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Abstract: Physical enrichment of structures has been used for the last decades in aquaculture to
improve fish production and welfare. Until now, this enrichment has been practiced in fish monocul-
ture but not in fish polyculture. In this study, we developed a polyculture of two freshwater species
(pikeperch and sterlet) in recirculated systems (tank of 2.4 m3) with or without physical structures
for enrichment. Two types of structures were used: a cover plank on a part of the tank decreasing
the light intensity and vertical pipes modifying the water flow. The experiment was conducted in
triplicate for a three-month period with juvenile fishes (143 ± 41 g and 27.3 ± 2.2 cm for pikeperch and
133 ± 21 g and 32.8 ± 1.6 cm for sterlet). Behavioural (space occupation and abnormal behaviours)
and morphological (total length, final weight, Fulton condition factor, coefficient of variation of
the final weight, percentage of biomass gain and specific growth rate) traits were measured. The
pikeperch changed their space occupation and showed a preference for low light areas. Sterlet also
changed their space occupation: they did not use the cover and occurred mainly in the part of the tank
without enrichment. There was no difference for the frequency of abnormal behaviours for pikeperch
and sterlet between the two sets (with or without enrichment). There was no statistical difference
between the two sets for all the morphological and growth parameters no matter the species and the
rearing modality.

Keywords: aquaculture; physical enrichment; interspecies relationships; freshwater fish; pikeperch
(Sander lucioperca); sterlet (Acipenser ruthenus)

1. Introduction

To respond to the increasing demand of human food needs, aquaculture takes a
particular role [1]. In Europe and North America, aquaculture during these last decades has
been increasingly based on intensive fish rearing, with the development of fish monoculture
in restricted farming systems (cages or recirculating aquaculture systems; RAS). A high
fish density and a poorly diversified environment, mostly represented by empty structures,
characterise these systems. Although such devices allow maximising fish growth and
production, most of them do not consider animal welfare [2]. Now animal welfare (i.e., the
ability of an animal to adapt to its environment and remain in good health [3]) has become
a societal question with the need to be better integrated into farm management. Therefore,
new practices should be developed to ensure fish welfare, and physical enrichment of
the rearing environment has been proposed as a possible solution. The environmental
enrichment is defined as a voluntary addition of environmental complexity into the rearing
environment [4] in order “to reduce the expression of the undesirable traits that fish develop
in captivity” [5].

For fish rearing undergoing high restrictive conditions as in RAS, the environmental
enrichment methods have already been shown to be effective in improving fish welfare [5].
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Five categories are recognised for environmental enrichment [5]: physical, sensory, dietary,
social and occupational enrichments. However, environmental enrichment may lead to
conflictual results according to species and the level of complexity. Some studies have
shown that environmental enrichment might have beneficial effects on fish growth [6–10]
but also on neural structures [11], behaviours (aggressiveness, space occupation and
dominance) [12–16] and cognitive abilities [17]. Other studies showed that the introduction
of plants in the tanks or aquaria might be used by the fish as territories and lead to intraspe-
cific conflicts for the space [18–20]. Therefore, physical enrichment could be a coveted
resource for some fish species, especially if they are limited in number [19]. The beneficial
effects of environmental enrichment on behaviour are thus not obvious and are species-
and context-dependent. Moreover, all the studies were conducted for fish monoculture.

Polyculture is a fish farming practice defined as the rearing of two or more fish species
in the same environment at the same time [21]. It is mostly applied in ponds but can also
be applied in more artificial systems such as in RAS in order to optimise the resources
(e.g., spatial and trophic) of the farming system [22,23]. As these rearing systems are very
poorly diversified, physical enrichment may help improving the rearing conditions for fish
species in polyculture [24]. However, two main problems remain: (i) the choice of the fish
species, which may be associated in polyculture and (ii) the type of enrichment devices
depending on the fish species requirements.

Here, we focused on physical enrichment of the structures for which different types
of enrichment may be added to the tanks. Shelters or cover structures are known to
reduce aggression, providing caches for subordinates when there is a high intraspecific
pressure [25–32]. Introduction of structural objects can also reduce fin injuries [33–36] and
improve growth, survival [37] and welfare [25,38,39]. Shelters can also reduce maintenance
and metabolism, as observed in juvenile salmon [40]. However, shelters can have different
effects depending on the fish species biology (e.g., cannibalism). Shelters reduced cannibal-
ism in African sharptooth catfish (Clarias gariepinus) [41] but not in juvenile Asian redtail
catfish (Hemibagrus nemurus) [42]. There are similar results concerning fish growth: shelters
may have positive, negative or no effect on fish growth depending on the size or the species
of the fish. A few studies tested several types of physical enrichment simultaneously; the
use of a cover and vertical pipes in the same tank increased the biomass gain for juveniles
of brown trout (Salmo trutta) and rainbow trout (Oncorhynchus mykiss) [10], but the physical
enrichment of the rearing environment in fish polyculture is another challenge.

To the best of our knowledge, there is no study on the influence of enrichment in a
polyculture farming system except studies that integrated the role of nutrient-enriched
fertilisers on the growth of fish and shrimps reared in polyculture [42]. In this study,
we introduced physical enrichments in a RAS polyculture of two fish species: pikeperch
(Sander lucioperca) and sterlet (Acipenser ruthenus). These two species have an economic
value due to the high quality of their flesh (see for pikeperch [43] and sterlet [44]). This fish
association has been already used in RAS polyculture studies [22,23,43] because of their
abiotic compatibility and complementarity in the exploitation of the same trophic resource.
Pikeperch feed on the pellets in the water column whereas sterlet exploit the pellets found
at the bottom of the tanks [22,23]. The responses of the fish can affect their behaviours and
then also their development. Overall, we assessed whether physical enrichments similarly
impact the behaviour and growth of both species.

2. Material and Methods
2.1. Fish and Environment

The experiment was carried out at the EPA (Experimental Platform for Aquaculture;
registration number for animal experimentation D54-547-18) in the University of Lorraine
(France). Fishes were juveniles: 15-month-old juveniles of pikeperch (Sander lucioperca,
mean weight of 143 ± 41 g, mean total length of 27.3 ± 2.2 cm) were reared in our laboratory
whereas juvenile sterlet (Acipenser ruthenus, mean weight of 133 ± 21 g, mean total length
of 32.8 ± 1.6 cm) were obtained from a fishery (Fischzucht Rhönforelle GmbH & Co., Ltd.,
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Gersfeld, Germany). A health assessment of the fish was carried out when they were
admitted to the animal facility and we confirmed that the fish were in good health. The
rearing conditions were defined according to the physiological needs of the two species
(for pikeperch [22,45] and for sterlet [46,47]). Each experimental unit was an independent
RAS with square tank (2 m × 2 m × 0.8 m) of 2400 L volume. For the physical conditions,
the light was turned on for 10 h (from 8.30 a.m. to 6.30 p.m.) with a simulation of dawn
and dusk of 30 mn each. The water temperature was stabilised at 20.8 ◦C (±0.2 ◦C), the
dissolved O2 at 7.2 mg/L (±0.4 mg/L) and the pH at 7.4 (±0.2). These data were controlled
three times per week as were the levels of nitrites and ammonium (mean values for N-NH4

+

and N-NO2
− were respectively 0.06 ± 0.04 and 0.02 ± 0.01 mg/L during acclimatisation

and the experimental period).

2.2. Experimental Design

During an acclimatisation period, the two species were separated in two different tanks.
Fish were fed with Sturgeon Grower 3 (Le Gouessant; granule size of 3 mm; protein content
of 47%, lipid content of 13% and a digestible energy of 17.1 MJ/kg). The daily feeding ration
was 1.5% of the total biomass. After this acclimatisation period, they were distributed in
six tanks, three with physical enrichment (noted E) and three without (noted NE). The
study lasted three months (from May 2020 to August 2020). The attribution of the fish of
the two species in each tank was done with respect to the size of the fish (same size in the
different tanks) and in the number proportion of 60% of pikeperch and 40% of sterlet, a
ratio between species justified by the feeding behaviour of the two species. Pikeperch had
the first opportunity to access the food while the sterlet consumed the pellets reaching
the bottom of the tanks. There was no difference in fish biomass between replicates at the
beginning of the experiment. In these conditions, 45 pikeperch and 30 sterlet were placed in
each tank for a total biomass of 10.425 g (±60 g) per tank. Fish were introduced on day (0)
in the different tanks after sedation with MS222 (80 mg/L), weighted and measured. After
that, all fishes were fed with two belt feeders per tank and food distributed continuously for
three hours (from 9 a.m. to 12 a.m.). The feeding rate was 1.8% of the total biomass of each
tank. Growth control (weight and total length) was conducted every two weeks in order to
adjust the feeding rate. The type of feed was the same as during the acclimatisation period.

2.3. Physical Enrichment

The physical enrichment was chosen in accordance with the preferences of each species.
Three of the six tanks were randomly equipped with the physical enrichment. For each
tank, the physical enrichments included a cover with a PVC plank and vertical pipes. The
cover was chosen because it reduced the light intensity in a part of the tank, and low light
is preferred by pikeperch [48]. The pipe positioning aimed to reduce the flow inside the
tank and create some zones with lower flow [49]. The pipes were distributed in the tank in
order to break the water current, which is dependent on the water arrival in the tank; three
structures of five pipes were used (total length: 48 cm; diameter: 3 cm; length of each pipe:
49 cm for the four external pipes and 39 cm for the central pipe). These structures were
vertically immersed in the tanks. This environment is suitable for sterlet which prefers
stream water with low current [50] but also pikeperch [51]. The PVC planks (L: 90 cm,
l: 75.5 cm and H: 1 cm) were put above the water (10 cm) in the left part of the tank where
the belt feeders were disposed (Figure 1).
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Figure 1. Top view of the tank with physical enrichment and showing parts of the tank that differ by
the luminosity (zone 1–5 Lux vs. zone 2–20 Lux) due to the cover with PVC plank (PVC). The zones
are delimited by the dash line. The surface of zone 1 was larger than the surface of the planks because
it projects shadow on the bottom of the tank. W.A. = water arrival; F1, F2 = automatic feeders; VP1,
VP2, VP3 = vertical pipes.

2.4. Behavioural Parameters

The behavioural parameters focused on space occupation and abnormal behaviours
of the two species. These behaviours were chosen because space occupation can be di-
rectly linked to the presence of physical structures in the tanks and abnormal behaviours
are related to stress (e.g., stereotypies or behaviours not expressed in the wild). There-
fore, these behaviours are indicators of behavioural changes due to environmental enrich-
ment. These behaviours were extracted from videos that were realised with two cameras
(Sony HDR CX550 VE) for each tank. To compare the space occupation by the two fish
species, we divided each tank into two zones (Figure 1). The first zone (zone 1) matched
with the low light intensity (5 lux) zone defined by the projection of the shadow due to the
presence of the plank and the two belt feeders for the three tanks with physical enrichment.
This zone 1 is drawn virtually for the tanks without enrichment. The zone 2 was the high
light intensity (20 lux) zone. This luminosity was the same everywhere for the tanks with-
out enrichment. Even with the two cameras, all the surface of the tanks was not visually
accessible. Only 54% of the total surface of each tank was in the field of the cameras, and
this part was equally shared in zones 1 and 2 (Figure 2).
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Figure 2. Top view showing part of the tank with the physical enrichment (PVC planks and pipes)
and feeders that were covered by the field of the video cameras. C1 and C2 indicate the position of
the video cameras. The dotted line indicated the parts, which are visually accessible by the cameras
in zones 1 and 2, respectively. Zone 1 = the low light intensity zone (5 lux); Zone 2 = the high light
intensity zone (20 lux); W.A. = water arrival; F1, F2 = automatic feeders.

We recorded fish behaviours (space occupation and abnormal behaviours) during
two periods: first between day 19 and day 22, and second between day 39 and day 42.
Each recording sequence lasted 30 min, and there was a sequence in the morning after the
feeding phase and another during the afternoon three hours before the dawn when all the
feed was eaten. Each day, a couple of tanks with and without enrichment were recorded.
The association between the two tanks was realised at random. The six tanks were recorded
one time. During a recording session, we stopped the air diffusion to facilitate the fish
view and their counting. This short pause of the air diffusion had no consequence on the
dissolved oxygen concentrations. The two cameras were synchronised.

All the 30 min of video recordings were analysed. For that, 20 images were extracted
from the video every one minute and a half. On each image, we counted the number of
fishes of the two species in each zone (see above for the delimitation of the two zones,
shaded or not). These two zones were reported on the screen of the computer and the
position of each fish was pointed.

For the two species, abnormal behaviours were defined as:

• Particular swimming. Two different behaviours were observed: (i) the fish swam on
the back (SB) with the ventral body above, and (ii) the fish swam vertically (SV) with
the head above the water surface.

• Jumps (J) were also observed; the fish was out of the water with its entire body above
the surface. This behaviour was observed mainly along the wall of the tank.

2.5. Growth Characteristic Assessment

We recorded the fish mortality daily and assessed the final survival rate for each tank
and for each fish species at day 90. Fish mortality also included individuals excluded
from the experiment because of their thinness (limit point). This was done by visual con-
trol, with confirmation based on the value of the Fulton condition factor (see below) less
than 0.27 and 0.60 for sterlet and pikeperch, respectively. For fish development, two vari-
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ables were used: individual measures when it was possible and experimental unit variables
on all the individuals of each experimental unit. At the beginning of the experiment (day 0),
all fishes (n = 450) were measured (total length with a precision of 1 mm) and weighed
(precision of 1 g). To perform the measurements, fish were sedated with a Tricaïne solution
(MS222, 80 mg/L). From these measurements, we calculated the coefficient of variation of
the initial weight (CVi) and the Fulton condition factor (FCFi) at day 0. For fish growth,
individual parameters of mass and total length were measured at Day 90 in the same condi-
tions as the beginning of the experiment. From these measures, we calculated the coefficient
of variation of the final weight (CVf) and the Fulton condition factor (FCFf at day 90). FCF
was computed as: FCFf = ((Wif × Lif

−3) × 100), where Wif was the weight of each fish at
the end of the experiment and Lif was total length. The FCF was then averaged for each
experimental unit. The percentage of biomass gain (BG) was also calculated at the level of
the experimental unit according to the following formula: BG = (BMf − BMi)/BMi × 100,
where BMi and BMf were the initial and final biomass in each experimental unit, respec-
tively. Lastly, the specific growth rate (SGR) was also calculated for each species, according
to the following formula: SGR (%.day−1) = [(lnWf − lnWi)/T] × 100, where Wf was the
average of the final body weight (g) of all individuals of a given species in a tank, Wi was
the average of the initial body weight (g) of all individuals of a given species in the same
tank and T was the time of the experiment (days).

2.6. Statistical Analyses

The survival rate was compared for each species between the two modalities using
a Chi square test. The growth and behavioural characteristics were tested for normality
(Kolmogorov–Smirnov test) and for variance homogeneity (Barlett Test). When these
assumptions were met, data were compared with the generalized linear mixed model,
with the modalities as fixed variables, the replica (ecotron) as the growth variables and the
recording day (first period (days 19–22) or second period (days 39–42)) as random variables
for the behavioural variables (R packages used: lme4, lmerTest and MnMin). The different
models were compared using an Akaike information criterion for small samples (AICc).
When the global comparison was significant, pairwise comparisons between modalities
inside a given species were done with a protected least significant difference test (PSLD).
When the data did not fit normality and variance homogeneity, a non-parametric test of
Kruskall–Wallis (K–W) was used, and when it was significant, pairwise comparisons were
done with the R package pgirmess [52]. All statistical analyses were done with R software
(R version 3.6.1, 2019) and the significance threshold was set at p < 0.05.

3. Results
3.1. Survival

Fish were observed daily, and no pathology was reported for the two species. There
were less than 14% of dead fish for the pikeperch (no individual excluded from the pro-
tocol), while the rate of death for sterlet was higher (25%, corresponding to 4% of mor-
tality and 21% of excluded lean fish) and significantly different (X2 = 7.86, p < 0.05). For
pikeperch and sterlet, there was no statistical difference (for pikeperch: X2 = 0.00, p = 1
and for sterlet: X2 = 0.12, p = 0.73) of survival rate between the two modalities (with and
without enrichment).

3.2. Space Occupation

For both species, there was no effect of the recording day on the results, so we com-
bined the data of the two periods (days 19–22 and days 39–42).

Pikeperch were more distributed in zone 1 in the modality with enrichment (K-W test,
X2 = 25.9, p < 0.05). Pikeperch were more distributed in zone 2 in the modality without
enrichment (K-W test, X2 = 117.1, p < 0.05) (Figure 3).
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letters mean a significant difference (p < 0.05). E: enrichment, NE: no enrichment.

Sterlet were more distributed in zone 1 in the modality without enrichment (ANOVA,
F1, 4 = 92.2, p < 0.05). Sterlet were more distributed in zone 2 in the modality without
enrichment (K-W test, X2 = 8.5, p < 0.05) (Figure 4).
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3.3. Behaviours

Only sterlet exhibited abnormal behaviours. There was no difference in the frequencies
of these behaviours (SB, ANOVA, F1, 24 = 0.73, p = 0.40, SV, ANOVA, F1, 24 = 0.16, p = 0.70,
and J, ANOVA, F1, 24 = 0.87, p = 0.36) between the two modalities.

3.4. Growth of the Fish

There was no difference in the initial weight of the fish and length of the two species no
matter the modality (with or without enrichment; Table 1) for pikeperch (weight ANOVA,
F1, 268 = 0.72, p = 0.79; length ANOVA, F1, 268 = 10−4, p = 1) and sterlet (weight ANOVA,
F1, 178 = 0.00, p = 1, length ANOVA, F1, 178 = 0.10, p = 0.75). After 90 days, there was also no
statistical difference for the weight and length of pikeperch (weight ANOVA, F1, 229 = 0.57,
p = 0.45; length ANOVA, F1, 229 = 0.44, p = 0.51) and sterlet (weight ANOVA, F1, 132 = 0.00,
p = 1, length ANOVA, F1, 132 = 0.45, p = 0.50). For the final weight, the CVf did not differ
between the modalities for pikeperch and sterlet; it was the same for the FCFf.

Table 1. Fish growth data (mean ± standard deviation) for the two species, sterlet (Acipenser ruthenus)
and pikeperch (Sander lucioperca), reared with or without enrichment (E and NE, respectively).

Enrichment (E)

Species Wi (g) FCFi Wf (g) FCFf BMi (g) BMf (g) BG (%) SGR (%/day)

Sterlet 133.1 ± 21.2 0.40 ± 0.00 324.7 ± 65.2 0.4 ± 0.0 3993.2 ± 17.6 7472.2 ± 674.3 87 ± 17.5 0.99 ± 0.08

Pikeperch 142.0 ± 38.1 0.7 ± 0.1 381.9 ± 88.4 0.8 ± 0.1 6373.6 ± 39.7 14763.5 ± 303.1 131.6 ± 3.4 1.10 ± 0.03

No Enrichment (NE)

Species Wi (g) FCFi Wf (g) FCFf BMi (g) BMf (g) BG (%) SGR (%/day)

Sterlet 132.6 ± 21.1 0.38 ± 0.04 337.1 ± 51.4 0.46 ± 0.05 3979.0 ± 11.7 7434.5 ± 941.6 87 ± 23.2 1.04 ± 0.05

Pikeperch 143.4 ± 44.6 0.7 ± 0.1 369.7 ± 94.0 0.8 ± 0.1 6452.4 ± 92.5 14412.0 ± 617.0 123.3 ± 7.8 1.05 ± 0.03

Wi: initial weight; FCFi: Fulton condition factor at day 0; Wf: final weight; FCFf: Fulton condition factor at day 90;
BMi and BMf: initial and final Biomass, respectively; BG: biomass gain; SGR: specific growth rate.

The percentage of biomass gain (BG) did not differ between modalities no matter
the species (pikeperch, F1, 4 = 2.95, p = 0.10; sterlet, F1, 4 = 0.0, p = 1). In the same way,
the specific growth rate (SGR) did not differ between modalities no matter the species
(pikeperch, F1, 4 = 2.72, p > 0.05; sterlet, F1, 4 = 0.77, p > 0.05).

4. Discussion

Our results showed that (i) there was no effect of physical enrichment on the survival,
growth and morphological development of the two species, (ii) space occupation differed
between the modalities (with and without enrichment) for the pikeperch and the sterlet
and (iii) there was no influence of enrichment on abnormal behaviours exhibited by the
sterlet. Mortality rates should be considered differently according to the two species. They
corresponded to dead fish or fish that were not found at the end of the experiment for
pikeperch. The loss of individuals could be linked to cases of cannibalism, a common
behaviour for this species [53] and observed twice in our experiment. For the sterlet, the
mortality rates were mainly explained by fish reaching the limit point defined in the study
(FCF less than 0.27), which refers to lean fish and are thus out of the experimental protocol.

Pikeperch switched its space occupation under the cover places due to the presence of
PVC planks, which also corresponded to the part of the tank where the pipes modified the
flow. The pikeperch most likely reacted to the presence of cover and pipes according to
their preferred habitat [48]. Sterlet also changed their space occupation; they did not use
the cover and were more numerous in the part of the tank without enrichment (zone 2). The
spatial distribution of the two species was controlled by both the application of enrichment
causing a low luminosity (zone 1) and the placement of the feeders in this shaded area. We
did not observe aggressiveness between the fish of the two species.
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In monoculture, several studies showed that physical enrichment of the rearing envi-
ronment can affect the fish behaviour. In general, environmental enrichment promotes be-
havioural flexibility in animals reared under captive environments and can positively affect
neural plasticity and cognitive abilities [17,54]; for example, Zebrafish in bare tanks can be
more exploratory (cognitive items) [55]. Some results on the effect of environmental enrich-
ment on aggressive behaviours are more contested [29]. For example, structural enrichment
reduced aggression levels in zebrafish [18,29,31] and in salmon [56], but another study [57]
reported that zebrafish in enriched environments were more aggressive (in the mirror test)
than control.

For structural enrichment, the presence of pipes suspended vertically in the tank
modified the water flow in the tank. Different studies showed that such devices can affect
fish development. This has been the case for juveniles of the rainbow trout for which the
feed conversion ratio, individual length and fish weight were improved in the enriched
tanks [7,8,58,59], but vertical pipes did not increase growth in rainbow trout [60]. The
situation is more complex when this device is associated with another as was the case in
our study. While pikeperch preferred shaded areas as shown here, this was also the case
for other species. For example, providing covers enhanced the use of particular areas and
promoted aggregation of groups, reducing competition and aggression level in catfish [61].
We found that such enrichment with vertical pipes had no effect on the growth of the two
fish species (pikeperch and sterlet). The first reason is perhaps the short duration of the
experiment (90 days), which would be not sufficient to see an effect on fish growth for
these species. The second reason is the fact that the two species have different speed of
growth; pikeperch is a fish with a slow development compared to sterlet. One bias of our
experimental design was that the belt feeders were placed just near the cover; thus, the
pikeperch that occupied the place under the cover were just under the feeders. They had
direct access to the food but not the sterlet. The absence of specific growth for the sterlet
could be due to their exclusion out of the feeding place by the pikeperch as a consequence
of their presence under the cover.

There is evidence that environmental enrichment enhances welfare in animal captiv-
ity [62]. This is the case for fish where structural complexity can alter fish behaviour, have
positive effects on welfare and decrease avoidance and anxiety responses [63]. However,
the benefit of an enriched environment is lost for fish exposed to painful stimuli [62]. Fish
welfare can be assessed through behavioural indicators; abnormal behaviours and stereo-
typies are indicators of the welfare issues of animals. In our study, abnormal behaviours
were observed only on the sterlet. We did not find that these behaviours were less frequent
in the tanks with physical enrichment. In our study, sterlet exhibited these behaviours near
the water surface and mainly along the walls of the tanks, and they were not influenced by
the presence of physical enrichments in the tanks. These behaviours might be linked to the
rearing conditions in closed tanks and are similar to escape behaviours. Such behaviours
have been noted in this species and can be compared with those of mammals under very
restrictive conditions (e.g., small enclosures).

5. Conclusions

The structural enrichment used in this experiment had an impact on the pikeperch
and sterlet. The effect of these enrichments affected the space occupation behaviour of the
pikeperch without positive consequences on their development. The enrichments did not
modify the frequency of abnormal behaviours in the sterlet, suggesting that they are not
adapted to the biology of this species.

To practice enrichment in a polyculture system, some guidelines must be considered:
the enrichments must be adapted to traits (growth, behaviour and interspecific relation-
ships) that are favoured or not, and the choice of physical (or structural) enrichments must
consider the habitat preferences of all the species.
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Since there is an increasing trend to promote enriched environments for both farmed
and laboratory animals in regulation, information on enrichment approaches is essential to
consider whether they influence a large diversity of traits.
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