Ciéncias Exatas,
UNESP, Sao José do Rio Preto (CEUA-IBILCE/UNESP), permit #213/2019. procedures
also followed the ARRIVE'’s guidelines, such as animal allocation in adequate aquaria,
containing small gravel substrate, external filters and monitoring of pH, ammonium, and
nitrite to maintain water quality. Temperature was also controlled according to the species,
and specific food for cichlids was provided. Handling for biometry and blood collection
was always gentle and preceded by anesthesia in adequate concentration. At the end of the
experiment, they were euthanized by deepening anesthesia, according to the CONCEA
guidelines and ARRIVE’s recommendations. The number of replicates was adequate to
answer our questions. Altogether, we avoided suffering and pain while valuing the life of
fish, as well as the quality of our study.
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3. Results

There was no difference in the initial standard length and weight between treatments,
or in the respective group coefficients of variation. However, there was a difference in these
parameters at the end of the period between the treatments, except for the group coefficients
of variation (Table 2). There were also differences in length gain, weight gain, SGR, FER, and
cortisol levels among treatments (two-way ANOVA; Table 3; Figure 2A-E). Taking these
variables into consideration, the animals had lower performance in the treatment without
TS and high density (p < 0.0003), and higher performance in the treatment with TS and low
density than in the others (p < 0.0001). In addition, animals in the treatments without TS
and low density, and with TS and high density, performed similarly (p = 0.96). The cortisol
level was lower in the treatment without TS and high density (p < 0.03) and similar in the
other treatments (p = 0.22). No mortality was observed in any of the treatments.
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Figure 2. Productive performance and stress indicators. (A) length gain, (B) weight gain, (C) specific
growth rate—SGR, (D) apparent feed efficiency rate—FER and (E) cortisol level of the group in
each treatment. Comparison between treatments by Two-way ANOVA, followed by Tukey HSD.
Different letters indicate statistical differences between treatments. Bars with at least one same letter
are statistically similar. Data are mean + S.E.
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Table 2. Standard length (SL) and weight (W) of the animals at the beginning and end of the 21 days. The coefficient of variation (CV) for SL and W in each treatment
is also shown. Data are mean + S. E. (n = 10 groups each treatment, total 400 animals).

Variables with TS p Values
High Density Low Density High Density Low Density Fa30 Values

Initial SL With vs. Without TS: 0.16 0.69
8.07 £0.3 7.99 £+ 0.26 8.02 £ 0.3 8.29 +0.35 High vs. Low density: 0.09 0.77
(cm) Interaction: 0.34 0.56
Final SL With vs. Without TS: 4.35 0.04
(cm) 8.16 +0.28 2 8.53 4 0.22 ab 853 + 0.30 2P 9.39 +0.35P High vs. Lovxf density: 4.39 0.04
Interaction: 0.71 0.41
Initial W With vs. Without TS: 0.23 0.63
(g) 17.78 £2.48 16.33 £ 1.72 17.25 £2.17 19.02 4+ 2.54 High vs. Low density: 0.005 0.95
Interaction: 0.51 0.48
Final W With vs. Without TS: 8.12 0.007
(8) 18.13 £2.1242 20.66 =1.722 21.56 +2.322 31.02 £325b High vs. Low density: 6.13 0.02
Interaction: 2.04 0.16
cv With vs. Without TS: 0.82 0.37
initial SL (%) 5.28 4+ 0.81 4.87 + 0.52 5.04 +0.78 3.93 +0.38 High vs. Low density: 1.35 0.25
Interaction: 0.30 0.59
cv With vs. Without TS: 0.15 0.70
final SL (%) 6.69 + 0.82 6.14 £+ 0.45 7.90 £+ 0.82 5.45 4+ 0.45 High vs. Low density: 5.07 0.03
Interaction: 2.05 0.16
cv With vs. Without TS: 0.70 0.41
initial W (%) 18.11 £2.28 16.98 £+ 1.85 17.48 + 2.56 14.11 £1.49 High vs. Low density: 1.17 0.29
Interaction: 0.29 0.59
cv With vs. Without TS: 0.34 0.57
final W (%) 21.56 +2.54 18.75 £ 1.66 2493 + 2.57 17.87 +1.54 High vs. Low density: 5.33 0.03
Interaction: 0.99 0.33

Two-way ANOVA followed by Tukey HSD.

Different letters indicate significant difference between treatments. Significantly different values are highlighted in gray.
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Table 3. Two-way ANOVA comparison of length gain, weight gain, Specific Growth Rate (SGR),
Apparent Feed Efficiency Ratio (FER), and cortisol level between treatments (n = 10 groups each
treatment, total 400 animals).

Variables F(1,36) Values p Values
With vs. Without TS: 97.03 <0.0001
Length gain High vs. Low density: 110.94 <0.0001
Interaction: 1.89 0.18
With vs. Without TS: 109.65 <0.0001
Weight gain High vs. Low density: 110.59 <0.0001
Interaction: 11.27 0.002
With vs. Without TS: 62.45 <0.0001
High vs. Low density: 68.03 <0.0001
SGR Interaction: 1.26 0.27
FER With vs. Without TS: 64.40 <0.0001
High vs. Low density: 66.67 <0.0001
Interaction: 3.07 0.08
With vs. Without TS: 7.18 0.01
Cortisol level High vs. Low density: 1.85 0.18
Interaction: 1.94 0.17

Significantly different values are highlighted in gray.

There was also a difference in K between treatments at the beginning and end of
the period (MANOVA for repeated measures, with interaction between treatment and
density: Fq 36) = 4.40, p = 0.04; interaction between K and density: F(; 36) = 15.39, p = 0.0004;
interaction between K and treatment: F(; 35y = 17.52, p = 0.0002; no interaction between K,
density, and treatment: F(; 35y = 1.84, p = 0.18; Figure 3). There was no difference in the
initial K values between treatments (p = 0.77). The final K was not statistically different
among treatments (p = 0.37), except for the treatment with TS and low density, which was
higher than that of the others (p < 0.002). Furthermore, there was an increase in K at the
beginning and end of the period in the treatment with TS and low density (p = 0.0001),
which did not occur in the other treatments, where K remained the same (p > 0.09).

3.0

H Initial K 3 FinalK
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p=0.09 T
p=1.0 p=0.15 a
a a a a I
—_ a
Ml & u -
1 i 1 | | |
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Figure 3. Condition factor. Condition factor (K) at the beginning and the end of the 21 days
of experimental period compared by MANOVA for repeated measures followed by Tukey HSD.
p values indicate significant differences within treatment while letters compare between treatments.
Different letters indicate statistical difference. Data are mean + S.E.
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4. Discussion

In this study, we observed that long-term TS improved the productive performance of
Nile tilapia by increasing their growth, feed efficiency, and K, thereby counteracting the
negative effects of high stocking density. Furthermore, long-term TS combined with low
stocking density showed the best performance among all treatments, even when cortisol
levels were higher compared to treatment without TS and high density. Therefore, TS can
be a tool used in fish farming to increase productivity by improving fish welfare.

At the start of all treatment, animals had a similar standard length and weight condi-
tions. Growth was observed in all of them. However, in the presence of TS, this growth was
greater. Furthermore, all treatments had good quality of water, which could have likely
influenced the performance of animals at high densities [5,45]. Therefore, we suggest that
all parameters analyzed here had a clear influence on TS at the two stocking densities as all
abiotic variables were adequately controlled.

There are several studies showing that structurally enriched tanks improve productive
performance and welfare in fishes [19]. For example, suspended conduit used as enrichment
improved weight gain and feed conversion ratio in rainbow trout (Oncorhynchus mykiss)
and brown trout (Salmo trutta) [46]. Arechavala-Lopez et al. [47] demonstrated that ropes
suspended in the tank can reduce aggressiveness in juvenile seabream (Sparus aurata),
although no effects were found on fish condition, growth and mortality. In our study, we
used a structure that allowed fish to receive TS when passing through the bristles, therefore
characterizing not only a structural, but also a sensorial enrichment. It is probable that this
enrichment combination intensifies the results. However, the structure was necessary to
provide TS for fish, and the structure itself was used as a control. Therefore, the following
discussion will focus on TS.

In this study, we did not evaluate aggressiveness in each treatment, as the number
of fish per group hindered this analysis. Nevertheless, one possible mechanism that
explains the effect of TS on productive parameters is the reduction in aggressive interaction.
In previous studies with Nile tilapia, we showed that TS decreases aggression in both
isolated [25] and grouped animals [26]. Aggressive interactions, in turn, demand high
energy expenditure for fish [48], which can interfere with growth in Nile tilapia [49]. This
can likely be attributed to the increase in serotonin levels by TS, as reported in humans [21].
The manipulation of the serotoninergic system has been shown to decrease aggression in
rainbow trout [50] and in males Nile tilapia fed a diet enriched with tryptophan (a serotonin
precursor) [51]. The effect of TS on serotonin pathways, however, has not yet been studied
in fish.

Fish under TS treatment may also have presented increased growth by lowering the
activity of the following pathways: (1) In fight or flight situations, the sympathetic nervous
system is activated, increasing the secretion of adrenaline by chromaffin cells [52]. In turn,
adrenaline increases the breakdown of energy substrate stores, such as liver glycogen and
fat [52]. (2) In conditions of social stress, the hypothalamic-pituitary-interrenal (HPI) axis is
activated in fish, increasing cortisol secretion [52,53]. Cortisol is a catabolic hormone that
facilitates lipolysis and, under chronic conditions, promotes protein breakdown [52]. These
two mechanisms act directly on animal growth as weight and length gain are anabolic
events and are favored by less activation of the sympathetic nervous system and HPI axis.
Furthermore, cortisol can interfere with the action of growth hormone (GH), either directly
by influencing GH production [54], or indirectly by inhibiting its IGF-1 receptors in the
liver, with a consequent reduction in muscle growth [55,56]. In addition, cortisol can inhibit
appetite and interfere with nutrient absorption in fish [56]. Thus, both growth and feed
efficiency may be associated with improved food intake and assimilation if TS reduces
social stress.

Although previous studies have shown that TS reduces cortisol levels in mammals [21,57,58]
and reef fish [24], such reduction was not observed in the present study. Gauy et al. [26]
also did not observe a reduction in cortisol levels in groups of Nile tilapia in contact with
TS. Contrary to our prediction, we observed higher cortisol levels in the treatments with
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higher animal growth, which contradicts the cortisol-influenced growth mechanisms cited
above. However, the cortisol level observed in the present study may not necessarily
suggest that the animals were stressed as cortisol is necessary for the maintenance of all
organisms [59]. Here, we used the GIFT strain, which has been selected for increased
growth performance [60,61]. It is possible that individuals more reactive to stress may have
been selected, and these selected individuals may have higher cortisol levels compared to
the common Nile tilapia, e.g., [62] with rainbow trout.

Some studies have reported basal levels of 90-110 ng/mL~! for isolated GIFT Nile
tilapia [25] and 70-90 ng/ mL~! for grouped animals [15,16,26]. Thus, the cortisol levels
in the TS treatments in this study were within the basal levels for this strain. Moreover,
such levels were similar to those found by Gauy et al. [26] in which the animals in contact
with the long-term TS showed less aggressiveness and better productive performance than
the control ones. Furthermore, the lower cortisol level observed in the treatment without
TS and high density can be explained by the fact that chronic elevation of cortisol level is
regulated by negative feedback from the HPI axis [51], reflecting a lower cortisol peak in
this situation, e.g., [63,64]. Thus, the lower cortisol levels found in the treatment without
TS and high density does not necessarily imply that animals were less stressed in these
conditions than in the treatment with TS and low density. Although cortisol level is a
standard stress indicator in fish, complementary indicators of metabolic activity (such as
blood glucose and liver glycogen) could be used to better address stress levels [65]. On
the other hand, reducing growth results from reserve substrate breakdown and protein
degradation when an individual reaches the distress phase [59]. Here, it is possible that
none of the fish entered the distress phase, as there was no negative effect on the SGR.

In addition to growth, feed efficiency was also improved in the presence of TS at both
densities. This parameter indicates the conversion of feed to weight, that is, the better the
feed efficiency, the less feed was consumed per gram of fish produced [35]. Comparing the
results of the treatments, we can suggest that a similar amount of feed can be converted
into three times more weight when animals are in contact with TS. Furthermore, improving
the growth rate and feed efficiency of animals can have a positive impact on fish farming,
as these characteristics cannot only reduce the environmental impacts of this practice but
also reduce the total production costs [35,66,67].

The association of TS and low density had the best performance also in K values. K
can be considered a welfare indicator in Nile tilapia [39] and is related to several animal
performance characteristics, such as growth and nutritional quality [37]. In this species,
Wau et al. [14] observed higher K at low stocking densities (K = 3.37) and Gauy et al. [26]
reported higher K in animals in contact with long-term TS than the control ones (K = 3.4).
Herein, we found a very high K, which suggested the fish had eaten more and gained more
weight than length. However, the length gain in low density conditions and with TS was
also higher than in the other treatments. Thus, we suggest that the combination of TS and
low stocking density has better performance in terms of body condition.

The results of the present study showed that TS had a positive effect on the high
stocking density treatment, increasing productive parameters to levels similar to those
found in the treatment without TS and low density. Low-density treatments, both with
and without TS, showed better performance in productive parameters than high-density
treatments. Some studies on Nile tilapia have demonstrated that high densities have a
negative impact on the production of this species as they are associated with lower growth
and feed efficiency [9,11-13] as well as lower K, meat quality [14], and survival [12-14,17].
Barcellos et al. [10] and Jun et al. [15] reported elevated cortisol levels at higher densities.
These negative effects may occur because high densities can influence social interactions
and suppress animal growth [3,5]. In fact, all the above-mentioned studies that reported the
impacts of high density on Nile tilapia discussed the influence of social interactions, such
as aggressive interactions, on the results. Thus, we suggest that long-term TS reduces the
negative impacts of high stocking density on Nile tilapia, likely by reducing aggressiveness
in the group, e.g., [26].
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5. Conclusions

The negative impacts of high stocking density depend on the species as well as the
way fish are reared and managed [7]. Thus, environmental enrichment has been suggested
as a potential strategy to improve the welfare of captive fish [19]. In this scenario, we
conclude that the sensorial enrichment provided by long-term TS can be a promising tool
to increase productivity in fish farming, particularly when associated with low densities,
and to counteract the negative effects of high stocking densities. However, further studies
are required to confirm its efficiency in tanks with larger numbers of animals. This tool can
improve production in the future, as to meet the global demand for human feeding, fish
farming will need to produce larger quantities using less food, water, and space [45,68].
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