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Simple Summary: Animals inhabit species-specific ecological environments and acquire knowledge
about the surrounding space to adaptively behave and move within it. Spatial cognition is important
for achieving basic survival actions such as detecting the position of a food site or a mate, going
back home or hiding from a predator. As such, animals possess multiple mechanisms for spatial
mapping, including the use of individual reference points or positional relationships among them.
One such mechanism allows disoriented animals to navigate according to the distinctive geometry
of the environment: within a rectangular enclosure, they can simply reorient by using “metrics”
(e.g., longer/shorter, closer/farther) and “sense” (e.g., left, right) attributes. Navigation based on
the environmental geometry has been widely investigated across the animal kingdom, including
fishes. In particular, research on teleost fish has contributed to the general understanding of geometric
representations through both visual and extra-visual modalities, even vertebrates phylogenetically
remote from mammals.

Abstract: Fishes navigate through underwater environments with remarkable spatial precision and
memory. Freshwater and seawater species make use of several orientation strategies for adaptative
behavior that is on par with terrestrial organisms, and research on cognitive mapping and landmark
use in fish have shown that relational and associative spatial learning guide goal-directed navigation
not only in terrestrial but also in aquatic habitats. In the past thirty years, researchers explored spatial
cognition in fishes in relation to the use of environmental geometry, perhaps because of the scientific
value to compare them with land-dwelling animals. Geometric navigation involves the encoding
of macrostructural characteristics of space, which are based on the Euclidean concepts of “points”,
“surfaces”, and “boundaries”. The current review aims to inspect the extant literature on navigation
by geometry in fishes, emphasizing both the recruitment of visual/extra-visual strategies and the
nature of the behavioral task on orientation performance.
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1. Foundations of Navigation by Geometry

One of the most significant skills for an animal to live a well-adapted life is to navigate
to and from essential places in a goal-directed manner. The precise encoding of locations
within an animal’s habitat is critical, as that is where animals carry out most behaviors
essential to their survival, such as finding food, mating, and breeding. Such a capacity en-
tails the simultaneous processing of multiple kinds of spatial cues and the implementation
of complementary orientation mechanisms, such as the use of dead reckoning, celestial
compass, magnetic field, landmarks, cognitive maps, and environmental geometry to guide
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navigation (see reviews: [1-5]). Some spatial navigation strategies involve detecting, pro-
cessing, and memorizing specific sets of spatial cues, according to “egocentric” or self-based
coordinates, while other involve “allocentric” mechanisms that rely on spatial relationships
in world-based coordinates.

Local landmarks as direct cues to aid in localization are grounded on sensory feedback,
based on which simple stimulus-response associations (e.g., “food in the red-marked arm
of the maze”) allow animals to execute goal-oriented movements (e.g., approach the red
color) [6-9].

On the other hand, a cognitive map is a mental representation of a layout of multiple
cues and the spatial relationships among them [10-13]. Allocentric strategies (e.g., place
learning) and egocentric ones (e.g., guidance, cue learning), constitute two independent
systems—the “local system” and the “taxon system” [14]—that can be selectively damaged,
giving rise to place-cue learning dissociations (rats: [15-17]; birds: [18,19] reptiles: [20-22]
fish: [23-27]).

Over the past thirty years, research on cognitive maps and landmarks as the basis for
relational and associative learning have inadvertently led to environmental geometry as a
focal issue in the field of spatial cognition and navigation.

Imagine an experiment where you are standing in the center of a rectangular white
room and in one corner there is a box containing a mystery prize. You are then blindfolded
and slowly disoriented, during which time the box is quietly removed. Afterwards, you
are asked to remove the blindfold and identify the corner where you saw the box before.
If the experimental space was perfectly rectangular, rather than choosing one of the four
corners at random or always choosing the correct corner, you will make systematic errors
towards the 180° symmetric corner that have the same metric (short/long) and sense
(left/right) attributes (see Figure 1) as the correct corner. This behavioral pattern will
become increasingly consistent with repeated experience.

Lo}

Figure 1. Within a rectangular white room, the corner with the box has a long surface on the left
and a short one on the right (metric and sense attributes). The same is true for the location that is
180° rotationally symmetric corner. These two corners are geometrically identical, and the other
two corners are characterized by opposite geometry (a long surface on the right and a short one on
the left).

Cheng first [28,29] discovered geometry-biased behaviors in rats (Rattus norvegicus),
observing that they searched for the treat either at the correct and at the rotationally
symmetric corner of a rectangular arena, even in the presence of other cues that broke
the room’s symmetry (see Figure 2). Cheng also designed a set of experiments to test the
use of distinctive landmarks in conjunction with the geometric frame and compare the
behavior of untrained versus trained rats in working memory (spontaneous choice) versus
reference memory (learning behavior) tasks, respectively. In spontaneous choice tasks,
animals usually perform a single session of test in which they are required to approach
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the location of a social object no longer present. By contrast, in learning behavior tasks,
animals are rewarded after approaching the correct position (e.g., the two geometrically
equivalent corners) until they meet a certain criterion of correctness. One of the main
distinctions relates to experience, which is absent in working memory tasks, thus, not
decisive to reorient.

Figure 2. The geometric symmetry in (a) can be resolved by providing distinctive nongeometric cues.
In (b), one of the two long surfaces has been painted in blue, and the correct corner can be identified
by integrating the geometry with the landmark (i.e., the target corner has a long blue surface to its
left). In (c), each corner has a distinctive pattern/color, and the local landmark itself is enough to
identify the target (i.e., the corner with the box is lime-gray patterned).

Cheng [28] introduced two tests aimed at detecting how geometry and features could
be combined to specify the rewarded locations: the “diagonal transposition”, in which the
landmarks marking the rewarded diagonal were switched; the “affine transformation”,
where each landmark was moved 90° right to put the features in conflict with geometry.
Results can be summed up as follows: (1) both in working and reference memory tasks,
rats made systematic rotational errors, signifying the successful use of geometry; (2) in
the reference memory task only, rats incorporated the nongeometric cues and chose the
correct corner; (3) after removing the landmarks from the two geometrically correct corners,
rats could not distinguish the symmetric corners by taking advantage of features that are
distant from them; (4) after the affine transformation, rats persisted in choosing the correct
geometry as observed during the pre-test phase. Cheng advanced the hypothesis that two
independent cognitive systems are engaged in the spatial reorientation behavior of rats: a
“geometric module” for encoding metric and sense properties of surfaces and “featural sub-
systems” for computing nongeometric information. Despite the dissociable representation,
these processes were purported to work in synergy for navigation and reorientation.

From Cheng’s investigations surfaced a strict conception of the geometric module,
consistent with the modularity theory proposed by Fodor [30]. Following subsequent
studies in various species, the idea of an encapsulated navigation system—at least at the
level of behavior—was revised, and several alternative models were proposed to explain
the wide range of results coming from behavioral to neurophysiological, to neuroimaging
studies [31-33].

The “modularity revised” view [34-36], for instance, revisits the original ideas by
Cheng [28] and Gallistel [37], combined with a view of multiple navigation systems put
forward by Doeller and Burgess [38]. This approach considers a wide range of studies on
animal behavior, human development, functional neuroimaging, and neurophysiology (see
review: [39]). It claims that three-dimensional layouts and features are cognitively dissocia-
ble and separately implemented in the vertebrates’ brain. In this respect, several studies
have shown that whereas boundary-based navigation is associated with the hippocampal
entorhinal cortex and subiculum, landmark-based navigation is instead associated with
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the striatal basal ganglia [40-43]. Moreover, this view is supported by recent rodent data
on the role of environmental geometry in the alignment of hippocampal place maps [44],
as well as direct neural recordings in both rodents and humans showing activity of the
entorhinal cortex [45,46] and subiculum [42,47] near physical boundaries (e.g., walls of
the enclosures).

With the wide range of tasks and results concerning environmental boundary-based
geometric navigation in vertebrates (see reviews: [48,49]) and invertebrates [50-53]), it is
difficult to build a cohesive view that addresses all facets of the problem. However, the
importance of geometry as a core spatial concept shared widely across the phylogenetic
tree (see review: [54]) comes from behavioral investigations in fish, which represent a large
branch of vertebrates phylogenetically remote from mammals.

2. Navigation by Visual Geometry in Fishes

Fish populates a diverse range of ecological niches. Just like terrestrial animals, fish
face complex spatial problems, planning and executing adaptive movements to remem-
bered goals [55]. Not surprisingly, fishes have been shown to possess remarkable abilities
in spatial mapping and navigation (see for instance: [56-60]; see reviews: [61,62]). Al-
though teleosts have long been classified as one of the most primitive vertebrates, and
often considered to have very limited cognitive capacities (see for instance: [63]), nowa-
days it is becoming increasingly evident that these aquatic organisms have learning and
memory processes comparable to those displayed by land tetrapods (see review: [64—66]).
Beyond such core abilities, an even finer-grained distinction can be made with regards to
species-specific adaptations. In the early 2000's, growing amount of converging evidence
collected in various animal species on geometric reorientation behavior piqued the interest
of researchers across many fields of study [67-69].

One interesting study on navigation by geometry in fish, by Sovrano and colleagues [70],
adapted the reference memory introduced by Cheng [28] to train a fish species, Xenotoca eiseni,
to reorient within a rectangular white tank. Basically, the operant conditioning procedure
(a “rewarded exit task”) required fish to locate the correct corner at which there was an
open exit leading to an outer tank with food and conspecifics. Fish learned to reorient not
only according to the arena’s shape, but also in conjunction with a conspicuous landmark
(i.e., a blue panel placed on one of the four walls). This result demonstrates the integrated
use of geometric and nongeometric cues in fish.

In a follow-up study, Sovrano and colleagues [71] further explored the use of local
landmarks in relation to spatial geometry by adding a pattern-specific panel at each cor-
ner of a rectangular white arena. Male and female X. eiseni were trained by using the
same procedure as above, then performing four probe tests (i.e., “removal of all panels”,
“removal of the two geometrically-correct panels”, “diagonal transposition”, and “affine
transformation”), to clarify the role of geometry and features, particularly when they were
put in conflict. Results can be summed up as follows: after removing all panels, fish showed
a consistent preference for the correct-geometry diagonal; after removing the two panels
on the correct-geometry diagonal, only females persisted in choosing the geometry while
males were completely unable to reorient, choosing at random the four corners of the
arena; after the diagonal transposition, fish focused on the local panel cue as learned during
training, in a new position but geometrically correct; after the affine transformation, the
behavioral choice was split: moving the local cues 90° clockwise created a conflict between
geometric and featural information, such that fish followed both the local landmark (in the
new position) and the two geometrically-correct corners (i.e., as defined by the previous
panel’s original position).

Around the same time, Vargas and colleagues [72] were investigating the use of
geometric and featural spatial information in another fish species, the goldfish Carassius
auratus. Likewise, fish were subjected to an extensive training within a rectangular arena,
both with and without an additional nongeometric cue (i.e., an angular panel covering
two adjacent walls). Results were close to those by Sovrano et al. [70,71], although after



Animals 2022, 12, 881

50f17

the affine transformation (here called “dissociation test”), goldfish significantly chose in
accord with the feature instead of geometry, again showing the independent encoding of
the geometry and feature, especially apparent when the feature directly marked the goal.

Furthermore, the research team of Vargas [73] also found a place-cue learning disso-
ciation during geometric navigation after damaging the lateral pallium of goldfish (the
assumed homologue of the mammalian hippocampus). Fish with lateral pallium lesions,
in contrast with those with medial pallium lesions and sham controls, were unable to use
the arena’s spatial geometry and, instead, just relied on the landmark. For the first time,
the involvement of the fish telencephalon in reorientation was demonstrated, drawing
a parallel with analogous evidence in other vertebrates [74,75]. Consistent with this, a
study by Rajan and colleagues [76] showed that active spatial learning within a rectangular
arena induced, in the telencephalon of goldfish, the expression of immediate-early gene
(IEG) early growth response 1 (egr-1), which is a regulatory transcription factor involved in
neural plasticity and memory formation in mammals (see review: [77]).

One perplexing issue in the complementary effects of geometry and landmark was re-
lated to the size of the experimental space (see review: [48]). Sovrano and colleagues [78,79]
ran several training experiments within rectangular arenas of different sizes, providing the
usual blue panel as a conspicuous landmark. They found that while X. eiseni were able
to combine shape and feature in both arenas, when the cues were placed in conflict as in
the case of the affine test, fish mainly relied on shape in the smaller environment (where
rotational errors were dominant) and on feature in the larger one (where errors near the
proximal landmark were dominant). A possible explanation concerns the “visual scanning”
hypothesis [80], which states that in small spaces animals can extract geometry in its totality
(seeing simultaneously both the longer and the shorter surface), whereas in large spaces
animals can only get a partial view of the metric information (not seeing the longer surface
in full). On the other hand, an alternative interpretation grounded on observing a strong
effect of previous experience with feature in large arenas on subsequent reorientation
behavior (see for instance: [81]) pointed to the existence of a weighted combination strategy
based on adaptive learning [82,83].

All the experiments on fish described so far employed a reference memory procedure:
animals were trained over time until a fixed learning criterion (usually, greater than or
equal to 70% of correctness), by rewarding them in the case of success (as purported by
the operant conditioning). Given that the original demonstration of geometric primacy
was found in unrewarded working memory tasks, in both rats and human children [28,84],
more recent studies engaged a working-memory-like procedure focused on spontaneous
choices made by fish in “socially cued” tasks. This paradigm uses a simple visual obser-
vation of a conspecific as a social attractor to set the target location: during the encoding
phase, the subject is trapped in a transparent container at the center of the arena and the
conspecific, also in a transparent container, is placed at one of the corners of the arena (e.g.,
rectangular or square); during the disorientation procedure, the social stimulus is removed,
and the experimental subject’s subsequent approaches to the four corners are observed.
The findings were astonishingly in line with the original studies in mammals.

For instance, Lee and colleagues [85] first developed and tested the above procedure
with D. rerio and X. eiseni within a rectangular and a square arena with one blue panel as a
landmark. They found that both species, in the absence of rewarded training, chose the two
geometrically correct corners. However, there were several additional effects associated
with sex and distance in X. eiseni (i.e., the proximity of the landmark as regards the target):
(1) only males used both geometry and feature, in contrast to findings by Sovrano et al. [71];
(2) the feature was useful only when close to the goal and not when it was far from it (in
that case, fish reoriented in accord with the arena’s shape); (3) the forementioned landmark
combination was only observed in X. eiseni (reorientation behavior of D. rerio primarily
geometry-dependent).

Although X. eiseni has proven to be an excellent animal model to investigate navigation
behavior, the zebrafish D. rerio, following Streisinger’s pioneering investigations [86], has
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risen as a popular model in neuroscience (see for instance: [87]) and biomedical research
(see review: [88]).

Lee and colleagues [89] assessed in zebrafish the representation of specific geometric
components (i.e., distance, corners, and length) that make up an environment’s shape,
and their relation to directional sense (i.e., left/right) in a spatial layout. In this study, the
social cued reorientation task was performed inside a transparent rectangular or square
arena, partially covered with white opaque panels on the walls or corners to provide
boundary-related visual information. The use of distance (from the center to the walls)
was evaluated by adding four white panels of equal length to the center of each wall of a
transparent rectangular arena; the use of corners (the point where two walls converge) was
evaluated by adding four L-shaped white covers to the rectangle’s corners; the use of length
(of the walls, as opposed to the distance between them) was evaluated by adding two
long white panels and two short white panels on opposing walls of a transparent square
arena. Untrained fish spontaneously reoriented according to distance (i.e., closer/farther
surfaces on the left/right) but searched randomly when provided with only the corner
array or the walls of different length arranged in a square array. Similar results were
previously found in 2-year-old children in reorientation tasks within segmented rhombic
and rectangular arrays [90]. Baratti and colleagues [91] recently trained zebrafish under
the experimental conditions defined by Lee and colleagues [89]. Different groups of
fish underwent the rewarded exit task, and each of them was presented with one of the
three boundary-related arrays as described above. Besides the distance condition, it was
observed that fish learned to use both corners and length over time, thus suggesting that
they could represent all the geometrically informative components of a rectangular arena
and that the behavioral task demand (i.e., the rewarded training) can recruit spatial learning
mechanisms that affected the ability of zebrafish to extract the geometric cues provided by
the experimental environment.

Lee and colleagues [92] also carried out several experiments in zebrafish aimed to
examine the use of landmarks as beacons during spontaneous geometric navigation. In the
absence of a visible geometrically informative context (i.e., within a rectangular transparent
arena), zebrafish failed to merge geometry and feature under several conditions: in the
presence of a two-dimensional visual form (i.e., a rectangular blue panel placed on the
ground surface); with one large three-dimensional landmark (i.e., a blue cylinder in a
transparent arena), which only served as a local landmark; when the feature was distal
from the target, even if the cue was a light source on one end of the arena. Interestingly,
however, when the landmarks were embedded within a visible geometrically informative
context (i.e., within a rectangular opaque arena), zebrafish chose the two corners along
the correct-geometry diagonal despite the presence of a 3-D blue cylinder that broke the
symmetry of the arena.

In order to clarify how the environmental geometry could provide a spatial framework
for landmark-use and how proximity could interact with such a process, Sovrano and
colleagues [93] investigated in X. eiseni the use of features (i.e., different panels at corners)
in unrewarded social cued tasks, while varying the number and proximity of features with
respect to the target, in both geometrically informative and noninformative spatial layouts
(i.e., rectangle versus square). Improvements in landmark-use were investigated through
a rewarded reference memory task in a square arena. Under spontaneous, unrewarded
navigation tasks, visual landmarks acquired perceptive salience but without being a spatial
cue to place-finding when distal from the goal. However, fish gradually overcame these
limits over time, particularly when the visual landmarks were close to the goal (acting as
beacons). Similar results were previously obtained in mice [94], with significant differences
in landmark-use (relative to geometry) in spontaneous versus rewarded tasks. In the former
condition, the landmark was used only to distinguish whether the goal was close to it,
regardless of left-right information; but with reinforcement, in the latter condition, animals
improved their use of the landmark to identify the target corner.
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One detail to note is that the study by Sovrano et al. [93] was conducted with X.
eiseni, while investigations by Lee et al. [92] were carried out with D. rerio. As reported
above, the study by Lee et al. [85] found differences in landmark-use depending on the
species. The issue of species differences in landmark-based reorientation should be directly
faced through targeted experiments using both rewarded and spontaneous behavioral
protocols. Evidence in this regard could help to resolve the debate on the interaction
between geometry and landmark in navigation, at least in teleosts.

As a preliminary step, Baratti and colleagues [95] started evaluating the use of pure
geometry by subjecting a group of zebrafish to the rewarded exit task within a rectangular
white arena. Consistently with training studies in X. eiseni [70] and C. auratus [72], D. rerio
learned to encode the boundary for reorientation, with improved performance over time.
Through this initial study, the effectiveness of the rewarded exit task as a training paradigm
to assess relational learning in zebrafish was validated. Future efforts should perhaps be
geared not only towards investigations on matching environmental geometry and local
features (e.g., a conspicuous blue panel, pattern-specific panels), but also on landmark-use
in the absence of geometric layouts (e.g., within a circular or square arena). Parallel to
this, the encoding of absolute and relative distances in the presence of landmark arrays
could provide further insight to the representation guiding spatial navigation behavior in
zebrafish [96]).

In general, all of the studies on boundary- and landmark-based reorientation behaviors
seem to support, also in fishes, the existence of two underlying independent mechanisms:
a “spatial system” for the processing of geometric information (in terms of invariable
properties of the global environment, such as distances and directional sense relations), and
a “landmark system” for the processing of landmark-based information (in terms of land-
marks or objects that may be more variable or more useful as a local cue). These two systems
would be differently recruited to guide behavior in spontaneous or rewarded navigation,
especially with respect to what is adaptive as a cue to the target in the particular task at
hand. An important and intriguing issue is the possible neurobiology of disoriented naviga-
tion behavior. As mentioned above, three-dimensional layouts and features are dissociable
systems, which are distinctly implemented in the brain of vertebrates (e.g., hippocampus
versus striatum). Hence, reported homologies between the hippocampus of mammals
and the lateral pallium of teleosts [45,97], together with a common organization of the
basal ganglia [98], lead us to believe that boundaries and features could be functionally
dissociable also in the behavior of disoriented fish. Amniotes and teleosts may also share
the same molecular mechanisms underlying hippocampal function. For instance, a study
by Gémez and colleagues [99] revealed that map-like spatial representations in goldfish
could be compromised by blocking hippocampal N-methyl-D-aspartate (NMDA) receptors.
In goldfish, the recruitment of the dorsolateral telencephalon has been demonstrated mul-
tiple times in the use of geometry [73,100]. Following their initial study [73], Vargas and
colleagues [100] went further into the investigation of specific telencephalic ablations on
geometric navigation in the absence of other featural cues. Differently from previous results,
they noticed that lateral pallium lesions did not entirely impair the ability of goldfish to
reorient by geometry when the goal position was unambiguous (two escape corners instead
of one). Although many studies investigating the neural correlates of spatial cognition in
teleosts converge upon the finding that allocentric hippocampus-dependent mechanisms
are largely independent from cue-learning [23,101-107], it is possible that some redundant
processing of the same set of cues occurs across multiple mechanisms during navigation
(e.g., a corner could be represented both as a local visual cue, as well as a part of a global
environmental geometry). More recent evidence further suggests a differential involvement
of hippocampal pallium subregions of the goldfish’ brain over the course of spatial memory
formation [108-110].

Lastly, two other issues have been investigated in geometric navigation of trained
fish: the impact of brain lateralization [111] and the role of rearing conditions, both in
X. eiseni [112]. Results from the former study showed that lateralized fish achieved better
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performance than nonlateralized ones at merging geometry and feature (i.e., a salient
blue panel) and at using pattern-specific landmarks in the absence of metric attributes
(i.e., within a square arena). On the other hand, the latter study showed that the encoding
of an enclosed space’s shape is “inborn” and independent from early experience inside
geometric (rectangular home tank) or nongeometric (circular home tank) environments.
Similar findings had been previously obtained by Brown and colleagues [113] with convict
fish, in which controlled rearing conditions with or without featural cues affected the
relative influence of landmarks, but not the ability to use geometry alone.

All the reported evidence described so far seems to strengthen the boundary-based
view also in fishes, similarly to data collected in other vertebrates (see review: [39]). Nev-
ertheless, most of these experiments were run within rectangular characterized by three-
dimensional visible surfaces, usually consisting of four white or black opaque walls. While
the role of nonvisual geometry started being evaluated in recent years ([114], see below
for details), reorientation skills in environments of other shapes have not been addressed
fully in fish. Another issue is related to potential differences in behavior due to appet-
itive versus aversive tasks both in spontaneous and rewarded reorientation problems.
For instance, a couple of studies in rats have shown that aversive conditions (a water maze
task; see also: [15,16]) improved the capacity of animals to orient, both in working [115]
and reference [116] memory tasks. Specifically, in regard to geometric reorientation, Golob
and Taube [115] observed that animals observed in a rectangular water maze with one
landmark wall made less rotational errors than those observed in a dry maze. If aversive
contexts lead animals to preferentially use an “escape strategy” based on nongeometric
cues, as put forward by the authors, then the variability in landmark-use may reflect the
preferential recruitment of hippocampal or striatal mechanisms, in appetitive or aversive
tasks, respectively [117]. Lastly, it could be interesting to design new experiments tar-
geted to handle other geometric variables by employing new experimental protocols (for
instance, like in Twyman et al. [118]), to test the generalization of the existing evidence on
the geometry-plus-landmark interplay, while also taking task demands into consideration.

3. Navigation by Nonvisual Geometry in Fishes

Experimental data on navigation by visual geometry in fishes are quite clear about the
role of well-defined boundaries in navigation, both in spontaneous and rewarded tasks.
However, the sensory nature of processes recruited when animals regain heading and
position, or search for salient hidden objects still remains an unresolved issue. Studies with
insects [52,53,119,120], rats [121,122], and birds [123,124], have suggested the involvement
of view-based strategies during reorientation behaviors. Some claim that navigation
by geometry is guided by visual sequential “snapshots” of the environment and that
animals move to reduce pixel-by-pixel mismatches between retinal and stored images [122].
Nevertheless, such a global matching theory may not explain evidence from vertebrate
navigation, as in studies by Lee and Spelke [125] with 44-month-old toddlers and by Lee and
colleagues [126] with newly-hatched chicks, showing that successful reorientation occurred
within even visually subtle three-dimensional layouts that confined the exploratory space,
but not within visually salient two-dimensional forms or arrays of objects.

Visual encoding of geometric information has been well-documented in humans
(toddlers: [90,127,128]) and nonhumans [89,129] and is also supported by neuroimaging
and neurostimulation studies that generally revealed the recruitment of high-level visual
processing regions like the parahippocampal place area (PPA), the occipital place area
(OPA), and the retrosplenial cortex (RSC) in the presence of macrostructural extended
surfaces such as occluding barriers [38,130-138]. Although the involvement of visual
mechanisms seems to be strongly interlaced with boundary-based navigation, this interplay
may be subjected to a dissociation of vision from tactile physical access, allowing animals
to perceive nonvisible barriers as obstacles, despite the lack of visual stimulation.

Some developmental and comparative data on the use of non-view-based strategies
during reorientation may speak to this fact. A study by Gianni and colleagues [139] found
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that children aged 5-7 were able to use transparent walls to navigate within a rectangular
room, but that younger children aged 2-5 were not able to do so. This study showed
that representation of boundary structures before the age of five seem to heavily rely on
visually-driven mechanisms. However, perhaps with the accumulation of multisensory
experience of the surrounding world, the effect of nonvisual barriers on navigation emerges
later in development.

At the same time, a study by Sovrano and colleagues [114] found conceptually similar
evidence in fishes. Two hypogean species of fish (Astyanax mexicanus and Phreatichthys
andruzzii, blind “cavefish”) underwent the traditional rewarded exit task developed by
Sovrano et al. [70]. Despite their lack of vision, cavefish learned to navigate by geometry,
also by combining it with a tactile landmark (a panel with embossed stripes) for successful
place-finding. From a conjectural point of view, these results signify that in organisms
where the visual system is somehow impaired, boundary-based navigation towards a
salient goal can be driven by extra-visual stimulation, such as haptic exploration [140].
Then, such an intriguing idea could be put into practice by exploring the reorientation
capacities of blind people, with the potential to observe the role of neural plasticity on
disoriented navigation.

The recruitment of extra-visual systems extends to the behavior of eyed species, even
those that primarily use sight to represent space, as the engagement of other sensory
systems than vision would aid in the precise encoding of location through the addition of
environmental cues.

Sovrano and colleagues [141] recently addressed the use of nonvisual geometry in
three fishes (D. rerio, X. eiseni, and C. auratus), by employing both the unrewarded social
cued task and the rewarded exit task described previously, within a rectangular transparent
arena to directly assess the encoding of nonvisual geometry in the absence of any other
visual features. While the first two experiments were run within a similar arena with
respect to Lee and colleagues [85,89,92], the third experiment introduced exit corridors
for the training task, modified, for the transparent conditions (see Figure 3). This study
showed a noteworthy difference in reorientation by nonvisible boundaries which, like
landmarks, depended on the task procedures and, therefore, on the memory system em-
ployed. Fishes could not spontaneously reorient (both without and with a short period
of familiarization) but learned to use the transparent boundaries in the reference memory
task. The extended training may have allowed fishes to freely swim within the arena and
acquire extra-visual experience of the spatial contingencies in relation to the goal-position.
Furthermore, these results support the engagement of other sensory modalities beyond
the vision in spatial learning and memory. One of these modalities could be the “lateral
line”: the function of this mechano-sensory system is detecting hydrodynamic stimuli,
such as weak water movements and pressure gradients, allowing fish to navigate under-
water [142-153]. A brief mention should be made to the electrosensory system of weakly
electric fish, which is another rich and unique modality as an alternative to vision. Electric
fish can interact with the environment and communicate with companions by means of
“electric images”, which are a product of changes in the electric field due to fish-to-object
proximity interactions [154,155]. Spatial learning abilities were observed in weakly electric
fish [156-158], as well as hippocampal-like circuitry in the pallium [159]. These species
could provide a new animal model to explore extra-visual geometric navigation, since
neural algorithms and computations underlying the transduction of sensory contrasts are
argued to be shared and preserved among senses [160].
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Figure 3. The figure shows the rectangular transparent arena adapted for the nonvisual rewarded
exit task (a). Four corridors were placed at the corners — two with a large central slit that fish could
exit through (correct-geometry diagonal corners) and the other two with smaller slits that fish could
not swim through (b).

Main results on navigation by visual and nonvisual environmental geometry in fishes
are summarized in Table 1.

Table 1. Summary of major findings on geometric navigation by fishes, within visual and nonvisual
spatial layouts. Working and reference memory tasks are specified to distinguish across behavioral
protocols, visual and nonvisual to distinguish across experimental modalities.

Studies Major Results

In a reference memory task in visual modalities, X. eiseni learn to

Sovrano etal,, 2002 [70] use both the rectangular geometry and the blue wall to reorient.

In a reference memory task in visual modalities, X. eiseni show a
preference for geometry after the all-panels removal; for the
trained local landmark after diagonal transposition; for geometry
and the local landmark after the affine transformation, even in
conflict. Some sex-specific differences found after the
correct-panels removal (only females use geometry).

Sovrano et al., 2003 [71]

In a reference memory task in visual modalities, C. auratus learn
to use both the rectangular geometry and a corner landmark to
reorient but show a preference for the landmark after
affine transformation.

Vargas et al., 2004 [72]




Animals 2022, 12, 881

11 of 17

Table 1. Cont.

Studies

Major Results

Sovrano et al., 2005 [78]

In a reference memory task in visual modalities, X. eiseni mainly

reorient by geometry if trained in a small arena and tested in a big

one and use the blue wall if trained in a big arena and tested in a
small one.

Sovrano et al., 2005 [111]

In a reference memory task in visual modalities, lateralized X.
eiseni is better at combining geometry and the blue wall, and at
using local landmarks in the absence of metric attributes.

Vargas et al., 2006 [73]

In a reference memory task in visual modalities, C. auratus with
lateral pallium lesions do not use geometry to reorient and just
rely on the landmark.

Sovrano et al., 2007 [79]

In a reference memory task in visual modalities, X. eiseni mainly
reorient with geometry in a small arena and with the blue wall in
a big arena, after affine transformation of big landmarks
(blue walls)

Brown et al., 2007 [113]

In a reference memory task in visual condition, controlled rearing
conditions with or without featural cues affect the influence of
landmarks, but not the ability to use geometry alone, in convict
fish (A. nigrofasciatus).

Vargas et al., 2011 [100]

In a reference memory task in visual modalities, C. auratus with
lateral pallium lesions are not totally impaired at using geometry
to reorient when the target can be unambiguously located.

Lee et al., 2012 [85]

In a working memory task in visual modalities, X. eiseni and
D. rerio use the rectangular geometry in the absence of training.
Some species- and sex-specific differences have been found at
simultaneously using geometry and the blue wall (females find
harder the disengagement from geometry).

Lee et al., 2013 [89]

In a working memory task in visual modalities, D. rerio reorient
according to boundary distance and sense but not by corners or
boundary length.

Lee et al., 2015 [92]

In a working memory task in nonvisual modalities, D. rerio fail to
merge several kinds of features with the geometry of a
transparent rectangular arena. Some effects of proximity found in
relation to the target position.

Sovrano & Chiandetti,
2017 [112]

In a reference memory task in visual modalities, X. eiseni reared
within circular tanks reorient just as well as fish reared within
rectangular tanks. The encoding of environmental geometries is
“inborn” and independent from early experience

Sovrano et al., 2018 [114]

In a reference memory task in nonvisual modalities, hypogean
A. mexicanus and P. andruzzii learn to use both the rectangular
geometry and a tactile landmark with embossed stripes
to reorient

Sovrano et al., 2020 [141]

In working and reference memory tasks in nonvisual modalities,
X. eiseni, D. rerio, and C. auratus learn to use nonvisual geometry
only over time under rewarded training (but not in the absence of
training), probably relying on extra-visual sensory modalities.
The different outcome of the geometric reorientation is strongly
based on the type of experimental procedure.

Sovrano et al., 2020 [93]

In working and reference memory tasks in visual modalities,
X. eiseni use features only to determine if the target is close
regardless of metric attributes but overcome this limit over time
under rewarded training.
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Table 1. Cont.

Studies Major Results

In a reference memory task in visual modalities, D. rerio learn to
Baratti et al., 2020 [95] use the rectangular geometry to reorient, also showing
improvements over time.

In a reference memory task in visual modalities, D. rerio learn to
Baratti et al., 2021 [91] use both corners and boundary length, in addition to distance
combined with sense, to reorient.

4. Concluding Remarks

Although the entirety of the extant data cannot be explained within a single all-
encompassing model, the converging evidence that boundary-based core representations
of spatial geometry and adaptively learned landmark-based navigation provide a strong
argument for shared systems of spatial cognition across vertebrates, including both fish and
mammals. Nevertheless, fish are a powerful animal model for studying the neurobiological
and adaptive origins of different modalities and additional perceptual systems that have
been sculpted by the aquatic habitat or visual conditions in deep underwater environments.

Author Contributions: Conceptualization, G.B.; Infographic, G.B.; Resources: V.A.S.; Writing—
Original Draft Preparation, G.B.; Writing—Review and Editing, G.B., D.P,, S.A.L.,, AM.-R. and VAS.;
Visualization, G.B., D.P,, S.A.L.,, AM.-R. and V.A.S,; Supervision, V.A.S.; Project Administration,
V.AS,; Funding Acquisition, V.A.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by intramural resources financing to V.A.S. from the Center for
Mind/Brain Sciences (CIMeC, University of Trento).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study
design, data collection, analyses, interpretation of the results, and in the writing or publication of
the manuscript.

References

1.  Sovrano, V.A.; Zucca, P.; Regolin, L. Il Comportamento degli Animali: Etologia, Cognizione e Benessere Animale; Carocci: Rome,
Italy, 2009.

2. Collett, T.S.; Graham, P. Animal Navigation: Path Integration, Visual Landmarks and Cognitive Maps. Curr. Biol. 2004, 14,
R475-R477. [CrossRef] [PubMed]

3. Wiener, ].; Shettleworth, S.; Bingman, V.P; Cheng, K.; Healy, S.; Jacobs, L.F,; Jeffery, K.J. Animal Navigation—A Synthesis.
In Animal Thinking: Contemporary Issues in Comparative Cognition; Menzel, R., Fisher, J., Eds.; MIT Press: Cambridge, MA, USA,
2011; pp. 51-78.

4. Mouritsen, H. Long-Distance Navigation and Magnetoreception in Migratory Animals. Nature 2018, 558, 50-59. [CrossRef]
[PubMed]

5. Wang, R.F; Spelke, E.S. The Neurobiology of Spatial Behavior. In Comparative Approaches to Human Navigation; Jeffery, K.J., Ed.;
Oxford University Press: Oxford, UK, 2003; pp. 119-143.

6.  Tinbergen, N. Uber die Orientierung des Bienenwolfes (Philanthus triangulum Fabr.). Z. Vgl. Physiol. 1932, 16, 305-334. [CrossRef]

7.  Tinbergen, N. The Study of Instinct; Oxford University Press: Oxford, UK, 1951.

8. Cartwright, B.A.; Collett, T.S. Landmark Learning in Bees: Experiments and Models. J. Comp. Physiol. 1983, 151, 521-543.
[CrossRef]

9. Collett, T.S.; Cartwright, B.A.; Smith, B.A. Landmark Learning and Visuo-Spatial Memory in Gerbils. . Comp. Physiol. 1986, 170,
435-442. [CrossRef]

10. Tolman, E.C. Cognitive Maps in Rats and Men. Psychol. Rev. 1948, 55, 189-208. [CrossRef]

11.  Tolman, E.C.; Honzik, C.H. Degrees of Hunger, Reward and Non-reward, and Maze Learning in Rats. Univ. Calif. Publ. Psychol.

1930, 4, 241-256.


http://doi.org/10.1016/j.cub.2004.06.013
http://www.ncbi.nlm.nih.gov/pubmed/15203020
http://doi.org/10.1038/s41586-018-0176-1
http://www.ncbi.nlm.nih.gov/pubmed/29875486
http://doi.org/10.1007/BF00338750
http://doi.org/10.1007/BF00605469
http://doi.org/10.1007/BF01324825
http://doi.org/10.1037/h0061626

Animals 2022, 12, 881 13 of 17

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.
29.

30.
31.
32.
33.

34.
35.

36.
37.
38.

39.
40.

41.

42.

43.
44.

45.

46.

Tolman, E.C.; Honzik, C.H. Introduction and Removal of Reward, and Maze Performance in Rats. Univ. Calif. Publ. Psychol. 1930,
4,257-275.

Tolman, E.C.; Ritchi, B.F; Kalish, D. Studies in Spatial Learning. II. Place Learning versus Response Learning. J. Exp. Psychol.
1946, 36, 221-229.

O’Keefe, J.; Nadel, L. The Hippocampus as a Cognitive Map; Clarendon Press: Oxford, UK, 1978.

Morris, R.G.M. Spatial Localization Does Not Require the Presence of Local Cues. Learn. Motiv. 1981, 12, 239-260. [CrossRef]
Morris, R.G.M.; Garrud, P.; Rawlins, J.A.; O'Keefe, J. Place Navigation Impaired in Rats with Hippocampal Lesions. Nature 1982,
297, 681-683. [CrossRef] [PubMed]

Schenk, F.; Morris, R.G.M. Dissociation between Components of Spatial Memory in Rats after Recovery from the Effects of
Retro-Hippocampal Lesions. Exp. Brain Res. 1985, 58, 11-28. [CrossRef] [PubMed]

Bingman, V.P; Riters, L.V.; Strasser, R.; Gagliardo, A. Neuroethology of Avian Navigation. In Animal Cognition in Nature; Balda, R.,
Pepper-Berg, 1., Kamil, A., Eds.; Cambridge Academic Press: Cambridge, MA, USA, 1998; pp. 201-226.

Vargas, ].P; Petruso, E.J.; Bingman, V.P. Hippocampal Formation Is Required for Geometric Navigation in Pigeons. Eur. ]. Neurosci.
2004, 20, 1937-1944. [CrossRef] [PubMed]

Lopez, ].C.; Rodriguez, F; Gémez, Y.; Vargas, ].P; Broglio, C.; Salas, C. Place and Cue Learning in Turtles. Learn. Behav. 2000, 28,
360-372. [CrossRef]

Lopez, J.; Gémez, Y.; Rodriguez, E; Broglio, C.; Vargas, ].; Salas, C. Spatial Learning in Turtles. Anim. Cogn. 2001, 4, 49-59.
Lopez, ].C.; Vargas, ].P.; Gomez, Y.; Salas, C. Spatial and Non-Spatial Learning in Turtles: The Role of Medial Cortex. Behav. Brain
Res. 2003, 143, 109-120. [CrossRef]

Lopez, J.C.; Bingman, V.P; Rodriguez, F.; Gémez, Y.; Salas, C. Dissociation of Place and Cue Learning by Telencephalic Ablation
in Goldfish. Behav. Neurosci. 2000, 114, 687-699. [CrossRef]

Lopez, J.C.; Broglio, C.; Rodriguez, F; Thinus-Blanc, C.; Salas, C. Multiple Spatial Learning Strategies in Goldfish
(Carassius auratus). Anim. Cogn. 1999, 2, 109-120. [CrossRef]

Rodriguez, F.; Duran, E.; Vargas, ].P.; Torres, B.; Salas, C. Performance of Goldfish Trained in Allocentric and Egocentric Maze
Procedures Suggests the Presence of a Cognitive Mapping System in Fishes. Learn. Behav. 1994, 22, 409-420. [CrossRef]

Fuss, T.; Bleckmann, H.; Schluessel, V. Place Learning Prior to and after Telencephalon Ablation in Bamboo and Coral Cat Sharks
(Chiloscyllium griseum and Atelomycterus marmoratus). ]. Comp. Physiol. A 2014, 200, 37-52. [CrossRef]

Fuss, T.; Bleckmann, H.; Schluessel, V. The Shark Chiloscyllium Griseum Can Orient Using Turn Responses before and after Partial
Telencephalon Ablation. J. Comp. Physiol. A 2014, 200, 19-35. [CrossRef] [PubMed]

Cheng, K. A Purely Geometric Module in the Rat’s Spatial Representation. Cognition 1986, 23, 149-178. [CrossRef]

Cheng, K.; Gallistel, C.R. Testing the Geometric Power of an Animal’s Spatial Representation. In Animal Cognition; Roitblat, H.,
Bever, T.G., Terrace, H., Eds.; Lawrence Erlbaum Associates: Hillsdale, NJ, USA, 1984; pp. 409-423.

Fodor, J.A. The Modularity of Mind: An Essay on Faculty Psychology; MIT Press: Cambridge, MA, USA, 1983.

Cheng, K. Whither Geometry? Troubles of the Geometric Module. Trends Cogn. Sci. 2008, 12, 355-361. [CrossRef] [PubMed]
Cheng, K.; Huttenlocher, J.; Newcombe, N.S. 25 Years of Research on the Use of Geometry in Spatial Reorientation: A Current
Theoretical Perspective. Psychon. Bull. Rev. 2013, 20, 1033-1054. [CrossRef]

Cheng, K.; Newcombe, N.S. Is There a Geometric Module for Spatial Orientation? Squaring Theory and Evidence. Psychon. Bull.
Rev. 2005, 12, 1-23. [CrossRef]

Lee, S.A ; Spelke, E.S. A Modular Geometric Mechanism for Reorientation in Children. Cogn. Psychol. 2010, 61, 152-176. [CrossRef]
Lee, S.A.; Spelke, E.S. Two Systems of Spatial Representation Underlying Navigation. Exp. Brain Res. 2010, 206, 179-188.
[CrossRef]

Spelke, E.S.; Lee, S.A.; Izard, V. Beyond Core Knowledge: Natural Geometry. Cogn. Sci. 2010, 34, 863—-884. [CrossRef]

Gallistel, C.R. The Organization of Learning; MIT Press: Cambridge, MA, USA, 1990.

Doeller, C.F,; Burgess, N. Distinct Error-Correcting and Incidental Learning of Location Relative to Landmarks and Boundaries.
Proc. Natl. Acad. Sci. USA 2008, 105, 5909-5914. [CrossRef]

Lee, S.A. The Boundary-Based View of Spatial Cognition: A Synthesis. Curr. Opin. Behav. Sci. 2017, 16, 58-65. [CrossRef]
Doeller, C.F; King, ].A.; Burgess, N. Parallel Striatal and Hippocampal Systems for Landmarks and Boundaries in Spatial Memory.
Proc. Natl. Acad. Sci. USA 2008, 105, 5915-5920. [CrossRef] [PubMed]

Shine, J.P.; Valdes-Herrera, J.P.; Tempelmann, C.; Wolbers, T. Evidence for allocentric boundary and goal direction information in
the human entorhinal cortex and subiculum. Nat. Comm. 2019, 10, 4004. [CrossRef] [PubMed]

Lever, C.; Burton, S.; Jeewajee, A.; O’Keefe, J.; Burgess, N. Boundary Vector Cells in the Subiculum of the Hippocampal Formation.
J. Neurosci. 2009, 29, 9771-9777. [CrossRef] [PubMed]

Sutherland, N.S.; Mackintosh, N.J. Mechanisms of Discrimination Learning in Animals; Academic Press: New York, NY, USA, 1971.
Keinath, A.T.; Julian, ].B.; Epstein, R.A.; Muzzio, I.A. Environmental Geometry Aligns the Hippocampal Map during Spatial
Reorientation. Curr. Biol. 2017, 27, 309-317. [CrossRef]

Solstad, T.; Boccara, C.N.; Kropff, E.; Moser, M.B.; Moser, E.I. Representation of Geometric Borders in the Entorhinal Cortex.
Science 2008, 322, 1865-1868. [CrossRef]

Topalovic, U.; Aghajan, Z.M.; Villaroman, D.; Hiller, S.; Christov-Moore, L.; Wishard, T.J.; Suthana, N. Wireless Programmable
Recording and Stimulation of Deep Brain Activity in Freely Moving Humans. Neuron 2020, 108, 322-334. [CrossRef]


http://doi.org/10.1016/0023-9690(81)90020-5
http://doi.org/10.1038/297681a0
http://www.ncbi.nlm.nih.gov/pubmed/7088155
http://doi.org/10.1007/BF00238949
http://www.ncbi.nlm.nih.gov/pubmed/3987843
http://doi.org/10.1111/j.1460-9568.2004.03654.x
http://www.ncbi.nlm.nih.gov/pubmed/15380016
http://doi.org/10.3758/BF03200270
http://doi.org/10.1016/S0166-4328(03)00030-5
http://doi.org/10.1037/0735-7044.114.4.687
http://doi.org/10.1007/s100710050031
http://doi.org/10.3758/BF03209160
http://doi.org/10.1007/s00359-013-0859-x
http://doi.org/10.1007/s00359-013-0858-y
http://www.ncbi.nlm.nih.gov/pubmed/24114617
http://doi.org/10.1016/0010-0277(86)90041-7
http://doi.org/10.1016/j.tics.2008.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18684662
http://doi.org/10.3758/s13423-013-0416-1
http://doi.org/10.3758/BF03196346
http://doi.org/10.1016/j.cogpsych.2010.04.002
http://doi.org/10.1007/s00221-010-2349-5
http://doi.org/10.1111/j.1551-6709.2010.01110.x
http://doi.org/10.1073/pnas.0711433105
http://doi.org/10.1016/j.cobeha.2017.03.006
http://doi.org/10.1073/pnas.0801489105
http://www.ncbi.nlm.nih.gov/pubmed/18408152
http://doi.org/10.1038/s41467-019-11802-9
http://www.ncbi.nlm.nih.gov/pubmed/31488828
http://doi.org/10.1523/JNEUROSCI.1319-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/19657030
http://doi.org/10.1016/j.cub.2016.11.046
http://doi.org/10.1126/science.1166466
http://doi.org/10.1016/j.neuron.2020.08.021

Animals 2022, 12, 881 14 of 17

47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Lee, S.A.; Miller, ].E.; Watrous, A.J.; Sperling, M.R.; Sharan, A.; Worrell, G.A.; Jacobs, ]. Electrophysiological Signatures of Spatial
Boundaries in the Human Subiculum. J. Neurosci. 2018, 38, 3265-3272. [CrossRef]

Vallortigara, G. Animals as Natural Geometers. In Cognitive Biology; Tommasi, L., Peterson, M.A., Nadel, L., Eds.; MIT Press:
Cambridge, MA, USA, 2009; pp. 83-110.

Tommasi, L.; Chiandetti, C.; Pecchia, T.; Sovrano, V.A.; Vallortigara, G. From Natural Geometry to Spatial Cognition. Neurosci.
Biobehav. Rev. 2012, 36, 799-824. [CrossRef]

Sovrano, V.A.; Potrich, D.; Vallortigara, G. Learning of Geometry and Features in Bumblebees (Bombus terrestris). J. Comp. Psychol.
2013, 127, 312. [CrossRef]

Sovrano, V.A,; Rigosi, E.; Vallortigara, G. Spatial Reorientation by Geometry in Bumblebees. PLoS ONE 2012, 7, e37449. [CrossRef]
Wystrach, A.; Beugnon, G. Ants Learn Geometry and Features. Curr. Biol. 2009, 19, 61-66. [CrossRef] [PubMed]

Wystrach, A.; Cheng, K.; Sosa, S.; Beugnon, G. Geometry, Features, and Panoramic Views: Ants in Rectangular Arenas. J. Exp.
Psychol. Anim. Behav. Process. 2011, 37, 420-435. [CrossRef] [PubMed]

Vallortigara, G. Core Knowledge of Object, Number, and Geometry: A Comparative and Neural Approach. Cogn. Neuropsychol.
2012, 29, 213-236. [CrossRef]

Brown, C.; Laland, K.; Krause, J. Fish Cognition and Behavior; John Wiley & Sons: Hoboken, NJ, USA, 2011.

Aronson, L.R. Orientation and Jumping Behavior in the Gobiid Fish Bathygobius Soporator. Am. Mus. Novit. 1951, 1486, 1-22.
Brown, C.; Laland, K.N. Social Learning in Fishes: A review. Fish Fish. 2003, 4, 280-288. [CrossRef]

Cain, P; Gerin, W.; Moller, P. Short-Range Navigation of the Weakly Electric Fish, Gnathonemus petersii L. (Mormyridae, Teleostei), in
Novel and Familiar Environments. Ethology 1994, 96, 33-45. [CrossRef]

Ingle, D.; Sahagian, D. Solution of a Spatial Constancy Problem by Goldfish. Physiol. Psychol. 1973, 1, 83-84. [CrossRef]
Warburton, K. The Use of Local Landmarks by Foraging Goldfish. Anim. Behav. 1990, 40, 500-505. [CrossRef]

Broglio, C.; Rodriguez, F.; Salas, C. Spatial Cognition and Its Neural Basis in Teleost Fishes. Fish Fish. 2003, 4, 247-255. [CrossRef]
Odling-Smee, L.; Braithwaite, V.A. The Role of Learning in Fish Orientation. Fish Fish. 2003, 4, 235-246. [CrossRef]

Brown, C. Fish Intelligence, Sentience and Ethics. Anim. Cogn. 2015, 18, 1-17. [CrossRef] [PubMed]

Kieffer, ].D.; Colgan, PW. The Role of Learning in Fish Behaviour. Rev. Fish Biol. Fish. 1992, 2, 125-143. [CrossRef]

Salas, C.; Broglio, C.; Duran, E.; Gémez, A.; Ocana, EM.; Jiménez-Moya, F.; Rodriguez, F. Neuropsychology of Learning and
Memory in Teleost Fish. Zebrafish 2006, 3, 157-171. [CrossRef] [PubMed]

Schluessel, V. Who Would Have Thought That ‘Jaws” Also Has Brains? Cognitive Functions in Elasmobranchs. Anim. Cogn. 2015,
18, 19-37. [CrossRef]

Broglio, C.; Gémez, Y.; Lopez, ].C.; Rodriguez, E; Salas, C.; Vargas, ].P. Encoding of Geometric and Featural Properties of a Spatial
Environment in Teleostean Fish (Carassius auratus). Int. J. Psychol. 2000, 35, 195.

Sovrano, V.A.; Bisazza, A.; Vallortigara, G. Spatial Reorientation Using Geometric and Featural Properties of an Environment by
Fish (Xenotoca eiseni). In Advances in Ethology, Proceedings of XXVII International Ethological Conference, Tiibingen, Germany, 22-29
August 2001; Blackwell Wissenschafts: Oxford, UK; Boston, MA, USA, 2001.

Sovrano, V.A.; Bisazza, A.; Vallortigara, G. Fish Use of Geometric and Non-geometric Properties of an Environment for Spatial
Reorientation. In Proceedings of the First Joint Meeting of the European Brain and Behaviour Society and The European
Behavioural Pharmacology Society, Marseille, France, 8-12 September 2001.

Sovrano, V.A.; Bisazza, A.; Vallortigara, G. Modularity and Spatial Reorientation in a Simple Mind: Encoding of Geometric and
Nongeometric Properties of a Spatial Environment by Fish. Cognition 2002, 85, B51-B59. [CrossRef]

Sovrano, V.A,; Bisazza, A.; Vallortigara, G. Modularity as a Fish (Xenotoca eiseni) Views It: Conjoining Geometric and Nongeometric
Information for Spatial Reorientation. J. Exp. Psychol. Anim. Behav. Processes 2003, 29, 199-210. [CrossRef]

Vargas, J.P; Lopez, J.C.; Salas, C.; Thinus-Blanc, C. Encoding of Geometric and Featural Spatial Information by Goldfish
(Carassius auratus). |. Comp. Psychol. 2004, 118, 206-216. [CrossRef]

Vargas, ].P.; Bingman, V.P.; Portavella, M.; Lopez, ].C. Telencephalon and Geometric Space in Goldfish. Eur. |. Neurosci. 2006, 24,
2870-2878. [CrossRef]

Sakamoto, T.; Okaichi, H. The Use of Geometrical and Featural Information by Fimbria-Fornix-Lesioned Rats. Jpn. J. Psychol.
1996, 67, 110-117. [CrossRef]

Sakamoto, T.; Okaichi, H. The Effects of a Fimbria-Fornix Lesion on Distance Discrimination in Rats. Jpn. ]. Psychol. 1997,
68, 38—42. [CrossRef] [PubMed]

Rajan, K.E.; Ganesh, A.; Dharaneedharan, S.; Radhakrishnan, K. Spatial Learning-Induced egr-1 Expression in Telencephalon of
Goldfish Carassius auratus. Fish Physiol. Biochem. 2011, 37, 153-159. [CrossRef] [PubMed]

Knapska, E.; Kaczmarek, L. A Gene for Neuronal Plasticity in the Mammalian Brain: Zif268/Egr-1/NGFI-A/Krox-
24/TIS8/ZENK? Prog. Neurobiol. 2004, 74, 183-211. [CrossRef] [PubMed]

Sovrano, V.A,; Bisazza, A.; Vallortigara, G. Animals’ Use of Landmarks and Metric Information to Reorient: Effects of the Size of
the Experimental Space. Cognition 2005, 97, 121-133. [CrossRef] [PubMed]

Sovrano, V.A.; Bisazza, A.; Vallortigara, G. How Fish Do Geometry in Large and in Small Spaces. Anim. Cogn. 2007, 10, 47-54.
[CrossRef] [PubMed]

Sovrano, V.A.; Vallortigara, G. Dissecting the Geometric Module: A Sense Linkage for Metric and Landmark Information in
Animals’ Spatial Reorientation. Psychol. Sci. 2006, 17, 616-621. [CrossRef]


http://doi.org/10.1523/JNEUROSCI.3216-17.2018
http://doi.org/10.1016/j.neubiorev.2011.12.007
http://doi.org/10.1037/a0032040
http://doi.org/10.1371/journal.pone.0037449
http://doi.org/10.1016/j.cub.2008.11.054
http://www.ncbi.nlm.nih.gov/pubmed/19119010
http://doi.org/10.1037/a0023886
http://www.ncbi.nlm.nih.gov/pubmed/21604907
http://doi.org/10.1080/02643294.2012.654772
http://doi.org/10.1046/j.1467-2979.2003.00122.x
http://doi.org/10.1111/j.1439-0310.1994.tb00879.x
http://doi.org/10.3758/BF03326873
http://doi.org/10.1016/S0003-3472(05)80530-5
http://doi.org/10.1046/j.1467-2979.2003.00128.x
http://doi.org/10.1046/j.1467-2979.2003.00127.x
http://doi.org/10.1007/s10071-014-0761-0
http://www.ncbi.nlm.nih.gov/pubmed/24942105
http://doi.org/10.1007/BF00042881
http://doi.org/10.1089/zeb.2006.3.157
http://www.ncbi.nlm.nih.gov/pubmed/18248258
http://doi.org/10.1007/s10071-014-0762-z
http://doi.org/10.1016/S0010-0277(02)00110-5
http://doi.org/10.1037/0097-7403.29.3.199
http://doi.org/10.1037/0735-7036.118.2.206
http://doi.org/10.1111/j.1460-9568.2006.05174.x
http://doi.org/10.4992/jjpsy.67.110
http://doi.org/10.4992/jjpsy.68.38
http://www.ncbi.nlm.nih.gov/pubmed/9198268
http://doi.org/10.1007/s10695-010-9425-4
http://www.ncbi.nlm.nih.gov/pubmed/20714804
http://doi.org/10.1016/j.pneurobio.2004.05.007
http://www.ncbi.nlm.nih.gov/pubmed/15556287
http://doi.org/10.1016/j.cognition.2004.08.003
http://www.ncbi.nlm.nih.gov/pubmed/16226559
http://doi.org/10.1007/s10071-006-0029-4
http://www.ncbi.nlm.nih.gov/pubmed/16794851
http://doi.org/10.1111/j.1467-9280.2006.01753.x

Animals 2022, 12, 881 15 of 17

81.

82.

83.

84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Ratliff, K.R.; Newcombe, N.S. Reorienting When Cues Conflict: Evidence for an Adaptive-Combination View. Psychol. Sci. 2008,
19, 1301-1307. [CrossRef]

Newcombe, N.S.; Huttenlocher, J. Development of spatial cognition. In Handbook of Child Psychology: Cognition, Perception, and
Language, 6th ed.; Kuhn, D., Siegler, R.S., Eds.; Wiley: New York, NY, USA, 2006; Volume 2, pp. 734-776.

Ratliff, K.R.; Newcombe, N.S. A Matter of Trust: When Landmarks and Geometry Are Used during Reorientation. Proc. Annu.
Meet. Cogn. Sci. Soc. 2007, 29, 581-586.

Hermer, L.; Spelke, E.S. A Geometric Process for Spatial Reorientation in Young Children. Nature 1994, 370, 57-59. [CrossRef]
Lee, S.A.; Vallortigara, G.; Ruga, V.; Sovrano, V.A. Independent Effects of Geometry and Landmark in a Spontaneous Reorientation
Task: A Study of Two Species of Fish. Anim. Cogn. 2012, 15, 861-870. [CrossRef]

Streisinger, G.; Walker, C.; Dower, N.; Knauber, D.; Singer, F. Production of Clones of Homozygous Diploid Zebra Fish (Brachydanio
rerio). Nature 1981, 291, 293-296. [CrossRef] [PubMed]

Levin, E.D.; Cerutti, D.T. Behavioral Neuroscience of Zebrafish. In Methods of Behavior Analysis in Neuroscience, 2nd ed.;
Buccafusco, J.J., Ed.; CRC Press/Taylor & Francis: Boca Raton, FL, USA, 2009.

Lin, C.Y;; Chiang, C.Y.; Tsai, H.]. Zebrafish and Medaka: New Model Organisms for Modern Biomedical Research. . Biomed. Sci.
2016, 23, 19. [CrossRef] [PubMed]

Lee, S.A.; Vallortigara, G.; Flore, M.; Spelke, E.S.; Sovrano, V.A. Navigation by Environmental Geometry: The Use of Zebrafish as
a Model. J. Exp. Biol. 2013, 216, 3693-3699. [CrossRef] [PubMed]

Lee, S.A.; Sovrano, V.A.; Spelke, E.S. Navigation as a Source of Geometric Knowledge: Young Children’s Use of Length, Angle,
Distance, and Direction in a Reorientation Task. Cognition 2012, 123, 144-161. [CrossRef]

Baratti, G.; Rizzo, A.; Miletto Petrazzini, M.E.; Sovrano, V.A. Learning by Doing: The Use of Distance, Corners and Length in
Rewarded Geometric Tasks by Zebrafish (Danio rerio). Animals 2021, 11, 2001. [CrossRef]

Lee, S.A; Ferrari, A.; Vallortigara, G.; Sovrano, V.A. Boundary Primacy in Spatial Mapping: Evidence from Zebrafish (Danio rerio).
Behav. Processes 2015, 119, 116-122. [CrossRef]

Sovrano, V.A.; Baratti, G.; Lee, S.A. The Role of Learning and Environmental Geometry in Landmark-Based Spatial Reorientation
of Fish (Xenotoca eiseni). PLoS ONE 2020, 15, €0229608. [CrossRef]

Lee, S.A,; Tucci, V.; Sovrano, V.A.; Vallortigara, G. Working Memory and Reference Memory Tests of Spatial Navigation in Mice
(Mus musculus). ]. Comp. Psychol. 2015, 129, 189. [CrossRef]

Baratti, G.; Potrich, D.; Sovrano, V.A. The Environmental Geometry in Spatial Learning by Zebrafish (Danio rerio). Zebrafish 2020,
17,131-138. [CrossRef]

Della Chiesa, A.; Pecchia, T.; Tommasi, L.; Vallortigara, G. Multiple Landmarks, the Encoding of Environmental Geometry and
the Spatial Logics of a Dual Brain. Anim. Cogn. 2006, 9, 281-293. [CrossRef]

Broglio, C.; Martin-Monzoén, I; Ocafia, EM.; Gémez, A.; Duran, E.; Salas, C.; Rodriguez, F. Hippocampal Pallium and Map-like
Memories through Vertebrate Evolution. J. Behav. Brain Sci. 2015, 5, 109-120. [CrossRef]

Smeets, W.]J.; Marin, O.; Gonzalez, A. Evolution of the Basal Ganglia: New Perspectives through a Comparative Approach. J.
Anat. 2000, 196, 501-517. [CrossRef] [PubMed]

Goémez, Y.; Vargas, J.P,; Portavella, M.; Lépez, J.C. Spatial Learning and Goldfish Telencephalon NMDA Receptors. Neurobiol.
Learn. Mem. 2006, 85, 252-262. [CrossRef] [PubMed]

Vargas, J.P,; Portavella, M.; Quintero, E.; Lopez, J.C. Neural Basis of the Spatial Navigation Based on Geometric Cues. Behav. Brain
Res. 2011, 225, 367-372. [CrossRef] [PubMed]

Broglio, C.; Rodriguez, F.; Gémez, A.; Arias, ]J.L.; Salas, C. Selective Involvement of the Goldfish Lateral Pallium in Spatial
Memory. Behav. Brain Res. 2010, 210, 191-201. [CrossRef]

Duran, E.; Ocafia, FEM.; Broglio, C.; Rodriguez, F,; Salas, C. Lateral but Not Medial Telencephalic Pallium Ablation Impairs the
Use of Goldfish Spatial Allocentric Strategies in a “Hole-Board” Task. Behav. Brain Res. 2010, 214, 480-487. [CrossRef]

Duran, E.; Ocafia, EM.; Gémez, A.; Jiménez-Moya, F.; Broglio, C.; Rodriguez, E; Salas, C. Telencephalon Ablation Impairs
Goldfish Allocentric Spatial Learning in a “Hole-Board” Task. Acta Neurobiol. Exp. 2008, 68, 519-525.

Portavella, M.; Vargas, J.P. Emotional and Spatial Learning in Goldfish Is Dependent on Different Telencephalic Pallial Systems.
Eur. J. Neurosci. 2005, 21, 2800-2806. [CrossRef]

Rodriguez, E; Lopez, ].C.; Vargas, ].P.; Broglio, C.; Gémez, Y.; Salas, C. Spatial Memory and Hippocampal Pallium through
Vertebrate Evolution: Insights from Reptiles and Teleost Fish. Brain Res. Bull. 2002, 57, 499-503. [CrossRef]

Salas, C.; Rodriguez, E; Vargas, ].P.; Duran, E.; Torres, B. Spatial Learning and Memory Deficits after Telencephalic Ablation in
Goldfish Trained in Place and Turn Maze Procedures. Behav. Neurosci. 1996, 110, 965-980. [CrossRef]

Salas, C.; Broglio, C.; Rodriguez, F.; Lopez, ].C.; Portavella, M.; Torres, B. Telencephalic Ablation in Goldfish Impairs Performance
in a ‘Spatial Constancy’ Problem but Not in a Cued One. Behav. Brain Res. 1996, 79, 193-200. [CrossRef]

Ocaria, EM.; Uceda, S.; Arias, J.L.; Salas, C.; Rodriguez, F. Dynamics of Goldfish Subregional Hippocampal Pallium Activity
throughout Spatial Memory Formation. Brain Behav. Evol. 2017, 90, 154-170. [CrossRef] [PubMed]

Uceda, S.; Ocafia, EM.; Martin-Monzdn, I.; Rodriguez-Expésito, B.; Duran, E.; Rodriguez, F. Spatial Learning-Related Changes in
Metabolic Brain Activity Contribute to the Delimitation of the Hippo-Campal Pallium in Goldfish. Behav. Brain Res. 2015, 292,
403-408. [CrossRef]


http://doi.org/10.1111/j.1467-9280.2008.02239.x
http://doi.org/10.1038/370057a0
http://doi.org/10.1007/s10071-012-0512-z
http://doi.org/10.1038/291293a0
http://www.ncbi.nlm.nih.gov/pubmed/7248006
http://doi.org/10.1186/s12929-016-0236-5
http://www.ncbi.nlm.nih.gov/pubmed/26822757
http://doi.org/10.1242/jeb.088625
http://www.ncbi.nlm.nih.gov/pubmed/23788708
http://doi.org/10.1016/j.cognition.2011.12.015
http://doi.org/10.3390/ani11072001
http://doi.org/10.1016/j.beproc.2015.07.012
http://doi.org/10.1371/journal.pone.0229608
http://doi.org/10.1037/a0039129
http://doi.org/10.1089/zeb.2019.1845
http://doi.org/10.1007/s10071-006-0050-7
http://doi.org/10.4236/jbbs.2015.53011
http://doi.org/10.1046/j.1469-7580.2000.19640501.x
http://www.ncbi.nlm.nih.gov/pubmed/10923983
http://doi.org/10.1016/j.nlm.2005.11.006
http://www.ncbi.nlm.nih.gov/pubmed/16464619
http://doi.org/10.1016/j.bbr.2011.07.027
http://www.ncbi.nlm.nih.gov/pubmed/21803075
http://doi.org/10.1016/j.bbr.2010.02.031
http://doi.org/10.1016/j.bbr.2010.06.010
http://doi.org/10.1111/j.1460-9568.2005.04114.x
http://doi.org/10.1016/S0361-9230(01)00682-7
http://doi.org/10.1037/0735-7044.110.5.965
http://doi.org/10.1016/0166-4328(96)00014-9
http://doi.org/10.1159/000478843
http://www.ncbi.nlm.nih.gov/pubmed/28988234
http://doi.org/10.1016/j.bbr.2015.06.018

Animals 2022, 12, 881 16 of 17

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.
125.

126.

127.

128.

129.

130.

131.
132.

133.
134.
135.
136.

137.

138.

139.

140.

Vargas, ].P; Lopez, ].C.; Portavella, M. What Are the Functions of Fish Brain Pallium? Brain Res. Bull. 2009, 79, 436-440. [CrossRef]
[PubMed]

Sovrano, V.A.; Dadda, M.; Bisazza, A. Lateralized Fish Perform Better than Nonlateralized Fish in Spatial Reorientation Tasks.
Behav. Brain Res. 2005, 163, 122-127. [CrossRef] [PubMed]

Sovrano, V.A.; Chiandetti, C. Reorientation Ability in Redtail Splitfin (Xenotoca eiseni): Role of Environmental Shape, Rearing in
Group and Exposure Time. Biol. Commun. 2017, 62, 48-56. [CrossRef]

Brown, A.A.; Spetch, M.L.; Hurd, P.L. Growing in Circles: Rearing Environment Alters Spatial Navigation in Fish. Psychol. Sci.
2007, 18, 569-573. [CrossRef]

Sovrano, V.A.; Potrich, D.; Foa, A.; Bertolucci, C. Extra-Visual Systems in the Spatial Reorientation of Cavefish. Sci. Rep. 2018,
8,17698. [CrossRef]

Golob, E.J.; Taube, ].S. Differences between Appetitive and Aversive Reinforcement on Reorientation in a Spatial Working Memory
Task. Behav. Brain Res. 2002, 136, 309-316. [CrossRef]

Dudchenko, P.A.; Goodridge, J.P.; Seiterle, D.A.; Taube, ].S. Effects of Repeated Disorientation on the Acquisition of Spatial Tasks
in Rats: Dissociation between the Appetitive Radial Arm Maze and Aversive Water Maze. J. Exp. Psychol. Anim. Behav. Processes
1997, 23, 194-210. [CrossRef]

Schwabe, L. Memory under Stress: From Single Systems to Network Changes. Eur. |. Neurosci. 2017, 45, 478-489. [CrossRef]
[PubMed]

Twyman, A.D.; Holden, M.P.; Newcombe, N.S. First Direct Evidence of Cue Integration in Reorientation: A New Paradigm. Cogn.
Sci. 2018, 42, 923-936. [CrossRef] [PubMed]

Collett, T.S.; Collett, M. Memory Use in Insect Visual Navigation. Nat. Rev. Neurosci. 2002, 3, 542-552. [CrossRef]

Wystrach, A.; Beugnon, G.; Cheng, K. Landmarks or Panoramas: What Do Navigating Ants Attend to for Guidance? Front. Zool.
2011, 8, 21. [CrossRef] [PubMed]

Cheung, A.; Stiirzl, W.; Zeil, ].; Cheng, K. Information Content of Panoramic Images: II. View-Based Navigation in Nonrectangular
Experimental Arenas. . Exp. Psychol. Anim. Behav. Process. 2008, 34, 15-30. [CrossRef] [PubMed]

Stiirzl, W.; Cheung, A.; Cheng, K.; Zeil, . Information Content of Panoramic Images: I. Rotational Errors and the Similarity of
Views in Rectangular Arenas. J. Exp. Psychol. Anim. Behav. Process. 2008, 34, 1-14. [CrossRef] [PubMed]

Pecchia, T.; Vallortigara, G. Reorienting Strategies in a Rectangular Array of Landmarks by Domestic Chicks (Gallus gallus). ].
Comp. Psychol. 2010, 124, 147-158. [CrossRef] [PubMed]

Pecchia, T.; Vallortigara, G. View-Based Strategy for Reorientation by Geometry. J. Exp. Biol. 2010, 213, 2987-2996. [CrossRef]
Lee, S.A.; Spelke, E.S. Young Children Reorient by Computing Layout Geometry, Not by Matching Images of the Environment.
Psychon. Bull. Rev. 2011, 18, 192-198. [CrossRef]

Lee, S.A.; Spelke, E.S.; Vallortigara, G. Chicks, like Children, Spontaneously Reorient by Three-Dimensional Environmental
Geometry, Not by Image Matching. Biol. Lett. 2012, 8, 492—494. [CrossRef]

Huttenlocher, J.; Lourenco, S.F. Coding Location in Enclosed Spaces: Is Geometry the Principle? Dev. Sci. 2007, 10, 741-746.
[CrossRef] [PubMed]

Lourenco, S.F; Addy, D.; Huttenlocher, J. Location Representation in Enclosed Spaces: What Types of Information Afford Young
Children an Advantage? . Exp. Child Psychol. 2009, 104, 313-325. [CrossRef] [PubMed]

Twyman, A.D.; Newcombe, N.S.; Gould, T.J. Of Mice (Mus musculus) and Toddlers (Homo sapiens): Evidence for Species-General
Spatial Reorientation. J. Comp. Psychol. 2009, 123, 342-345. [CrossRef] [PubMed]

Dilks, D.D.; Julian, ].B.; Paunov, A.M.; Kanwisher, N. The Occipital Place Area Is Causally and Selectively Involved in Scene
Perception. J. Neurosci. 2013, 33, 1331-1336. [CrossRef]

Epstein, R. The Cortical Basis of Visual Scene Processing. Vis. Cogn. 2005, 12, 954-978. [CrossRef]

Epstein, R.A. Parahippocampal and Retrosplenial Contributions to Human Spatial Navigation. Trends Cogn. Sci. 2008, 12, 388-396.
[CrossRef]

Epstein, R.; Kanwisher, N. A Cortical Representation of the Local Visual Environment. Nature 1998, 392, 598-601. [CrossRef]
Grill-Spector, K. The Neural Basis of Object Perception. Curr. Opin. Neurobiol. 2003, 13, 159-166. [CrossRef]

Julian, J.B.; Ryan, J.; Hamilton, R.H.; Epstein, R.A. The Occipital Place Area Is Causally Involved in Representing Environmental
Boundaries during Navigation. Curr. Biol. 2016, 26, 1104-1109. [CrossRef]

Maguire, E. The Retrosplenial Contribution to Human Navigation: A Review of Lesion and Neuroimaging Findings. Scand. J.
Psychol. 2001, 42, 225-238. [CrossRef]

Park, S.; Brady, T.E; Greene, M.R; Oliva, A. Disentangling Scene Content from Spatial Boundary: Complementary Roles for the
Parahippocampal Place Area and Lateral Occipital Complex in Representing Real-World Scenes. J. Neurosci. 2011, 31, 1333-1340.
[CrossRef] [PubMed]

Park, S.; Chun, M.M. Different Roles of the Parahippocampal Place Area (PPA) and Retrosplenial Cortex (RSC) in Panoramic
Scene Perception. Neuroimage 2009, 47, 1747-1756. [CrossRef] [PubMed]

Gianni, E.; De Zorzi, L.; Lee, S.A. The Developing Role of Transparent Surfaces in Children’s Spatial Representation. Cogn. Psychol.
2018, 105, 39-52. [CrossRef] [PubMed]

Save, E.; Cressant, A.; Thinus-Blanc, C.; Poucet, B. Spatial Firing of Hippocampal Place Cells in Blind Rats. ]. Neurosci. 1998, 18,
1818-1826. [CrossRef]


http://doi.org/10.1016/j.brainresbull.2009.05.008
http://www.ncbi.nlm.nih.gov/pubmed/19463910
http://doi.org/10.1016/j.bbr.2005.04.012
http://www.ncbi.nlm.nih.gov/pubmed/15941602
http://doi.org/10.21638/11701/spbu03.2017.106
http://doi.org/10.1111/j.1467-9280.2007.01941.x
http://doi.org/10.1038/s41598-018-36167-9
http://doi.org/10.1016/S0166-4328(02)00184-5
http://doi.org/10.1037/0097-7403.23.2.194
http://doi.org/10.1111/ejn.13478
http://www.ncbi.nlm.nih.gov/pubmed/27862513
http://doi.org/10.1111/cogs.12575
http://www.ncbi.nlm.nih.gov/pubmed/29178140
http://doi.org/10.1038/nrn872
http://doi.org/10.1186/1742-9994-8-21
http://www.ncbi.nlm.nih.gov/pubmed/21871114
http://doi.org/10.1037/0097-7403.34.1.15
http://www.ncbi.nlm.nih.gov/pubmed/18248112
http://doi.org/10.1037/0097-7403.34.1.1
http://www.ncbi.nlm.nih.gov/pubmed/18248111
http://doi.org/10.1037/a0019145
http://www.ncbi.nlm.nih.gov/pubmed/20476814
http://doi.org/10.1242/jeb.043315
http://doi.org/10.3758/s13423-010-0035-z
http://doi.org/10.1098/rsbl.2012.0067
http://doi.org/10.1111/j.1467-7687.2007.00609.x
http://www.ncbi.nlm.nih.gov/pubmed/17973790
http://doi.org/10.1016/j.jecp.2009.05.007
http://www.ncbi.nlm.nih.gov/pubmed/19560782
http://doi.org/10.1037/a0015400
http://www.ncbi.nlm.nih.gov/pubmed/19685977
http://doi.org/10.1523/JNEUROSCI.4081-12.2013
http://doi.org/10.1080/13506280444000607
http://doi.org/10.1016/j.tics.2008.07.004
http://doi.org/10.1038/33402
http://doi.org/10.1016/S0959-4388(03)00040-0
http://doi.org/10.1016/j.cub.2016.02.066
http://doi.org/10.1111/1467-9450.00233
http://doi.org/10.1523/JNEUROSCI.3885-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21273418
http://doi.org/10.1016/j.neuroimage.2009.04.058
http://www.ncbi.nlm.nih.gov/pubmed/19398014
http://doi.org/10.1016/j.cogpsych.2018.05.003
http://www.ncbi.nlm.nih.gov/pubmed/29920399
http://doi.org/10.1523/JNEUROSCI.18-05-01818.1998

Animals 2022, 12, 881 17 of 17

141.

142.

143.

144.
145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

Sovrano, V.A.; Baratti, G.; Potrich, D.; Bertolucci, C. The Geometry as an Eyed Fish Feels It in Spontaneous and Rewarded Spatial
Reorientation Tasks. Sci. Rep. 2020, 10, 8020. [CrossRef]

Bisazza, A.; Tagliapietra, C.; Bertolucci, C.; Foa, A.; Agrillo, C. Non-visual Numerical Discrimination in a Blind Cavefish
(Phreatichthys andruzzii). J. Exp. Biol. 2014, 217, 1902-1909. [CrossRef]

Bleckmann, H. Reception of Hydrodynamic Stimuli in Aquatic and Semiaquatic Animals. In Progress in Zoology; Rathmayer, W., Ed.;
Fisher Verlag: Frankfurt, Germany, 1994; Volume 41, pp. 1-115.

Bleckmann, H.; Zelick, R. Lateral Line System of Fish. Integr. Zool. 2009, 4, 13-25. [CrossRef]

Burt de Perera, T. Spatial Parameters Encoded in the Spatial Map of the Blind Mexican Cave Fish, Astyanax fasciatus. Anim. Behav.
2004, 68, 291-295. [CrossRef]

Burt de Perera, T.; de Vos, A.; Guilford, T. The Vertical Component of a Fish’s Spatial Map. Anim. Behav. 2005, 70, 405-409.
[CrossRef]

Holbrook, R.I.; de Perera, T.B. Separate Encoding of Vertical and Horizontal Components of Space during Orientation in Fish.
Anim. Behav. 2009, 78, 241-245. [CrossRef]

Sguanci, S.; Ceccolini, F; Berti, R. Non visual Discrimination of Shapes in the Blind Cave Cyprinid Phreatichthys andruzzii
Vinciguerra 1924. Ethol. Ecol. Evol. 2010, 22, 353-358. [CrossRef]

Sutherland, L.; Holbrook, R.I.; De Perera, T.B. Sensory System Affects Orientational Strategy in a Short-Range Spatial Task in
Blind and Eyed Morphs of the Fish, Astyanax fasciatus. Ethology 2009, 115, 504-510. [CrossRef]

Teyke, T. Learning and Remembering the Environment in the Blind Cave Fish Anoptichthys jordani. ]. Comp. Physiol. A 1989, 164,
655-662. [CrossRef]

Teyke, T.; Schaerer, S. Blind Mexican Cave Fish (Astyanax hubbsi) Respond to Moving Visual Stimuli. J. Exp. Biol. 1994, 188, 89-101.
[CrossRef] [PubMed]

Windsor, S.P.; Norris, S.E.; Cameron, S.M.; Mallinson, G.D.; Montgomery, J.C. The Flow Fields Involved in Hydrodynamic
Imaging by Blind Mexican Cave Fish (Astyanax fasciatus). Part I: Open Water and Heading Towards a Wall. J. Exp. Biol. 2010, 213,
3819-3831. [CrossRef]

Windsor, S.P.; Tan, D.; Montgomery, ].C. Swimming Kinematics and Hydrodynamic Imaging in the Blind Mexican Cave Fish
(Astyanax fasciatus). J. Exp. Biol. 2008, 211, 2950-2959. [CrossRef]

Caputi, A.A.; Budelli, R. Peripheral Electrosensory Imaging by Weakly Electric Fish. J. Comp. Physiol. A 2006, 192, 587-600.
[CrossRef]

Kawasaki, M. Evolution of Time-Coding Systems in Weakly Electric Fishes. Zool. Sci. 2009, 26, 587-599. [CrossRef]

Jun, J.].; Longtin, A.; Maler, L. Active Sensing Associated with Spatial Learning Reveals Memory-Based Attention in an Electric
Fish. J. Neurophysiol. 2016, 115, 2577-2592. [CrossRef]

Kareklas, K.; Elwood, R.W.; Holland, R.A. Personality Effects on Spatial Learning: Comparisons between Visual Conditions in a
Weakly Electric Fish. Ethology 2017, 123, 551-559. [CrossRef]

Engelmann, J.; Wallach, A.; Maler, L. Linking Active Sensing and Spatial Learning in Weakly Electric Fish. Curr. Opin. Neurobiol.
2021, 71, 1-10. [CrossRef] [PubMed]

Elliott, S.B.; Harvey-Girard, E.; Giassi, A.C.; Maler, L. Hippocampal-like Circuitry in the Pallium of an Electric Fish: Possible
Substrates for Recursive Pattern Separation and Completion. J. Comp. Neurol. 2017, 525, 8—46. [CrossRef] [PubMed]

Bastian, J. Gain Control in the Electrosensory System Mediated by Descending Inputs to the Electrosensory Lateral Line Lobe. J.
Neurosci. 1986, 6, 553-562. [CrossRef] [PubMed]


http://doi.org/10.1038/s41598-020-64690-1
http://doi.org/10.1242/jeb.101683
http://doi.org/10.1111/j.1749-4877.2008.00131.x
http://doi.org/10.1016/j.anbehav.2003.11.009
http://doi.org/10.1016/j.anbehav.2004.11.007
http://doi.org/10.1016/j.anbehav.2009.03.021
http://doi.org/10.1080/03949370.2010.510038
http://doi.org/10.1111/j.1439-0310.2009.01630.x
http://doi.org/10.1007/BF00614508
http://doi.org/10.1242/jeb.188.1.89
http://www.ncbi.nlm.nih.gov/pubmed/9317396
http://doi.org/10.1242/jeb.040741
http://doi.org/10.1242/jeb.020453
http://doi.org/10.1007/s00359-006-0100-2
http://doi.org/10.2108/zsj.26.587
http://doi.org/10.1152/jn.00979.2015
http://doi.org/10.1111/eth.12629
http://doi.org/10.1016/j.conb.2021.07.002
http://www.ncbi.nlm.nih.gov/pubmed/34392168
http://doi.org/10.1002/cne.24060
http://www.ncbi.nlm.nih.gov/pubmed/27292574
http://doi.org/10.1523/JNEUROSCI.06-02-00553.1986
http://www.ncbi.nlm.nih.gov/pubmed/3950710

	Foundations of Navigation by Geometry 
	Navigation by Visual Geometry in Fishes 
	Navigation by Nonvisual Geometry in Fishes 
	Concluding Remarks 
	References

