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Abstract

For many mammalian and avian species, it has been proposed that cognitive
enrichment, such as puzzle feeders, can improve welfare in captive conditions. A well-
established method to evaluate the need of cognitive enrichment is to observe the preference
of the animal between freely available food and a puzzle feeder. We investigated this
preference in a teleost fish, the guppy. In most of our experimental trials, guppies first chose
the feeder with freely available food over the puzzle feeder, in contrast with what was
observed in most other species. Nevertheless, guppies' number of choices for the puzzle
feeder was significantly greater than zero. Moreover, after consuming the freely available
food, most of the guppies tackled the puzzle feeder. This pattern of results suggests that
guppies displayed a certain interest in the puzzle feeder that was overshadowed by their
strong attraction towards the free food. Interestingly, several measures of performance
indicated that female guppies responded more positively towards the puzzle feeder as
compared to the males, suggesting sex differences in the preference for cognitive enrichment.
In conclusion, our study highlights the potential significance of cognitive enrichment for
captive fish. Considering that the number of individual fish maintained in captivity exceeds
by far that of any other vertebrate group, it is paramount to investigate cognitive enrichment

in other teleost species.

Keywords: animal welfare; enrichment; fish cognition; Poecilia reticulata; problem-solving;

sex differences.
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Introduction

In recent decades, there has been increasing interest in the welfare of captive animals
because of social and normative pressures (e.g., Fraser, 2008; Koknaroglu et al., 2013).
Environmental enrichment, which involves providing biotic and abiotic stimuli in the
environment, is a well-established method for improving welfare (Ellis, 2009; Bayne, 2018;
Makecha & Highfill, 2018). Research has shown that animals reared with environmental
enrichment develop a more natural suite of behaviors (Ellis, 2009; Mason et al., 2007;
Salvanes et al., 2013; Mkwanazi et al., 2019), experience reduced stress (Benaroya-Milshtein
et al., 2004; Crone et al., 2021; Godyn et al., 2019), and, interestingly, exhibit increased
productivity (Bolt & George, 2019). This likely happens because enrichment provides an
environment that is more similar to the natural one, which has shaped most of the
evolutionary history of the species.

Stimulation of the cognitive system likely plays a role in mediating some of the
benefits of enrichment. Cognition controls individuals’ behaviour and consequently, shapes
their interactions with the environment (Shettleworth, 2001). Hence, the cognitive abilities
displayed by a species are the results of selection due to the natural environment (Lee &
Thornton, 2021; Holekamp & Benson-Amram, 2017) and are strictly tied to the tasks
individuals are required to perform in the wild (Kotrschal & Taborsky, 2010). Consequently,
animals maintained in captivity without the possibility to execute natural cognitive tasks
might display reduced welfare. This emphasizes the need to study and develop cognitive
enrichment strategies for captive animals (Clark, 2017; Meehan & Mench, 2007).

Studies on cognitive enrichment are currently available for several species of
mammals (De Jonge et al., 2008; De Rosa et al., 2003; Gottlieb et al., 2011; Clark et al.,
2013; Rosemberg et al., 2020; Schipper et al., 2008; Van Os et al., 2018) and birds (Coulton

etal.,1997; Jensen et al., 2022; Smith et al., 2021; van Zeeland et al., 2013). A common
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finding of these studies is that individuals presented with the choice between a freely
available resource (e.g., food) and the same resource that can be accessed by solving a
problem (e.g., a puzzle feeder) would prefer the latter option. Typically, this is considered
evidence that cognitive enrichment increases animals’ welfare.

The literature on cognitive enrichment exhibits a significant taxonomic bias. It's
unclear whether teleost fish, the most numerous vertebrates held in captivity, share the same
cognitive enrichment requirements as mammals and birds. Given the wide range of cognitive
abilities displayed by fish (e.g., Brandao et al., 2019; Brown, 2012; Bshary et al., 2014;
Gierszewski et al., 2017; Lucon-Xiccato et al., 2020), we hypothesise that also captive fish
prefer to interact with cognitive enrichment. We tested this hypothesis in the guppies,
Poecilia reticulata. Guppies are one of the most common aquarium species, and among the
teleosts with ample evidence of problem-solving skills (Lucon-Xiccato et al., 2020; Mair et
al., 2021; Montalbano et al., 2020). In our experiment, we observed guppies’ choice between
a freely available food reward and one accessible by solving a puzzle as a form of cognitive

enrichment.

Materials and Methods
Subjects

The experimental subjects were 16 adult guppies (approximately 1 year old) of both
sexes (8 males and 8 females). The subjects belonged to a domestic strain called 'snakeskin
cobra green'. We selected this strain because domestic guppies are usually less fearful than
their wild counterparts (Swaney et al., 2015). In pilot studies using this procedure, we
encountered difficulties when training wild subjects; they often failed to habituate to
interactions with the experimenter and exhibited a high level of stress and fear. In addition,

our domestic guppy strain has reduced sex size difference, which could potentially introduce
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another confound in our study. We selected only females with no sign of abdominal
distension, and therefore, no signs of pregnancy.

The guppy population has been maintained in our laboratory since 2012, and at the
time of the study was composed of approximately 1000 individuals. Before the experiments,
the subjects were kept in mixed-sex groups in 400-L plastic tanks under standardized
laboratory conditions: water temperature 27 = 1 °C; conductivity 606.7 £+ 60.18 uS/cm; nitrite
levels < 0.1 mg/L and nitrate < 50 mg/L. The maintenance tanks were also provided with
mechanical, chemical, and biological filters (Hailea Air Pump ACO-5505, Chaozhou, CN).
Each aquarium also contained natural vegetation consisting of 4/5 plants (Echinodorus
bleheri and Taxiphyllum barbieri). lllumination was provided by 30 W fluorescent lamps
(Sylvania GRO-LUX, Milano, IT) set with 12 h of light (07:00 - 19:00). Fish were fed with
commercial dry food (Sera Vipan Nature Tropical Flakes, DE) and Artemia salina nauplii
(Ocean Nutrition, Essen, BE) twice per day.

All the fish used in the study were naive. The experimenter randomly selected the
subjects from the stock, ensuring that they did not show sign of distress or disease. No fish

was excluded from the analyses (final sample size = 16 guppies).

STRANGE framework

Related to the potential experimental biases outlined by Webster and Rutz (2020) in
the STRANGE framework, all the relevant information on the experimental subjects is
disclosed in methods. Sampling bias can be excluded for the factors of age and sex. The
sample might not be rapresentative of wild guppies' populations given the known behavioural
differences (e.g., Swaney et al., 2015). Moreveor, as the subjects were collected by net from a

large population, we cannot excluded a bias of selecting the bolder individuals (King et al.,
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2013). This does not affect the conclusions of the study but should be considered when

generalising its findings.

Experimental aquaria

We used eight identical experimental aquaria in which the subjects were housed
individually. The aquaria, rectangular in shape (60 x 40 x 35 cm), were filled with 30 cm of
water (Figure 1). To prevent the fish from seeing nearby subjects, we covered three of the
external walls of each aquarium (the back and lateral walls) with green plastic. The front wall
of the aquarium was covered with a mesh grid to allow the experimenter to observe the
behaviour of the subject. Each aquarium was divided into two sectors by a green plastic panel
(Figure 1). The larger, front sector was used for the testing. The smaller, rear sector was
divided into three compartments (Figure 1). The two lateral compartments of the rear sector
were separated from the central one by a mesh grid and contained water filters and plants
(Taxiphyllum barbieri). In addition, each lateral sector housed two immature conspecifics as
social companions to mitigate the potential stress of social isolation in the subjects. The
central compartment of the rear sector served as a start box for the subject. A clear Plexiglas
guillotine door (10 % 8 cm), controlled remotely by the experimenter, separated the front
sector from the start box. The experimental aquaria were maintained in the same conditions
(i.e., temperature and illumination) as the maintenance tanks. The lamp providing

illumination was placed above the front sector of the aquaria.

Experimental procedure
The experimental procedure consisted of three sequential phases: 1) habituation to the
apparatus and the procedure, 2) training to solve the problem, and 3) preference test for the

puzzle feeder. The first two phases aimed to establish the conditions for the third phase, in
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which we measured the preference for a puzzle feeder versus freely available food. To begin
the procedure, we transported the guppies to the experimental aquarium and immediately
started the habituation phase. The habituation phase lasted a fixed number of days (i.e.,
three). During this habituation phase, an experimenter provided food to the fish according to
a specific schedule that varied between days. The food used in this and the following
experimental phases was the same provided to the fish during the maintenance (Sera Vipan
Nature Tropical Flakes, DE). On Day 1, the experimenter fed each subject twice, following
the normal maintenance schedule. On the following day, the experimenter attracted the
subject into the start box using a Pasteur pipette filled with crumbled food dissolved in water.
To ensure consistent motivation, the amount of food provided in each trial was a small
portion of the fish's daily intake. Then, the experimenter lowered the guillotine door,
confining the subject in the start box. The experimenter moved the pipette in the front sector
and slowly released the food into the water, forming a cloud, trying to attract the attention of
the subject. When the subject appeared to notice the food (i.e., when it attempted to swim
through the transparent guillotine door), the experimenter raised the door, permitting the
subject to enter the front sector and consume the food. This feeding procedure was repeated
four times on Day 2 and eight times on Day 3.

After the habituation phase, we performed the training phase. The training phase
lasted a minimum of three days, although it could last longer if the subject did not achieve a
predetermined criterion. The scope of the training phase was to teach the guppies to feed
from grey plastic feeders (5 x 5 x 0.8 cm). The food was placed in a hole (@ 10 mm and 4
mm deep) carved in the centre of the feeder. To maintain high feeding motivation throughout
the day, we delivered a small ration of food in each trial, approximately occupying 2 mm? of
the hole's surface. A control analysis showed that there was no variation in the choices made

by the fish across trials within a day (Generalized Linear Mixed-effects Model with logit link
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function and binomial error distribution: x*1 = 0.687; P = 0.407), suggesting no marked
changes in motivation. In each trial of the training phase, following the placement of the
subject into the start box, the experimenter placed two feeders on the bottom, in the frontal
sector (Figure 1). Then, the experimenter placed the food inside the holes of the two feeders.
As the puzzle, the experimenter placed a light blue disc (1.2 x 0.2 cm) over the hole of one of
the two feeders, randomly alternating between the right and left sides. The experimenter then
lifted the guillotine door and left the subject to consume the food for 15 min to before
removing both feeders. We administered eight training trials, separated by a 30-min interval,
on each day of the training phase (total = 24 trials). The hole coverage gradually increased
over the three training days, from approximately 50% to almost complete occlusion. If the
subject fed from the feeder with the disc in at least six out of eight trials of each training day,
it was admitted to the next training day; otherwise, the subject had to repeat the day. On
average the subjects took 3.5 days (range 3-7) to complete the training phase.

In the preference test, the subjects underwent a series of 100 trials divided into 10
consecutive days (i.e., 10 trials per day), following the general procedure described in the
training phase. However, the hole in one of the two feeders was always completely occluded
by the disc (i.e., the puzzle feeder). Therefore, the subject could choose whether to feed on
the feeder with the free food or on the puzzle feeder. The experimenter recorded the first
choice of the subject in each trial. Additionally, the experimenter recorded whether the
subject made a second choice within the allowed time (15 min). Last, using a stopwatch, the
experimenter recorded the latency to feed in both the first and the eventual second choice of

each trial, starting from when the subject entered the front sector.

Statistical analysis
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All analyses were conducted in RStudio (version 2022.02.3, http://www.rstudio.com).
The descriptive statistics in the Result section are mean + standard deviation. The threshold
for the statistical significance was set at p = 0.05. In our analysis, we focussed on four
different measures of performance: the first choice between the puzzle feeder and the feeder
with the free food; the latency to feed in the first choice; the second choice; and the latency to
feed in the second choice.

We analysed the subjects’ first choice to evaluate the presence of a preference for the
puzzle feeder over the feeder with the free food. As the dependent variable, we calculated the
percentage of trials in which each subject selected the puzzle feeder as the first choice
(hereafter 'overall first-choice preference'). The overall first-choice preference was calculated
across the entire preference test (i.e., 100 choices per fish). First, we used a one-sample t-test
to determine whether the overall first-choice preference was greater than random preference.
The random preference for the binary choice test was set at 50%. Then, using a one-sample
one-tailed t-test, we also evaluated whether the overall first-choice preference was higher
than 0%. An overall first-choice preference that is not significantly greater than 0% would
indicate that the subjects actively avoided the puzzle feeder. We also performed an additional
analysis on the first-choice that considered the trend across the different trials. In this latter
analysis, we used the first choice for the puzzle feeder per each trial separately, obtaining a
repeated measures variable with 100 observations per subject. For each trial, the dependent
variable was coded as: ‘0’ = the subject chose the feeder with the free food; ‘1’ the subject
chose the puzzle feeder. We analysed this repeated measures variable with a Generalized
Linear Mixed-effects Model with logit link function and binomial error distribution (GLMM,
‘glmer’ function from the ‘ImerTest’ R package). We fitted the GLMM with sex as a fixed

effect with two levels, day (a numeric variable with 10 possible values: 1, 2, 3...10) as a
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covariate, and subject ID as a random effect. We estimated effects’ significance of the
parameters using the ‘Anova’ function of the ‘car’ R package.

The second variable investigated, the latency to feed in the first choice, had a repeated
measures structure, with one datapoint per each trial. The latency was always log-transformed
before running the analysis due to a right-skewed distribution. We fitted a Linear Mixed-
Effect Model (LMM, ‘Imer’ function from the ‘lmerTest’ R package) with the subject’s sex
(male or female) and chosen feeder (feeder with free food or puzzle feeder) as fixed effects,
day as covariate, and subject ID as random effect. We assessed the effect of parameters via
Satterhwaite’s degrees of freedom method (‘anova’ function). Additional models divided by
sex were performed to investigate significant interactions.

The analysis of the second choice of subjects was performed following the modelling
approach described for the first-choice repeated measures data. Indeed, the second choice
data consisted of repeated measurements (100 observations per subject) and was coded as a
binary variable: ‘0’ = the subject ate from a single feeder; ‘1’ = the subject ate from both
feeders. We fitted a GLMM with sex (male or female) and the first choice (feeder with free
food or puzzle feeder) as a fixed effect, day as a covariate, and subject as a random effect.
The latency to feed in the second choice (log-transformed) was analysed via a LMM as

previously described for the latency to feed in the first choice.

Results
Spontaneous preference for the puzzle feeder in the first choice

Overall, the guppies selected the puzzle feeder as the first choice in 17.38 + 9.41% of
trials. The resulting overall first-choice preference for the puzzle feeder was significantly

lower than expected by chance (one-sample t test versus 50% preference: t;s = 13.871; P <

10
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0.001; Figure 2a). However, the overall first-choice preference for the puzzle feeder was
significantly greater than 0 (one-sample t test: tis = 7.387; P < 0.001; Figure 2a).

The analysis across the 10 days of testing showed that the first choice of the subjects
was affected by their sex (x*1 = 16.311; P <0.001). Females were more likely to select the
puzzle feeder compared to the males (female preference: 23.88 + 7.10%; male preference:
10.88 + 6.53%; Figure 2a). The analysis showed no significant change over time in the first
choice (x*1=1.739; P = 0.187) and no significant sex x day interaction (x> = 0.484; P =
0.487; Figure 2b).

The analysis of the latency to feed in the first choice revealed a significant effect of
the sex (females: 17.91 = 10.25 s, males: 21.20 = 9.10 s; F136=24.180, P <0.001), a
significant effect of the feeder chosen (F1,1574= 7.388, P = 0.007), a significant interaction sex
x feeder chosen (F1,1574=9.094, P = 0.003), and a significant interaction sex x day (Fi,1571 =
17.149, P <0.001). No other interactions were significant (Ps > 0.08). We performed two
analyses separating the subjects by their sex to investigate the two significant interactions.
Results indicated that males took longer to feed when they chose the puzzle feeder compared
to when they chose the feeder with the free food (F1,790= 12.538, P <0.001). Conversely,
females did not show differences in the latency to feed between the two types of choice (Fi 784
=0.068, P =0.794; Figure 2c). Moreover, females showed an increase in the time to consume
the food over testing days (F1,783=22.632, P < 0.001), but males did not (Fi,780=3.247, P =
0.072; Figure 2d). The interactions in the models separated by subjects’ sex were not

significant (Ps > 0.2).

Second choice

Overall, the guppies consumed the food from both feeders in 92.81 £ 6.51% of trials.

The model across the 10 days of the preference test revealed a significant effect of the first

11
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choice on the percentage of trials completed (x*1 = 3.996; P = 0.046; Figure 3a). Fish were
more likely to make a second choice after selecting the puzzle feeder (97.25 £+ 4.86%) than
after selecting the feeder with the free food (92.34 + 6.60%). The analysis found no
significant effect of sex (females: 91.87 + 8.51%; males: 93.75 + 4.06%; ¥*1 = 0.041; P =
0.840) and no significant effect of the experimental day (¥*1 = 0.907; P = 0.341). The
interaction day x sex was significant (y*1 = 5.652; P = 0.017; Figure 3b). Post-hoc analyses
separated by subjects’ sexes indicated that males showed a small increase in the percentage of
trials completed across testing days (x*1 = 5.078; P = 0.024), while females did not alter their
choice across days (%1 = 0.868; P = 0.352).

The analysis of the second-choice latency found that males took significantly longer
than females to start feeding (females: 76.55 + 44.85 s, males: 113.74 &+ 35.75s; F1.43 =
13.161; P < 0.001; Figure 3c). This effect was mostly evident at the beginning of the
experiment (sex x day interaction: Fi 1464 = 6.311; P = 0.012; Figure 3d). There was no
significant effect of the first choice (Fi,1466 = 1.933; P = 0.165) and no other significant
interactions (Ps > 0.4). Post-hoc analyses separated by subjects’ sexes indicated that males
decreased the latency to complete the task over days (F1,741=5.329, P = 0.021), while females

increased their latency (F1,726 = 4.339, P = 0.038; Figure 3d).

Discussion

Cognitive enrichment is increasingly recognized as a tool to improve the welfare of
mammals and birds in captivity, but its value for teleost fish has yet to be experimentally
investigated. In this study, we examined the interest of guppies towards a cognitive
enrichment consisting of a puzzle feeder. When given the choice between the puzzle feeder
and freely available food, the subjects chose the former option in approximately 20% of the

trials. This first analysis might indicate that guppies were not attracted by the cognitive

12
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enrichment. Given this interpretation, the behaviour of guppies represents an exception to
what has been observed so far. Previous studies have shown that numerous animal species,
including humans, chimpanzees, macaques, pigs, domestic dogs, maned wolves, rats,
giraffes, chickens, jungle fowl, and pigeons, display a clear preference for various forms of
cognitive enrichment (de Jonge et al. 2008; Godyn et al., 2019; Inglis et al. 1997; Jensen et al.
2002; Sasson-Yenor and Powell 2019; Schipper et al., 2008; Vasconcellos et al. 2012), a
behaviour that is usually referred to as contrafreeloading (Osborne, 1977). However, this
preference has not been observed in domestic cats (Delgado et al., 2022) and in grizzly bears
(McGowan et al. 2010). While it is not possible to exclude that some species are not attracted
by foraging problems, it should be considered that the preference may be difficult to observe
if the puzzle is not appropriate to the species' natural foraging behaviour. Hence, it still is
important to evaluate other types of enrichment in guppies and teleosts in general. The study
of problem-solving in fish is limited, which makes it challenging to design puzzles tailored to
their foraging behavior.

When we looked more in detail into the behaviour of guppies during the experiment,
we found evidence of a more complex situation compatible with a certain interest in the
puzzle feeder. In a significant number of trials, guppies initially opted to obtain the food from
the puzzle feeder and even after eating the freely available food, the guppies almost always
consumed the food in the puzzle feeder. Therefore, a careful interpretation of our data does
not allow us to reject the hypothesis that guppies did show some form of interest towards
cognitive enrichment. Guppies' preference for the puzzle feeder may not have been absent but
rather overshadowed by a strong attraction to the freely available food. It is relevant to
remember that the guppy is a social fish that lives in group and displays strong competition
over food resources (Ward et al., 2006). This could make guppies particularly impulsive,

leading them to choose the easiest and most immediate food source first, and then shift their
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interest toward food that requires problem-solving. In line with this hypothesis, it has been
previously demonstrated that guppies choose the most conspicuous food source in sight even
when another option has more food (Lucon-Xiccato et al., 2015). For the main goal of this
study, which was investigating a potential form of cognitive enrichment, this more
comprehensive interpretation of guppies' behaviour has an important consequence. The
interest in the puzzle feeder, even if moderate, suggests that cognitive enrichment may have
some relevance for fish welfare. As mentioned earlier, it might be necessary to design puzzles
that are better suited to guppies to observe a clear preference.

An unexpected finding of our study was the presence of notable sex differences.
Female guppies showed a stronger first-choice preference for the cognitive enrichment
compared to males. However, it should be noted that males did not entirely avoid the
cognitive enrichment: after consuming the freely available food, the males showed an interest
in consuming the food in the puzzle feeder that was not significantly different from females.
Therefore, it can be deduced that the sex difference is restricted to the initial choice between
the two options. Sexual differences have been increasingly documented in cognitive research
in fish (reviewed in Lucon-Xiccato, 2022). A previous study has shown that female guppies
outperformed males in a similar problem-solving task involving dislodging a disc (Lucon-
Xiccato et al., 2020). Thus, a straightforward explanation for our results would be that female
guppies were more likely to choose the puzzle due to their higher ratio of solution. This
explanation warrants further testing because it implies a cognitive process that grants guppies
a form of awareness. For example, males might possess an understanding of their limited
problem-solving skills and prioritize the easier foraging option in their choices.

A second sex difference regarded temporal aspects of the performance. In most trials,
females were faster than males to obtain food in their first choice (even if they chose the

puzzle feeder more often). Similarly, the latency to perform the second choice was greater for
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males, at least in the initial phases of the experiment. Males, but not females, also showed
higher latency when choosing the puzzle feeder compared to the free food. Interestingly, in
an earlier study on the same population of guppies, it was found that males took consistently
less time than females to solve a visual discrimination task, a finding that was interpreted in
terms of males' greater impulsivity (Lucon-Xiccato & Bisazza, 2016). The reason behind the
difference in the direction of the sex difference in speed between the two studies is currently
unclear. Perhaps, the aforementioned greater performance of females in problem solving is
involved (Lucon-Xiccato et al., 2020) or differences in feeding motivation.

Regardless of the underlying mechanism, which remains unclear, the findings on sex
differences have implications for the welfare of captive fish. Males and females may have
different requirements in terms of cognitive enrichment. If this is true, housing conditions for
fish should be shaped also according to the sex of the fish maintained. Many fish farms
contain stocks of only one sex (e.g., Budd et al., 2015; Bye & Lincoln, 1986). Furthermore,
research on fish welfare should always include subjects of both sexes when developing new
enrichments. Our results align with previous reports in highlighting the presence of
intraspecific variation in the response to cognitive enrichment (Smith et al., 2021).
Intraspecific variability in enrichment needs might be common across species. Besides the
sex of the individuals, other factors not addressed in the present work, such as age and
personality, deserves attention in future studies.

In conclusion, our study shows that guppies show limited, but not absent, attraction in
a puzzle feeder provided as cognitive enrichment, although with a potential sex difference. It
is necessary to further evaluate the effects of cognitive enrichment on fish welfare and

consider the inclusion of these enrichments in captive settings.

Declarations

15



351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

Ethical Approval

The experiments of this study were conducted in accordance with the current
legislation of our country (Italy, D.L. 4 Marzo 2014, n. 26). The Ethical Committee of the
University of Ferrara reviewed and approved the experimental procedures (protocol no. TLX

1-2020-PR).

Competing interests

The authors declare no conflict of interest.

Authors’ contribution

Conceptualization: C.V., E.G., C.B., and T.L.-X.; Methodology: C.V., E.G., and T.L.-
X.; Formal analysis and investigation: C.V. and E.G.; Writing - original draft preparation:
C.V.and T.L.-X.; Writing - review and editing: C.V., E.G., C.B., and T.L.-X.; Funding

acquisition: E.G., C.B., and T.L.-X.

Acknowledgments

We are thankful to Andrea Margutti for his help in building the apparatuses.

Funding

The study was supported by FAR2022 grant by the University of Ferrara to T.L.-X.
and C.B., and by research contract co-financing by European Union—PON Ricerca e
Innovazione 2014-2020 ai sensi dell’art. 24, comma 3, lett. a), della Legge 30 dicembre 2010,

n. 240 e s.m.i. e del D.M. 10 agosto 2021 n. 1062 to E.G.

Availability of data and materials

16



376

The data of this study are available as Supplementary Data.

17



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

References

Bayne, K. (2018). Environmental enrichment and mouse models: Current perspectives.

Animal Models and Experimental Medicine, 1, 82-90. https://doi.org/10.1002/ame2.12015

Benaroya-Milshtein, N., Hollander, N., Apter, A., Kukulansky, T., Raz, N., Wilf, A., Yaniv,
C.G., & Pick, C. G. (2004). Environmental enrichment in mice decreases anxiety, attenuates

stress responses and enhances natural killer cell activity. European Journal of Neuroscience,

20, 1341-1347. https://doi.org/10.1111/].1460-9568.2004.03587.x

Bye, V. J., & Lincoln, R. F. (1986). Commercial methods for the control of sexual maturation
in rainbow trout (Salmo gairdneri R.). Aquaculture, 57, 299-309.

https://doi.org/10.1016/0044-8486(86)90208-5

Bolt, S. L., & George, A.J. (2019). The use of environmental enrichment on farms benefits
animal welfare and productivity. Livestock, 24, 183-188.

https://doi.org/10.12968/live.2019.24.4.183

Branddo, M. L., Braithwaite, V. A., & Gongalves-de-Freitas, E. (2015). Isolation impairs
cognition in a social fish. Applied Animal Behaviour Science, 171, 204-210.

https://doi.org/10.1016/j.applanim.2015.08.026

Brandao M.L., Fernandes A.M.T.D.A, & Gongalves-de-Freitas, E. (2019) Male and female
cichlid fish show cognitive inhibitory control ability. Sci Rep 9, 1-8.

https://doi.org/10.1038/s41598-019-52384-2

18


https://doi.org/10.1002/ame2.12015
https://doi.org/10.1111/j.1460-9568.2004.03587.x
https://doi.org/10.12968/live.2019.24.4.183
https://doi.org/10.1016/j.applanim.2015.08.026
https://doi.org/10.1038/s41598-019-52384-2

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

Brown, C. (2012). Tool use in fishes. Fish and Fisheries, 13, 105-115.

https://doi.org/10.1111/].1467-2979.2011.00451.x

Bshary, R., & Brown, C. (2014). Fish cognition. Current Biology, 24, 947-950.

https://doi.org/10.1016/j.cub.2014.08.043

Budd, A. M., Banh, Q. Q., Domingos, J. A., & Jerry, D. R. (2015). Sex control in fish:
approaches, challenges and opportunities for aquaculture. Journal of Marine Science and

Engineering, 3, 329-355. https://doi.org/10.3390/jmse3020329

Clark, F. E. (2017). Cognitive enrichment and welfare: Current approaches and future

directions. Anim. Behav. Cogn, 4, 52-71. https://doi.org/10.12966/abc.05.02.2017

Clark, F. E., Davies, S. L., Madigan, A. W., Warner, A. J., & Kuczaj, S. A. (2013). Cognitive
enrichment for bottlenose dolphins (Tursiops truncatus): Evaluation of a novel underwater

maze device. Zoo Biology, 32, 608-619. https://doi.org/10.1002/z00.21096

Coulton, L. E., Waran, N. K., & Young, R. J. (1997). Effects of foraging enrichment on the
behaviour of parrots. Animal Welfare, 6, 357-363.

https://doi.org/10.1017/S0962728600020066

Crone, C., Caldara, F. R., Martins, R., de Oliveira, G. F., Marcon, A. V., Garcia, R. G., Sousa

dos Santos, L., Correia Lima Almeida Paz, 1., De Castro Lippi, I.C., de Castro Burbarelli,

19


https://doi.org/10.1111/j.1467-2979.2011.00451.x
https://doi.org/10.1016/j.cub.2014.08.043
https://doi.org/10.12966/abc.05.02.2017
https://doi.org/10.1002/zoo.21096
https://doi.org/10.1017/S0962728600020066

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

M.F. (2021). Environmental enrichment for pig welfare during transport. Journal of Applied

Animal Welfare Science, 1-11. https://doi.org/10.1080/10888705.2021.1983725

da Silva Vasconcellos, A., Adania, C. H., & Ades, C. (2012). Contrafreeloading in maned
wolves: Implications for their management and welfare. Applied Animal Behaviour Science,

140, 85-91. https://doi.org/10.1016/j.applanim.2012.04.012

De Jonge, F. H., Tilly, S. L., Baars, A. M., & Spruijt, B. M. (2008). On the rewarding nature
of appetitive feeding behaviour in pigs (Sus scrofa): do domesticated pigs contrafreeload?.
Applied Animal Behaviour Science, 114, 359-372.

https://doi.org/10.1016/j.applanim.2008.03.006

De Rosa, C., Vitale, A., & Puopolo, M. (2003). The puzzle-feeder as feeding enrichment for
common marmosets (Callithrix jacchus): a pilot study. Laboratory Animals, 37, 100-107.

https://doi.org/10.1258/00236770360563732

Delgado, M. M., Han, B. S. G., & Bain, M. J. (2022). Domestic cats (Felis catus) prefer
freely available food over food that requires effort. Animal cognition, 25, 95-102.

https://doi.org/10.1007/s10071-021-01530-3

Ellis, S. L. (2009). Environmental enrichment: practical strategies for improving feline
welfare. Journal of feline medicine and surgery, 11, 901-912.

https://doi.org/10.1016/1.1fms.2009.09.011

20


https://doi.org/10.1080/10888705.2021.1983725
https://doi.org/10.1016/j.applanim.2012.04.012
https://doi.org/10.1016/j.applanim.2008.03.006
https://doi.org/10.1258/00236770360563732
https://doi.org/10.1007/s10071-021-01530-3
https://doi.org/10.1016/j.jfms.2009.09.011

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

Fraser, D. (2008). Understanding animal welfare. Acta Veterinaria Scandinavica, 50, 1-7.

https://doi.org/10.1186/1751-0147-50-S1-S1

Gatto, E., Testolin, A., Bisazza, A., Zorzi, M., Lucon-Xiccato, T. (2020). Poor numerical
performance of guppies tested in a Skinner box. Scientific Reports 10, 16724..

https://doi.org/10.1038/s41598-020-73851-1

Gierszewski, S., Bleckmann, H., & Schluessel, V. (2013). Cognitive abilities in Malawi
cichlids (Pseudotropheus sp.): matching-to-sample and image/mirror-image discriminations.

PLoS One, 8, €57363. https://doi.org/10.1371/journal.pone.0057363

Godyn, D., Nowicki, J., & Herbut, P. (2019). Effects of environmental enrichment on pig

welfare—a review. Animals, 9, 383. https://doi.org/10.3390/ani9060383

Gottlieb, D. H., Ghirardo, S., Minier, D. E., Sharpe, N., Tatum, L., & McCowan, B. (2011).
Efficacy of 3 types of foraging enrichment for rhesus macaques (Macaca mulatta). Journal of

the American Association for Laboratory Animal Science, 50, 888-894.

Holekamp, K. E., & Benson-Amram, S. (2017). The evolution of intelligence in mammalian

carnivores. Interface focus, 7, 20160108. https://doi.org/10.1098/rsfs.2016.0108

Inglis, I. R., Forkman, B., & Lazarus, J. (1997). Free food or earned food? A review and
fuzzy model of contrafreeloading. Animal behaviour, 53, 1171-1191.

https://doi.org/10.1006/anbe.1996.0320

21


https://doi.org/10.1186/1751-0147-50-S1-S1
https://doi.org/10.1038/s41598-020-73851-1
https://doi.org/10.1371/journal.pone.0057363
https://doi.org/10.3390/ani9060383
https://doi.org/10.1098/rsfs.2016.0108
https://doi.org/10.1006/anbe.1996.0320

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

King, A. J., Fiirtbauer, 1., Mamuneas, D., James, C., & Manica, A. (2013). Sex-differences
and temporal consistency in stickleback fish boldness. PLoS One, 8, e81116.

https://doi.org/10.1371/journal.pone.0081116

Lindqvist, C., Schiitz, K., & Jensen, P. (2002). Red jungle fowl have more contrafreeloading
than white leghorn layers: effect of food deprivation and consequences for information gain.

Behaviour, 139, 1195-1209. https://www.]stor.org/stable/4535981

Koknaroglu, H., & Akunal, T. (2013). Animal welfare: An animal science approach. Meat

Science, 95, 821-827. https://doi.org/10.1016/j.meatsci.2013.04.030

Kotrschal, A., & Taborsky, B. (2010). Environmental change enhances cognitive abilities in

fish. PLoS Biology, 8, €1000351. https://doi.org/10.1371/journal.pbio.1000351

Lee, V. E., & Thornton, A. (2021). Animal cognition in an urbanised world. Frontiers in

Ecology and Evolution, 9, 633947. https://doi.org/10.3389/fev0.2021.633947

Lucon-Xiccato, T. (2022). The contribution of executive functions to sex differences in
animal cognition. Neuroscience & Biobehavioral Reviews, 138, 104705.

https://doi.org/10.1016/j.neubiorev.2022.104705

Lucon-Xiccato, T., & Bisazza, A. (2016). Male and female guppies differ in speed but not in
accuracy in visual discrimination learning. Animal Cognition, 19, 733-744.

https://doi.org/10.1007/s10071-016-0969-2

22


https://www.jstor.org/stable/4535981
https://doi.org/10.1016/j.meatsci.2013.04.030
https://doi.org/10.1371/journal.pbio.1000351
https://doi.org/10.3389/fevo.2021.633947
https://doi.org/10.1016/j.neubiorev.2022.104705

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

Lucon-Xiccato, T., & Dadda, M. (2016). Guppies show behavioural but not cognitive sex
differences in a novel object recognition test. PLoS One, 11, e0156589.

https://doi.org/10.1371/journal.pone.0156589

Lucon-Xiccato, T., Gatto, E., & Bisazza, A. (2020). Male and female guppies differ in

problem-solving abilities. Current Zoology, 66, 83-90. https://doi.org/10.1093/cz/z0z017

Lucon-Xiccato, T., Miletto Petrazzini, M. E., Agrillo, C., & Bisazza, A. (2015). Guppies
discriminate between two quantities of food items but prioritize item size over total amount.

Animal Behaviour, 107, 183-191. https://doi.org/10.1016/j.anbehav.2015.06.019

Mair, A., Lucon-Xiccato, T., & Bisazza, A. (2021). Guppies in the puzzle box: innovative
problem-solving by a teleost fish. Behavioral Ecology and Sociobiology, 75, 1-11.

https://doi.org/10.1007/s00265-020-02953-7

Makecha, R. N., & Highfill, L. E. (2018). Environmental Enrichment, Marine Mammals, and
Animal Welfare: A Brief Review. Aquatic Mammals, 44.

https://doi.org/10.1578/AM.44.2.2018.221

Mason, G., Clubb, R., Latham, N., & Vickery, S. (2007). Why and how should we use
environmental enrichment to tackle stereotypic behaviour?. Applied Animal Behaviour

Science, 102, 163-188. https://doi.org/10.1016/j.applanim.2006.05.041

23


https://doi.org/10.1371/journal.pone.0156589
https://doi.org/10.1093/cz/zoz017
https://doi.org/10.1016/j.anbehav.2015.06.019
https://doi.org/10.1007/s00265-020-02953-7
https://doi.org/10.1578/AM.44.2.2018.221
https://doi.org/10.1016/j.applanim.2006.05.041

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

McGowan, R. T., Robbins, C. T., Alldredge, J. R., & Newberry, R. C. (2010).
Contrafreeloading in grizzly bears: implications for captive foraging enrichment. Zoo

Biology, 29, 484-502. https://doi.org/10.1002/200.20282

Meehan, C. L., & Mench, J. A. (2007). The challenge of challenge: can problem solving
opportunities enhance animal welfare?. Applied Animal Behaviour Science, 102, 246-261.

https://doi.org/10.1016/j.applanim.2006.05.031

Mkwanazi, M. V., Ncobela, C. N., Kanengoni, A. T., & Chimonyo, M. (2019). Effects of
environmental enrichment on behaviour, physiology and performance of pigs—A review.

Asian-Australasian journal of animal sciences, 32, 1. https://doi.org/10.5713/ajas.17.0138

Montalbano, G., Bertolucci, C., & Lucon-Xiccato, T. (2020). Measures of inhibitory control
correlate between different tasks but do not predict problem-solving success in a fish,

Poecilia reticulata. Intelligence, 82, 101486. https://doi.org/10.1016/].intell.2020.101486

Osborne, S. R. (1977). The free food (contrafreeloading) phenomenon: A review and

analysis. Animal Learning & Behavior, 5,221-235. https://doi.org/10.3758/BF03209232

Rosenberger, K., Simmler, M., Nawroth, C., Langbein, J., & Keil, N. (2020). Goats work for
food in a contrafreeloading task. Scientific Reports, 10, 22336.

https://doi.org/10.1038/s41598-020-78931-w

24


https://doi.org/10.1002/zoo.20282
https://doi.org/10.1016/j.applanim.2006.05.031
https://doi.org/10.5713/ajas.17.0138
https://doi.org/10.1016/j.intell.2020.101486
https://doi.org/10.3758/BF03209232
https://doi.org/10.1038/s41598-020-78931-w

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

Rutz, C., & Webster, M. M. (2021). Ethology adopts the STRANGE framework for animal
behaviour research, to improve reporting standards. Ethology, 127, 99-101.

https://doi.org/10.1111/eth.13118

Salvanes, A. G. V., Moberg, O., Ebbesson, L. O., Nilsen, T. O., Jensen, K. H., & Braithwaite,
V. A. (2013). Environmental enrichment promotes neural plasticity and cognitive ability in
fish. Proceedings of the Royal Society B: Biological Sciences, 280, 20131331.

https://doi.org/10.1098/rspb.2013.1331

Sasson-Yenor, J., & Powell, D. M. (2019). Assessment of contrafreeloading preferences in
giraffe (Giraffa camelopardalis). Zoo Biology, 38, 414-423.

https://doi.org/10.1002/200.21513

Schipper, L. L., Vinke, C. M., Schilder, M. B., & Spruijt, B. M. (2008). The effect of feeding
enrichment toys on the behaviour of kennelled dogs (Canis familiaris). Applied Animal

Behaviour Science, 114, 182-195. https://doi.org/10.1016/j.applanim.2008.01.001

Shettleworth, S. J. (2001). Animal cognition and animal behaviour. Animal Behaviour, 61,

277-286. https://doi.org/10.1006/anbe.2000.1606

Smith, G. E., Greene, D., Hartsfield, L. A., & Pepperberg, I. M. (2021). Initial evidence for
eliciting contrafreeloading in grey parrots (Psittacus erithacus) via the opportunity for playful

foraging. Journal of Comparative Psychology, 135, 516. https://doi.org/10.1037/com0000295

25


https://doi.org/10.1098/rspb.2013.1331
https://doi.org/10.1002/zoo.21513
https://doi.org/10.1016/j.applanim.2008.01.001
https://doi.org/10.1006/anbe.2000.1606
https://doi.org/10.1037/com0000295

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

Swaney, W. T., Cabrera-Alvarez, M. J., & Reader, S. M. (2015). Behavioural responses of
feral and domestic guppies (Poecilia reticulata) to predators and their cues. Behavioural

Processes, 118, 42-46. https://doi.org/10.1016/j.beproc.2015.05.010

Van Os, J. M., Mintline, E. M., DeVries, T. J., & Tucker, C. B. (2018). Domestic cattle (Bos
taurus taurus) are motivated to obtain forage and demonstrate contrafreeloading. PLoS One,

13, ¢0193109. https://doi.org/10.1371/journal.pone.0193109

van Zeeland, Y. R., Schoemaker, N. J., Ravesteijn, M. M., Mol, M., & Lumeij, J. T. (2013).
Efficacy of foraging enrichments to increase foraging time in Grey parrots (Psittacus

erithacus erithacus). Applied Animal Behaviour Science, 149, 87-102.

https://doi.org/10.1016/j.applanim.2013.09.005

Ward, A. J., Webster, M. M., & Hart, P. J. (2006). Intraspecific food competition in fishes.

Fish and Fisheries, 7,231-261. https://doi.org/10.1111/1.1467-2979.2006.00224 .x

26


https://doi.org/10.1016/j.beproc.2015.05.010
https://doi.org/10.1371/journal.pone.0193109
https://doi.org/10.1016/j.applanim.2013.09.005
https://doi.org/10.1111/j.1467-2979.2006.00224.x

586

587

588

589

590

5901

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

Figure captions
Figure 1. Aerial view of the apparatus used in the experiment. Letters in the figure indicate
the following: a = rear sector with guillotine door; b = lateral sectors with social companions

and natural plants; ¢ = puzzle feeder; d = feeder with free food.

Figure 2. (a) Overall percentage of puzzle feeder as a first choice (grey) and divided for
males (blue) and females (green). (b) a percentage of males (blue) and females (green) in
preference for the puzzle feeder across days. (¢) first-choice latency in choosing the puzzle
feeder or the feeder with free food divided for males (blue) and females (green). (d) first-
choice latency (log-transformed data) per experimental days of males (blue) and females
(green) divided for the type of choice (puzzle feeder: solid line; feeder with the free food:
dotted line). In panels (a) and (c) data points represent each subject; in panels (b) and (d) data
points represent mean + standard error. Dotted light grey-line represent chance performance

(50% correct responses).

Figure 3. (a) Qverall percentage of completed task divided for the first-choice (puzzle feeder:
light grey; feeder with free food: grey). (b) percentage of completed task across days divided
for males (blue) and females (green). (¢) second-choice latency divided for males (blue) and
females (green). (d) second-choice latency (log-transformed data) across days divided for
males (blue) and females (green). In panels (a) and (c) data points represent each subject; in
panels (b) and (d) data points represent mean + standard error. Dotted light grey-line

represent chance performance (50% correct responses).
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