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Abstract

When transitioning from in-nest duties to their foraging life outside the nest, ants perform a series of highly choreo-
graphed learning walks around the nest entrance, before leaving to forage for the first time. These learning walks have
been described in detail only for a few species of ants, but a pattern of similarities and differences is emerging that we
review here with an emphasis on understanding the functional significance of this learning process for efficient homing
in ants. We compare the organization of learning walks in ants with that of the learning flights in bees and wasps and
provide a list of key research questions that would need to be tackled if we are to understand the role of learning walks
in the acquisition of nest-location information, the evolution of this highly conserved learning process, and how it is
controlled.
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Introduction

There comes a moment in the life of every social insect
when it first ventures outside its nest or hive. In many ants
and bees this happens after several weeks spent inside the
dark nest, conducting duties such as tending to the queen
and her eggs or feeding and cleaning larvae (e.g., SEELEY
2009, ROBINSON & al. 2009). The first confrontation with
the outside world must have dramatic consequences for
the activity of sensory systems, such as the eyes, with
photoreceptors for the first time being exposed to daylight
intensities, to the spectral properties of sunlight, skylight
and the landmark panorama and to the polarized light
pattern of the sky. Chemosensory systems will equally be
confronted for the first time with wind, turbulence and
the chemical composition of fresh air and of the surface
outside the nest. The only potential senses that are not
confronted with new activity patterns during this transi-
tion between inside and outside the nest are those systems
involved in sensing gravity and the magnetic field. It is
currently not known whether visual and chemosensory
systems are being slowly adapted to this new sensory world
by naive insects spending time sitting at the nest or hive
entrance, or in the case of ants during short excursions
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away from the nest depositing excavation material (see
below).

We are concerned here with the processes involved in
navigation that are first engaged or are confronted with a
new set of inputs when an ant leaves the nest for the first
time but that will also need to be updated when the en-
vironment has changed. One of the most fundamental is
path integration, which in ants involves a stride integrator
as a measure of distance walked and an external compass
reference (reviewed by HEINZE & al. 2018). We do not know
at present whether path integration is already active (or
even useful) inside the nest, with magneto- and gravicep-
tion possibly serving as horizontal and vertical directional
references. But even without path integration, tactile, air-
borne and surface chemical landmarks may have already
guided ants during their movements inside the nest. What
is completely new for an ant exiting the nest, however, is
the experience of the non-uniform distribution of radiant
and reflected light and the changing activity patterns of
her light sensitive systems, the compound eyes and ocelli,
when she moves. For both view-based navigation and path
integration this means that there are new sensory activity
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Fig. 1: Ant movements close to the nest. Examples of the paths taken by ants which exit the nest to deposit excavate. Left panel
shows such “digging paths” by Myrmecia croslandi ants (from JAYATILAKA & al. 2018, adapted with permission). Three paths
are highlighted to emphasize that returns to the nest are not straight. Centre panel: Path length in divided by the maximum
distance reached vs path length out divided by the maximum distance for 19 M. croslandi digging paths demonstrating that out
paths are fairly straight (path length / distance close to 1) while return paths can be much less direct (path length/distance > 1).
Right panel: Three example digging paths of Cataglyphis nodus ants (see also FLEISCHMANN & al. 2017).

patterns associated with translation, such as translational
optic flow in addition to stride integration (WITTLINGER &
al. 2007, PFEFFER & WITTLINGER 2016), and with rotation,
which generates rotational optic flow, but also changing
activity patterns of photoreceptors with different spec-
tral sensitivities, and activation of polarization sensitive
sensor arrays in the dorsal rim of the compound eyes and
in the ocelli. All these rotation induced activity patterns
are correlated with activity patterns in magneto-sensitive
receptors and associated neuropils that are likely to exist
in ant brains (WAJNBERG & al. 2010, FLEISCHMANN & al.
2018a).

With this in mind, it is interesting to note that the
transition to life outside the nest is accompanied by dis-
tinct changes in brain organization in ants (reviewed by
ROsSLER 2019) and that ants before becoming foragers
engage in a series of distinctly choreographed learning
walks in the vicinity of the nest (WEHNER & al. 2004,
MUSER & al. 2005, MULLER & WEHNER 2010, STIEB & al.
2012, FLEISCHMANN & al. 2016, 2017, 2018b, JAYATILAKA
& al. 2018, CoLLETT & ZEIL 2018), which are the topic of
this review.

The learning walks of ants

Excursions close to the nest: In the ants the authors
work with, namely Cataglyphis and Myrmecia, we ob-
serve three kinds of distinct movement patterns around
the nest entrance. The first is the straight paths of ants
heading out to forage, which we assume to be performed
by experienced ants.

The second movement pattern we see is the paths of
“digging” ants which exit the nest in seemingly random di-
rections in a straight line for a few centimetres and deposit
nest excavate. Digging ants return to the nest immediately,
sometimes in a straight line, but often not (Digging paths;
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Fig. 1; FLEISCHMANN & al. 2017, JAYATILAKA & al. 2018).
We do not know at present whether digging ants form
a distinct developmental stage, but if digging forays are
made by “naive” ants they would provide these ants with
their first experience of the outside world and require of
them to keep track of the nest entrance location.

The third pattern we observe is ants walking relatively
slowly in loops around the nest while performing distinct
scanning movements, which we will describe in detail
below. These loops all end up at the nest and we know now
that they are performed by naive ants (FLEISCHMANN &
al. 2016, 2017, JAYATILAKA & al. 2018). Naive ants have
been observed to conduct up to 7 such learning walks
over several days before going on their first foraging trip
(JAYATILAKA & al. 2018; Fig. 2, inset bottom row centre).
Interestingly, successive walks of individually identified
ants tend to explore different compass directions around
the nest (Fig.2), although we do not know yet whether
this is based on a random choice of directions or whether
it indicates that ants remember where they had been
before (FLEISCHMANN & al. 2016, 2017, JAYATILAKA & al.
2018). Successive learning walks also extend further and
further out from the nest, reaching distances of up to 4m
(Fig. 2, bottom row right). The data at hand show large
inter-individual variation in these aspects of learning
behaviour and it will be important in future to investigate
what determines the number of walks an ant performs and
their directions before she decides to leave on foraging
excursions.

Movements and gaze directions of ants during
learning walks: The first descriptions of learning walks
of wood ants, Formica rufa, at a feeder (NICHOLSON & al.
1999) and of the Namibian desert ant, Ocymyrmex robus-
tior, at the nest (MULLER & WEHNER 2010), both stressed
the fact that ants repeatedly turned back to face the goal or
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Fig.2: Examples of the first successive learning walks of different ant species. With the exception of bottom right panel, paths are
from individually identified ants with first learning walk: red; second learning walk: green; third learning walk: blue. Bottom
right panel shows the learning walk loops of 36 different ants as recorded with differential GPS at the same nest over two years.
Note that learning walks can reach distances of several metres from the nest. (Cataglyphis bicolor, modified from WEHNER & al.
2004; C. fortis, from FLEISCHMANN & al. 2016, adapted with permission; Melophorus bagoti, modified from MUSER & al. 2005
with permission from CSIRO Publishing; C. nodus: from FLEISCHMANN & al. 2017, adapted with permission; Myrmecia croslandi

(from JAYATILAKA & al. 2018, adapted with permission).)

a prominent landmark from different compass directions,
in the case of wood ants even walking a small distance to-
wards it (Fig. 3A & B). These learning walks were made by
ants in response to discovering a new food location (wood
ants) and to the introduction of a new landmark close to
the nest (desert ants). Such walks differ from those made
by naive ants around the nest by eventually leading away
from the goal, not immediately returning to it (Fig.3A &
B). Such “re-learning walks” by presumably experienced
foragers have recently also been described for the bull
ant Myrmecia croslandi (see JAYATILAKA & al. 2018).
Despite this difference, re-learning walks share many of
the distinct scanning movements naive ants perform in
the course of their learning walks at the nest. The details
of these movements, common properties and interesting
differences between species have now been documented
for desert ants and bull ants.

The choreography of learning walks at the nest of
naive desert ants (Cataglyphits nodus, Fig. 4, Melophorus

bagoti, Fig.5) and naive Australian bull ants (Myrmecia
croslandi, Fig.6) have the following common features:
learning ants walk along an arc around the nest entrance
and eventually return to it. As they walk along they per-
form regular rotational scanning movements oscillating
between home vector (marked in red in Figs.4 - 6) and
anti-home vector directions (marked in blue in Figs.4 - 6).
This is emphasized by the time series plots of body axis
direction or gaze direction relative to the nest direction
at 0° in Figs.4 - 6, which also demonstrate that the rever-
sals of turning direction tend to cluster around the nest
direction (at 0°) and the direction away from the nest at +
180°. The distribution of gaze directions relative to the nest
direction at over 500 of such reversals during 13 learning
walks of M. croslandi shows peaks close to 0°, 90° and
180° (inset bottom right panel Fig. 6; see also JAYATILAKA
& al. 2018). More often in desert ants than in bull ants,
these scanning movements are interspersed with full 360°
rotations (marked by black circles in the path and body axis
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Fig. 3: First descriptions of the learning walks of Formica rufa at a feeder (A) and Ocymyrmex robustior at the nest (B) with
landmark-directed (A) and nest-directed turn-backs (B) marked in red. Black circles mark the positions and sizes of cylindrical
landmarks and green squares the feeder (A) or nest position (B). (Figures adapted with permission from NICHOLSON & al. 1999
(A) and MULLER & WEHNER 2010 (B).)
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Fig.4: The choreography of learning walks in Cataglyphis nodus. Two examples of the learning walks of C. nodus ants recorded
at 50 frames per second. Viewing directions (red, green and blue) in left and right panels are represented by the orientation of the
longitudinal body axis, because head orientation could not be resolved. Longitudinal body axis orientation (indicated by arrows)
is shown in the top left panels and paths over video images on the bottom left. Instances in which the longitudinal body axis of
ants points into the nest direction to within + 10° are marked red in top left and top right panels and instances in which it points
directly away from the nest are marked blue. Full 360° rotations, including both “voltes” and “pirouettes” are indicated by black
circles in the top left panels; red circles mark the nest entrance. Top right panels show the time course of longitudinal body axis
orientation (green), distance from the nest (black), home vector direction (red) and anti-home vector direction (blue) relative to
the horizontal x-axis of video frames with north at approximately 90°. Centre right panels show the time course of longitudinal
body axis orientation relative to the nest direction at zero degrees. Bottom right panels show the time course of angular velocity
(green) and of walking speed (black).
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plots in Fig. 4 and seen as loops in the path plots of Fig. 5).
The rotational scanning movements during the learning
walks of desert ants have been called “pirouettes” when
the ants stop still and perform turns around their yaw axis
(see Fig.7A; MULLER & WEHNER 2010, FLEISCHMANN & al.
2017, 2018a, GroB & al. 2017) and “voltes” when the ants
walk in loops or circles (FLEISCHMANN & al. 2017, 2018a).
Time series plots of angular velocities (green) and walk-
ing speeds (black) indicate that desert ants (Figs.4 & 5)
generally walk and turn faster than bull ants during their
learning walks (Fig. 6).

Finally, both desert and bull ants increase their rate of
turning immediately after they reverse scanning direction.
Such instances are in the case of Myrmecia croslandi
marked by red dots in Fig. 7B for an example time series
of gaze direction relative to the nest direction at zero de-
grees and shown in Fig. 7C for three species of desert ants
as the summary statistics of the turning rates before (in)
and after reversal of turning direction (out). At this stage,
it remains unclear what this common feature signifies,
but we offer the hypothesis that finding the alignment
with the home vector may require from the ants to per-
form relatively slow scanning movements, while once this
alignment is found, the ants can turn rapidly away from
this alignment to continue walking roughly perpendicular
to the home vector direction.

In listing these features of learning walk choreography
and their potential significance for the acquisition of visual
memories that can guide homing (see detailed discussion
below) we need to add a word of caution. It is important to
point out that ants of at least Myrmecia croslandi make
significant head movements during their learning walks,
which means that their true gaze direction (shown in green
in Fig. 7D) can deviate from the orientation of their longi-
tudinal body axis (shown in blue in Fig. 7D) by up to 40° as
documented by the frequency distributions of head orien-
tation relative to body axis orientation for 5 learning walk
sequences in Fig. 7E. In desert ants, being much smaller
than bull ants, it is often difficult to accurately measure
head orientation, except when the recording area is kept
small and only short-ranging learning walks are recorded
(e.g., FLEISCHMANN & al. 2017). In many cases, however,
the longitudinal body axis orientation has to be taken as
a proxy for gaze direction (as for Cataglyphis nodus and
Melophorus bagoti in Figs.4 & 5 here and in MULLER &
WEHNER 2010 for Ocymyrmex robustior).

There are a number of reasons why the extent of head
movements during the learning walks of different ant spe-
cies need more detailed attention in future work: for relat-
ing learning walk choreographies to homing performance
it will be important to analyse in detail where exactly ants

look during learning and during their homing walks and
how this correlates with the navigational decisions they
make when pinpointing the nest. To accurately determine
in which direction they look during prolonged “fixations”
and when they decide to reverse turning direction during
learning walks will help to understand the control and
function of learning walks. Given the evidence that naive
ants rely on a magnetic compass reference during their
learning walks (FLEISCHMANN & al. 2018a; see below),
investigating head and body orientation relative to the
ambient magnetic field may also contribute to answering
the question whether the transduction mechanism of mag-
neto-sensitivity is located in the head or in the thorax. We
note that some of the manoeuvres of learning ants, such as
saccadic head movements between “stops” or “fixations”
(FLEISCHMANN & al. 2017) are quite fast and moments
of fixations are short, so that their detailed analysis will
require camera equipment with high frame rates (higher
than the 25 frames per second offered by standard video
cameras).

The regular scanning movements between the nest
direction and away from the nest and in particular the
prolonged fixations of the nest direction in Ocymyrmex
robustior and Cataglyphis nodus must be guided by path
integration, because the nest entrance is in most cases
not visible to the learning ants (MULLER & WEHNER 2010,
FLEISCHMANN & al. 2017). Surprisingly, the path integra-
tion process that guides the prolonged, nest-directed fix-
ations in C. nodus relies on a magnetic compass reference,
as has been demonstrated by FLEISCHMANN & al. (2018a),
providing to our knowledge the first example of path inte-
gration involving a magnetic compass reference (Fig.8).
The authors monitored the first “pirouette” or “turn-back-
and-look” movements (see Fig.7A) of learning C. nodus
ants under normal conditions and when the local magnetic
field was rotated about 90°, -90°, or 180° (Fig.8A,B) The
nest-directed fixations of ants were consistently deflected
towards a virtual nest direction defined by the direction
of the magnetic field by these treatments (Fig. 8B). Given
that Cataglyphis foragers rely on celestial compass infor-
mation, involving the pattern of polarized skylight, the sun
and spectral gradients (e.g., WEHNER & LABHART 2006,
WEHNER & MULLER 2006) there must, therefore, be a
transition from the use of a magnetic compass reference in
naive ants to a celestial compass reference at some stage in
the foraging life of Cataglyphis ants. It will be interesting
to see when this transition occurs and whether it is also
occurring in other ant species.

The function of learning walks: The regular scan-
ning and translational movements of learning ants have
the consequence that they experience views in the nest

>

»

Fig.5: The choreography of learning walks in Melophorus bagoti. Two examples of the learning walks of the Australian desert
ant M. bagotirecorded at 100 frames per second. Viewing directions (red, green and blue) in left and right panels are represented
by the orientation of the longitudinal body axis, because head orientation could not been resolved. Otherwise conventions as in
Fig. 4. Note the frequent full rotations (“voltes”) performed by the ant shown in the top left panel. Video recordings courtesy of

Antoine Wystrach.
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direction and views away from the nest at regularly spaced
locations in different compass directions from the nest
(Figs.4 - 6). This has led to the suggestion that ants learn
both “attractive” or “positive” views when aligned with
the home vector direction and “repellent” or “negative”
views when aligned with the anti-home vector direction
(JAYATILAKA & al. 2018). However, it remains unclear
at this stage whether views are only memorized when
ants are aligned parallel to the home vector or whether
views are learnt continuously and tagged with the nest
direction. The observation that Ocymyrmex robustior
and Cataglyphis nodus ants gaze into the nest direction
slightly longer compared to other directions may be an
indication that learning happens during such fixations
(MULLER & WEHNER 2010, FLEISCHMANN & al. 2017).
Myrmecia croslandi ants, however, do not show such a
distinct difference in fixation durations (JAYATILAKA &
al. 2018), possibly because their overall movement and
scanning speed is slower (see Fig. 6).

The learning walks of ants clearly serve to acquire
and to update cues to the location of the nest or a newly
discovered food source relative to the landmark pano-
rama (NICHOLSON & al. 1999, MULLER & WEHNER 2010,
JAYATILAKA & al. 2018, FLEISCHMANN & al. 2016, 2018D).
Evidence for this is indirect, because experiments are
lacking in which learning walks are interrupted at different
times and in which the navigational knowledge of ants is
tested by systematically displacing them to different dis-
tances from where they performed their learning walks.
However, it is indicative that the landmark-guided homing
performance of Cataglyphis fortis ants does depend on
their level of experience outside the nest: FLEISCHMANN &
al. (2016) caught ants at different stages in their foraging
life and released them in a test field close to an identical
array of landmarks that the ants had experienced around
their nest (Fig. 9A). They found that the degree to which
released ants were guided by the landmark array to search
for their fictive nest depended on whether or not they had
performed learning walks, on the range over which they
did so and on whether they had gone on foraging excur-
sions or not. Fig. 9B shows example paths and a heat map
of search movements by naive ants that were caught at
their first appearance outside the nest and when released
at the test site searched close the release site just outside
the landmark array. Individually marked ants that had
performed long learning walks extending more than 0.7 m
away from the nest and that may have had some foraging
experience searched closer to the centre of the landmark
array when released at the test site (Fig. 9C). Finally, expe-
rienced foragers are clearly guided by the landmark array
when searching at its centre for the fictive nest entrance
(Fig.9D). In a follow-up study, FLEISCHMANN & al. (2018b)

trained three groups of naive ants along a 5m corridor
from the nest to a feeding site (Fig. 9E, inset at top). The
groups differed in the area they had available around the
nest in which they could move during learning and forag-
ing. One group was restricted to the corridor (marked red
in Fig. 9E), a second group had an additional 1 m? area to
move around the nest (marked green) and the third group
could move within a 4m? area around the nest (marked
blue). Trained ants that had only experienced the accessi-
ble terrain around the nest and along the corridor to the
“right” of the nest were then displaced 5 m to the “left” of
the nest at a location where they have never been before
and their search paths back to the nest were monitored.
The larger the area of exploration, the more direct was the
ants’ return to the nest (Fig. 9E). The space available to
ants for moving and learning clearly has an impact on the
range over which they are able to home from unfamiliar
places.

One possible explanation is that the area and the view-
ing directions covered by learning (and foraging) walks
determine the range over which learnt panoramic views
can provide guidance (Fig. 9F and NARENDRA & al. 2013,
DEWAR & al. 2014, STURZL & al. 2015). In general, de-
pending on the particular distribution of objects and on
the visual structure of habitats, a comparison between a
current view and a nest-directed memorized view provides
a measure of familiarity when there is a detectable mini-
mum of the rotational image difference function (see inset
Fig. 9F; STURZL & ZEIL 2007, ZEIL. 2012, DEWAR & al. 2014,
MURRAY & ZEIL 2017, ZAHEDI & ZEIL 2018). The compass
direction, at which this minimum lies, corresponds to the
orientation of the memorized snapshot (Ze1L & al. 2003,
GRAHAM & al. 2010, NARENDRA & al. 2013, STURZL & al.
2015). The effective range of guidance provided by such
panoramic views depends on the catchment area of the
translational image difference function that describes the
image differences due to the distance between views and
reference images (see MURRAY & ZEIL 2017).

This said, it is important to point out that so far there
is no direct experimental evidence showing how views
experienced during learning are related to the naviga-
tional decisions made by homing ants. What is required
is a detailed analysis comparing the scanning movements
of individually identified ants during learning walks with
the scanning movements and path corrections they make
when returning home. In this context it will be particularly
interesting to investigate the potential importance of ants
learning both attractive, nest-directed and repellent views
when pointing away from the nest and the possibility that
all views encountered during learning walks are memo-
rized together with path integration information on the
nest direction (e.g., JAYATILAKA & al. 2018).

»

»

Fig. 6: The choreography of learning walks in Myrmecia croslandi. Two examples of the learning walks of the Australian bull
ant M. croslandi recorded at 25 frames per second. Here, viewing directions (red, green and blue) in left and right panels are
true gaze directions, because the orientation of the head can be resolved in M. croslandi ants. Note different time scale of top

example. Otherwise conventions as in Fig.4.
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Fig.7: The different scanning movements performed by learning ants. (A) Schematic definitions for the “pirouettes” (the partial or
full rotations of Cataglyphis nodus and C. aenescens) and for “voltes” (the walked circles of C. fortis, C. nodus and C. aenescens)
(modified from FLEISCHMANN 2018). Box and whisker plots on the right show the angular velocities of “voltes” and “pirouettes”
for three species of Cataglyphis (from FLEISCHMANN & al. 2017, adapted with permission). (B) Myrmecia croslandi ants turn
faster after reversing scanning direction. These instances are marked in red in the time series of gaze direction relative to the
nest direction (green) for one learning walk. (C) The same is true for O. robustior, C. nodus and C. aenescens with mean angular
velocities before (“in”) being consistently lower compared to mean angular velocities after reversal of scanning direction (“out™).
Data for Ocymyrmex robustior from MULLER & WEHNER 2010; data for C. nodus and C. aenescens from FLEISCHMANN & al.
2017. (D) The time course of true gaze direction (head orientation, green) and the orientation of the longitudinal body axis (blue)
during a learning walk of M. croslandi. Note the significant head movements made by these ants in particular before the reversal
of scanning direction. (E) Frequency distributions of head orientation relative to the longitudinal body axis during 5 learning
walks of M. croslandi, demonstrating that true gaze direction can deviate from body axis orientation by up to 40°.
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Fig. 8: Naive learning ants rely on a magnetic compass reference to guide nest-directed turn-backs. (A) A schematic representation
of how Cataglyphis nodus turn-back orientation is changed by changes in the orientation of the ambient magnetic field. (B) Direc-
tion of turn-back fixations before and after different experimental rotations of the ambient magnetic field. (From FLEISCHMANN

& al. 2018a, with permission, (B) in modified form.)

It has only recently been recognized how important
it is for view-based navigation that insects control head
orientation around pitch and roll axes. This is true for
both the acquisition of views during learning walks and for
the comparison of memorized and currently experienced
views during guidance. The analysis of head pitch (ARDIN
& al. 2015) and head roll (RADERSCHALL & al. 2016) has
shown that foraging ants only partially compensate for
body pitch and roll movements. It would thus be interest-
ing, but admittedly difficult, to determine how accurately
ants during their learning walks keep the roll and pitch
orientation of their head constant.

Finally, it remains to be seen whether the full rotations
(“voltes”) performed in particular by the desert ants Ca-
taglyphis nodus, C. fortis (Fig.4 and FLEISCHMANN & al.
2017), and Melophorus bagoti (Fig.5) serve a different
purpose than the scanning movements oscillating between
gaze directions that are aligned parallel to the home vector
(“pirouettes”). The question is whether these full 360° ro-
tations reflect the need to calibrate celestial and magnetic
compass systems rather than the need for the acquisition
of panoramic views (see FLEISCHMANN & al. 2017, GROB
& al. 2017, ROsSLER 2019). Eminently testable predictions
for this would be that these full rotations become rarer
with successive learning walks and that they are absent
from the re-learning walks performed by experienced
foragers in response to visual changes around the nest
(e.g., MULLER & WEHNER 2010, JAYATILAKA & al. 2018).
It is interesting to note in this context that in contrast
to the desert ants C. nodus and C. aenescens (and M.

bagoti, Fig.5) that inhabit landmark-rich environments,
C. fortis ants, operating in the particularly sparse visual
environment of salt pans, only perform “voltes”, but no
“pirouettes” (Fig. 7A; FLEISCHMANN & al. 2017). Whether
this reflects species differences or a direct influence of pan-
oramic view complexity on scanning movements remains
to be investigated.

Brain re-organization during and after learn-
ing walks: The transition from early life in the dark
colony to foraging life in the outside world is associated
with major changes in the brains of ants (reviewed by
ROSSLER 2019). Most interestingly, some of these changes
are conditional upon an ant performing learning walks
under natural conditions: GROB & al. (2017) showed that
reorganization of synaptic complexes in both the central
complex (subserving compass systems and possibly also
path integration (STONE & al. 2017, HEINZE & al. 2018,
CoLLETT 2019)) and the mushroom bodies (hypothesized
to providing associative networks receiving visual input
(ARDIN & al. 2016, HOINVILLE & WEHNER 2018, WEBB
2019)) could only be detected in naive Cataglyphis ants that
had experienced a changing pattern of natural polarized
skylight in the presence of the Earth’s magnetic field (re-
viewed in ROSSLER 2019). All naive ants investigated so far
perform learning walks over several days (FLEISCHMANN
& al. 2016, JAYATILAKA & al. 2018) and this may reflect
the dynamics of long-term memory consolidation, which
requires several days in both ants and honey bees (MENZEL
2001, FALIBENE & al. 2015, ROsSLER 2019). The degree to
which the short-term, oscillating dynamics of learning
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walk choreographies also reflect the timing of learning and
memory processes in the brain remains to be investigated.
It is intriguing to note that in the visual system of Cata-
glyphis ants 1200 to 2400 ommatidia (pixels) (600 - 1200
per eye, MENZEL & WEHNER 1970, ZOLLIKOFER & al. 1995)
feed information into equivalent numbers of cartridges in
the lamina and columns in the medulla and lobula which
in turn project to 400,000 synaptic complexes in the visual
subregions of the mushroom body calyces (ROSSLER 2019).
This constitutes a massive spread of visual information
into an associative network providing the potential for a
very sparse code for navigation-relevant visual informa-
tion, considering that neural modelling has shown that at
least 600 images can be safely stored in a mushroom body
inspired network of 20,000 Kenyon cells (ARDIN & al. 2016,
WEBB & WYSTRACH 2016). Given that we do not know what
the memory requirements are for successful navigation in
natural environments, it would be interesting to systemat-
ically study these requirements at the scale of ant foraging
ranges most promisingly using visually navigating legged
robots that can approximate the viewpoint of ants and
negotiate rugged terrain (e.g., DUPEYROUX & al. 2018).

Learning walks and learning flights compared

From a phylogenetic and a functional perspective we would
expect that there must be similarities between the learning
flights of wasps and bees and the learning walks of ants,
despite differences that are to be expected due to different
modes of locomotion (COLLETT & ZEIL 2018). Our present
state of knowledge suggests at least four common features:

Learning insects move along arcs around the nest (or
goal) which means that the direction of their movements is
roughly perpendicular to the goal direction. Flying insects
do this by moving sideways which allows them to continue
to face towards the goal (Fig. 10A, see also ZEIL 1993a,
PHILIPPIDES & al. 2013, STURZL & al. 2016). Ants cannot
or do not move sideways, except when carrying heavy prey
(ScHwARZ & al. 2017), so instead at times need to turn
away from the goal to walk in a direction roughly per-
pendicular to it. Note that in the examples of the learning
flights close to the goal shown in Fig. 10, the insects tend
to move through relatively small arcs and subsequently
leave the area, much like the examples of “re-learning
walks” we show in Fig. 3 (see also JAYATILAKA & al. 2018).

Both flying and walking insects carefully “monitor”
the nest direction during learning. Flying insects can in
principle see the nest or its immediate environment and
therefore track its position visually, as can be shown by
experimentally moving a visual pattern around the nest
during a learning flight (ZE1L 1993a) and by simulating
visual tracking of the nest entrance using reconstructed
natural scenes (SAMET & al. 2014). From their pedestrian
perspective, learning ants cannot see the nest and thus
must be using information from their path integration
system to identify the nest direction (MULLER & WEHNER
2010, FLEISCHMANN & al. 2018a). They thus would be able
in principle, to tag the views they experience during learn-
ing with the home direction. Two observations are difficult
to explain without the assumption that ants are constantly
aware of the nest direction: they would otherwise not be
able to move along arcs around the nest, or repeatedly from
different compass directions turn into the nest direction
and either “fixate” it (MULLER & WEHNER 2010, FLEI-
SCHMANN & al. 2017), or change scanning direction after
alignment in both nest- and anti-nest direction parallel
to the home vector (Figs. 4 - 6; JAYATILAKA & al. 2018).

The very regular spatio-temporal organization of both
learning walks and learning flights has all the hallmarks
of a systematic scanning process that leads to regularly
spaced and oriented views across the nest from different
compass directions (see Figs.4 - 6 & 10A, B). Whenever a
homing insect encounters one of these views it would thus
be associated with the direction towards the nest (GRAHAM
& al. 2010, DEWAR & al. 2014, STURZL & al. 2016). However,
because these views are taken from different locations, a
comparison between them would in principle also allow
animals to determine relative distances of salient objects
due to pivoting parallax (ZE1L 1993a,b, RIABININA & al.
2014, DEWAR & al. 2014): objects close to the nest (the
pivoting centre) experience relatively less displacements
in successive images taken along an arc, compared to
distant objects. In fact, such sequences of overlapping
views could in principle be used to generate a 3D model
of the nest environment (BADDELEY & al. 2009, STURZL &
al. 2015). This, however, would require not only a global
image comparison, but the localizing and tracking of im-
age features depending on their stability from one view
to the next (see also DITTMAR & al. 2010, DITTMAR 2011).

>

»

Fig.9: Experience dependent homing performance in Cataglyphis fortis ants. (A) The landmark array at a nest and a test site.
(B) Example paths (left) and 2D search histograms (right) for inexperienced ants released just outside the landmark array at
the test site. (C) Same for ants that had performed learning walks, but had not gone on foraging excursions. (D) Same for expe-
rienced foragers. Release point black circle, nest position red circle. (From FLEISCHMANN & al. 2016, adapted with permission.)
See text for details. (E) Example search paths of ants released 5 m to the “left” of the nest, the foraging experience of which had
previously been restricted to varying degrees (see inset): to a narrow corridor (red Moat 1, top), to the same corridor but in ad-
dition a 1 m? area around the nest (green Moat 2, middle) and to the same corridor but in addition to a 4 m? area around the nest
(blue Moat 3, bottom). Modified from FLEISCHMANN & al. 2018b. (F) The catchment area (green) of 4 nest-directed panoramic
snapshots (marked by red x) acquired at distances of 1.5m (top) and 2 m from the nest (bottom). Nest marked by black dot. Areas
from where a simulated agent would not be able to home to the nest are marked in red. Modified from STURZL & al. 2015. Inset
shows rotational image difference functions of nest views compared with views 5 and 10 m away from the nest. (Modified from
NARENDRA & al. 2013).
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Box 1: Key questions regarding the functional significance of learning walks in ants.

Do different ant species make head movements during their learning walks?

What are the species-specific and ecological differences of learning walks in ants (cf. FLEISCHMANN & al.
2017, JAYATILAKA & al. 2018), including how do gaze directions relate to panorama features and the home
vector direction?

Do all naive ants rely initially on a magnetic compass reference during their learning walks and if so, when
does the transition to using celestial compass cues occur?

What are the differences between the first learning walks of naive ants and re-learning walks of experienced
ants, in particular regarding the occurrence of full rotations and the use of magnetic compass cues?

What triggers re-learning walks (see VAN IERSEL & VAN DEN ASSEM 1964)?

How are the views experienced during learning walks related to the navigational decisions made by homing
ants?

Do learning walks differ in ants with different visual resolution?

Do learning walks differ when the view of the landmark panorama is blocked or not?

What would be a necessary and sufficient set of rules for the control of learning walks which could be tested
on a legged robot (see DUPEYROUX & al. 2018)?

What determines “the end of learning” and the transition to foraging?

What kind of learning is involved during learning walks, perceptual learning or imprinting (JAYATILAKA &
al. 2018) and/or associative learning (FREAS & al. 2019)?

What are the memory requirements for successful navigation in any given natural environment (see WEBB
2019)?

Are the visual input regions in the mushroom bodies of ants living in landmark-rich and landmark-poor

habitats organized differently?

We do not know at present whether ants segment scenes
in this way or not (but see BUEHLMANN & al. 2016), the
viewing directions of learning Myrmecia croslandi at least
do not appear to be associated with particular panorama
features (JAYATILAKA & al. 2018). Most importantly in
contrast to learning flights (e.g., ZEIL 1993b, PHILIPPIDES
& al. 2013, STURZL & al. 2016) we lack detailed data on
the relationship between the learning walks of ants and
the navigational decisions they make when returning
home.

Exploration (learning) walks (MUSER & al. 2004,
FLEISCHMANN & al. 2016, JAYATILAKA & al. 2018) and
flights (CAPALDI & DYER 1999, CAPALDI & al. 2000, Os-
BORNE & al. 2013, DEGEN & al. 2015, WOODGATE & al. 2016)
are characterized by the insects returning to the nest after
excursions during which they do not seem to forage. Ants,
honeybees and bumblebees systematically cover different
compass directions around the nest in a series of such
excursions (e.g., DEGEN & al. 2015, FLEISCHMANN & al.
2016, WOODGATE & al. 2016, JAYATILAKA & al. 2018). In
contrast, all other examples of learning at the nest and at a
feeder show that insects then depart after turning back and
looking at the goal (ZE1L. 1993a, LEHRER 1993, COLLETT &

LEHRER 1993, LEHRER & COLLETT 1994, COLLETT 1995,
NICHOLSON & al. 1999, HEMPEL DE IBARRA & al. 2009,
MULLER & WEHNER 2010, COLLETT & al. 2013, PHILIPPI-
DES & al. 2013, RIABININA & al. 2014, STURZL & al. 2016,
JAYATILAKA & al. 2018, ROBERT & al. 2018) which appears
to be a different process that does not serve to explore the
wider goal environment, but to acquire or update existing
local memories. These re-learning actions have a very
similar choreography to the one performed by insects that
exit the nest for the first time (e.g., ROBERT & al. 2018) and
are triggered by changes in the visual environment (e.g.,
VAN IERSEL & VAN DEN ASSEM 1964, MULLER & WEHNER
2010), by the need to learn new locations (e.g., LEHRER
1993, COLLETT & LEHRER 1993, LEHRER & COLLETT 1994,
NicHOLSON & al. 1999) and by difficulties finding the goal
during the preceding return (e.g., ZEIL 1993a,b).

The only non-hymenopteran central place forager we
are aware of that performs stereotypical movements on
its departure from a burrow in unfamiliar terrain is the
nocturnal desert spider, Leucorchestris arenicola (see
NO@RGAARD & al. 2012). Interestingly, the spiders do not
move along arcs around the burrow, but in a sinusoidal
path oscillating around a constant compass direction.

»

»

Fig. 10: The learning flights of bees and wasps. (A) Flight paths and body axis directions of wasps and bees during their learning
flights. (Bumble bee: reproduced from PHILIPPIDES & al. 2013, adapted with permission; social wasp: modified from COLLETT &
LEHRER 1993 with permission from the Royal Society; weevil wasps (Cerceris): J. Zeil, unpubl.; honeybee: modified from LEHRER
& COoLLETT 1994.) (B) Left panel: The learning flight path of a Cerceris wasp as seen from the side. White rectangle marks the
path for which the top-down view is shown above. Right panel: The time course of gaze direction (green), bearing relative to the
nest (blue) and the retinal position of the nest entrance (red) for the flight shown on the left.
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However, a feature in common with the learning walks of
ants and the learning flights of bees and wasps is that the
spiders appear to keep careful track of the home direction.
They view the burrow direction sideways in the overlap-
ping visual fields of their lateral eyes, alternating on their
left and their right side, depending on their direction of
movement relative to the home direction, in some respects
much like wasps during their learning flights (STORZL &
al. 2016).

Future research needs and opportunities

Throughout this review we have already identified a num-
ber of research questions and issues that need attention
in future, such as the need to monitor head movements
around the yaw axis and head orientation around roll and
pitch axes or the need to analyse the relationship between
viewing directions of individual ants during learning
walks and the navigational decisions they make when
returning to the nest. We list these in Box 1 together with
further suggestions for a number of fruitful research topics
that would help us understand the functional significance,
the evolution and the control of learning walks.

At the level of behavioural analysis, on which we have
concentrated here, we clearly need to understand more
about the memory requirements for navigation under
natural conditions and how and when in detail memories
are acquired and used for guidance. A start would be
to investigate and simulate a set of rules for the control
of learning walks, as has been done for learning flights
(ScHULTE & al. 2019) which could then be tested on a
legged robot (DUPEYROUX & al. 2018). At the neurobi-
ological level, rapid progress is being made to charac-
terize the brain centres that are involved in navigation
(e.g., STONE & al. 2018, HEINZE & al. 2018) and to doc-
ument in detail the changes and memory traces in the
brains of ants following learning walks (ROSSLER 2019,
GRrOB & al. 2019), in particular relating to celestial com-
pass cues (GRoB & al. 2017). However, it remains to be
identified how and when particular visual scenes are
encoded in the brains of ants during learning walks and
how they are recalled for navigational guidance. To tackle
these questions regarding the neurobiological basis of
visual navigation in insects will require the development
of sophisticated, closed-loop visual stimulation tech-
niques combined with optical and electrophysiological
recordings of neural network activities in navigating
insects.

Acknowledgments

We acknowledge financial support to JZ from the Austral-
ian Research Council’s Discovery Program (DP150101172
and DP150102699) and to PNF from a Scientia-Scholarship,
University of Wiirzburg, and the Deutsche Forschungs-
gemeinschaft (project FL1060/1-1). We are grateful to
Antoine Wystrach for providing us with video footage of
Myrmecia bagotilearning walks and to Wolfgang Rossler
for his constructive and helpful comments on the manu-
script.

108

References

ARDIN, P., MANGAN, M., WYSTRACH, A. & WEBB, B. 2015: How
variation in head pitch could affect image matching algorithms
for ant navigation. — Journal of Comparative Physiology A
201: 585-597.

ARDIN, P., PENG, F., MANGAN, M., LAGOGIANNIS, K. & WEBB,
B. 2016: Using an insect mushroom body circuit to encode
route memory in complex natural environments. — Public
Library of Science Computational Biology 12: art. e1004683.

BADDELEY, B., PHILIPPIDES, A., GRAHAM, P., HEMPEL DE IBARRA,
N., CoLLETT, T. & HUSBANDS, P. 2009: What can be learnt
from analysing insect orientation flights using probabilistic
SLAM? — Biological Cybernetics 101: 169-182.

BUEHLMANN, C., WOODGATE, J.L. & CoLLETT, T.S. 2016: On
the encoding of panoramic visual scenes in navigating wood
ants. — Current Biology 26: 2022-2027.

CAPALDI, E. & DYER, F. C. 1999: The role of orientation flights
on homing performance in honeybees. — Journal of Exper-
imental Biology 202: 1655-1666.

CAPALDI, E.A., SMITH, A.D., OSBORNE, J.L., FAHRBACH, S.E.,
FARRIS, S.M., REYNOLDS, D.R., EDWARDS, A.S., MARTIN, A.,
RoOBINSON, G.E., Poppy, G.M. & RILEY, J.R. 2000: Ontogeny
of orientation flight in the honeybee revealed by harmonic
radar. — Nature 403: 537-540.

CoLLETT, T.S. 1995: Making learning easy: the acquisition of
visual information during the orientation flights of social
wasps. —Journal of Comparative Physiology A 177: 737-747.

CoLLETT, T.S. 2019: Path integration: how details of the honey-
bee waggle dance and the foraging strategies of desert ants
might help in understanding its mechanisms. — Journal of
Experimental Biology 222: art. jeb205187.

COLLETT, T.S., HEMPEL DE IBARRA, N., RIABININA, O. & PHILIP-
PIDES, A. 2013: Coordinating compass-based and nest-based
flight directions during bumblebee learning and return
flights. — Journal of Experimental Biology 216: 1105-1113.

CoLLETT, T. S. & LEHRER, M. 1993: Looking and learning: A
spatial pattern in the orientation flight of the wasp Vespula
vulgaris. — Proceedings of the Royal Society B-Biological
Sciences 252: 129-134.

CoLLETT, T.S. & ZEIL, J. 2018: Insect learning walks and flights.
— Current Biology 28: R984-R988.

DEGEN, J., KIRBACH, A., REITER, L., LEHMANN, K., NORTON, P.,
STORMS, M., KOBLOFSKY, M., WINTER, S., GEORGIEVA, P.B.,
NGUYEN, H., CHAMKHI, H., GREGGERS, U. & MENZEL, R.
2015: Exploratory behaviour of honeybees during orientation
flights. — Animal Behaviour 102: 45-57.

DEWAR, A.D.M., PHILIPPIDES, A. & GRAHAM, P. 2014: What is
the relationship between visual environment and the form
of ant learning walks? An in silico investigation of insect
navigation. — Adaptive Behavior 22: 163-179.

DITTMAR, L. 2011: Static and dynamic snapshots for goal
localization in insects? — Communicative & Integrative
Biology 4: 17-20.

DITTMAR, L., STURZL, W., BAIRD, E., BOEDDEKER, N. & EGEL-
HAAF, M. 2010: Goal seeking in honeybees: matching of
optic flow snapshots? — Journal of Experimental Biology
213:2913-2923.

DUPEYROUX, J., SERRES, J. & VIOLLET, S. 2018: A hexapod
walking robot mimicking navigation strategies of desert
ants Cataglyphis. — Biomimetic and Biohybrid Systems,
7% International Conference, Living Machines 2018, Paris,
France, pp. 145-156.



FALIBENE, A., ROCES, F. & ROSSLER, W. 2015: Long-term avoid-
ance memory formation is associated with a transient increase
in mushroom body synaptic complexes in leaf-cutting ants.
— Frontiers in Behavioural Neuroscience 9: art. 84.

FLEISCHMANN, P.N. 2018: Starting foraging life: early calibra-
tion and daily use of the navigational system in Cataglyphis
ants. — PhD Thesis, University of Wiirzburg, Wiirzburg,
Germany, 160 pp.

FLEISCHMANN, P.N., CHRISTIAN, M., MULLER, V.L., ROSSLER, W.
& WEHNER, R. 2016: Ontogeny of learning walks and the ac-
quisition of landmark information in desert ants Cataglyphis
fortis. — Journal of Experimental Biology 219: 3137-3145.

FLEISCHMANN, P.N., GrROB, R., MULLER, V.L., WEHNER, R. &
ROSSLER, W. 2018a: The geomagnetic field is a compass cue in
Cataglyphis ant navigation. — Current Biology 28: 1440-1444.

FLEISCHMANN, P.N., GROB, R., WEHNER, R. & ROSSLER, W.
2017: Species-specific differences in the fine structure of
learning walk elements in Cataglyphis ants. — Journal of
Experimental Biology 220: 2426-2435.

FLEISCHMANN, P.N., ROSSLER, W. & WEHNER, R. 2018b: Early
foraging life: spatial and temporal aspects of landmark learn-
ing in the ant Cataglyphis noda. — Journal of Comparative
Physiology A 204: 579-592.

FrEAS, C.A., FLEISCHMANN, P.N. & CHENG, K. 2019: Experi-
mental ethology of learning in desert ants: Becoming expert
navigators. — Behavioural Processes 158: 181-191.

GRAHAM, P., PHILIPPIDES, A. & BADDERLEY, B. 2010: Animal
cognition: multi-modal interactions in ant learning. — Current
Biology 20: R639-R640.

GRrOB, R., FLEISCHMANN, P.N., GRUBEL, K., WEHNER, R. &
ROSSLER, W. 2017: The role of celestial compass information in
Cataglyphis ants during learning walks and for neuroplasticity
in the central complex and mushroom bodies. — Frontiers in
Behavioral Neuroscience 11: art. 226.

GROB, R., FLEISCHMANN, P.N. & ROSSLER, W. 2019: Learning to
navigate — how desert ants calibrate their compass systems.
— Neuroforum; doi: 10.1515/nf-2018-0011.

HEINZE, S., NARENDRA, A. & CHEUNG, A. 2018: Principles of
insect path integration. — Current Biology 28: R1043-R1058.

HEMPEL DE IBARRA, N., PHILIPPIDES, A., RIABININA, O. &
CoLLETT, T.S. 2009: Preferred viewing directions of bumble-
bees (Bombus terrestris L.) when learning and approaching
their nest site. — Journal of Experimental Biology 212:
3193-3204.

HoOINVILLE, T. & WEHNER, R. 2018: Optimal multiguidance
integration in insect navigation. — Proceedings of the Na-
tional Academy of Sciences of the United States of America
115: 2824-2829.

JAYATILAKA, P., MURRAY, T., NARENDRA, A. & ZEIL, J. 2018:
The choreography of learning walks in the Australian jack
jumper ant Myrmecia croslandi. — Journal of Experimental
Biology 221: art. jeb185306.

LEHRER, M. 1993: Why do bees turn back and look? — Journal
of Comparative Physiology A 172: 549-563.

LEHRER, M. & COLLETT, T.S. 1994: Approaching and departing
bees learn different cues to the distance of a landmark. —
Journal of Comparative Physiology A 175: 171-177.

MENZEL, R. 2001: Searching for the memory trace in a minibrain,
the honeybee. — Learning & Memory 8: 53-62.

MENZEL, R. & WEHNER, R. 1970: Augenstrukturen bei ver-
schieden groBen Arbeiterinnen von Cataglyphis bicolor
Fabr. — Zeitschrift fiir vergleichende Physiologie 68: 446-449.

MULLER, M. & WEHNER, R. 2010: Path integration provides
a scaffold for landmark learning in desert ants. — Current
Biology 20: 1368-1371.

MURRAY, T. & ZEIL, J. 2017: Quantifying navigational infor-
mation: the catchment volumes of panoramic snapshots
in outdoor scenes. — Public Library of Science One 12: art.
e0187226.

MUSER, B., SOMMER, S., WOLF, H. & WEHNER, R. 2005: Foraging
ecology of the thermophilic Australian desert ant Melophorus
bagoti. — Australian Journal of Zoology 53: 301-311.

NARENDRA, A., GOURMAUD, S. & ZEIL, J. 2013: Mapping the nav-
igational knowledge of individually foraging ants, Myrmecia
croslandi. — Proceedings of the Royal Society B-Biological
Sciences 280: art. 20130683.

NICHOLSON, D.J., JUDD, S.P.D., CARTWRIGHT, B.A. & COLLETT,
T.S. 1999: Learning walks and landmark guidance in wood
ants (Formica rufa). — Journal of Experimental Biology
202: 1831-1838.

NORGAARD, T., GAGNON, Y.L. & WARRANT, E. J. 2012: Nocturnal
homing: Learning walks in a wandering spider? — Public
Library of Science One 7: art. e49263.

OSBORNE, J.L., SMITH, A., CLARK, S.J., REYNOLDS, D.R., BAR-
RON, M.C., Lim, K.S. & REYNOLDS, A.M. 2013: The ontogeny
of bumblebee flight trajectories: From naive explorers to
experienced foragers. — Public Library of Science One 8:
art. e78681.

PFEFFER, S. & WITTLINGER, M. 2016: Optic flow odometry
operates independently of stride integration in carried ants.
— Science 535: 1155-1157.

PHILIPPIDES, A., HEMPEL DE IBARRA, N., RIABININA, O. &
CoLLETT, T.S. 2013: Bumblebee calligraphy: the design and
control of flight motifs in the learning and return flights of
Bombus terrestris. — Journal of Experimental Biology 216:
1093-1104.

RADERSCHALL, C.A., NARENDRA, A. & ZEIL, J. 2016: Head roll
stabilisation in the nocturnal bull ant Myrmecia pyriformis:
Implications for visual navigation. — Journal of Experimental
Biology 219: 1449-1457.

RIABININA, O., HEMPEL DE IBARRA, N., PHILIPPIDES, A. &
CoLLETT, T.S. 2014: Head movements and the optic flow gen-
erated during the learning flights of bumblebees. — Journal
of Experimental Biology 217: 2633-2642.

ROBERT, T., FRASNELLI, E., HEMPEL DE IBARRA, N. & COLLETT,
T.S. 2018: Variations on a theme: bumblebee learning flights
from the nest and from flowers. — Journal of Experimental
Biology 221: art. jeb172601.

RosinsoN, E.J.H., FEINERMAN, O. & FraNks, N.R. 2009:
Flexible task allocation and the organization of work in ants.
— Proceedings of the Royal Society B-Biological Sciences
276: 4373-4380.

ROSSLER, W. 2019: Neuroplasticity in desert ants (Hymenoptera:
Formicidae) — importance for the ontogeny of navigation. —
Myrmecological News 29: 1-20.

SAMET, N., ZEIL, J., MAIR, E., BOEDDEKER, N. & STURZL, W.
2014: Ground-nesting insects could use visual tracking for
monitoring nest position during learning flights. In: DEL
POBIL, A.P., CHINELLATO, E., MARTINEZ-MARTIN, E., HALLAM,
J., CERVERA, E. & MORALES, A. (Eds): From animals to animats
13. — Lecture Notes in Artificial Intelligence 8575: 108-120.

SEELEY, T.D. 2009: The wisdom of the hive: the social phys-
iology of honey bee colonies. — Harvard University Press,
Cambridge, MA, 318 pp.

SCHULTE, P., ZEIL, J. & STURZL, W. 2019: An insect-inspired

model for acquiring views for homing. — Biological Cyber-
netics; doi: 10.1007/s00422-019-00800-1.

SCHWARZ, S., MANGAN, M., ZEIL, J., WEBB, B. & WYSTRACH, A.
2017: How ants use vision when homing backward. — Current
Biology 27: 401-407.

109



STIEB, S.M., HELLWIG, A., WEHNER, R. & ROSSLER, W. 2012:
Visual experience affects both behavioral and neuronal aspects
in the individual life history of the desert ant Cataglyphis
fortis. — Developmental Neurobiology 72: 729-742.

StoNE, T., WEBB, B., ADDEN, A., WEDDIG, N.B., HONKANEN,
A., TEMPLIN, R., WcisLO, W., SCIMECA, L., WARRANT, E.J. &
HEINZE, S. 2017: An anatomically constrained model for path
integration in the bee brain. — Current Biology 27: 3069-3085.

STURZL, W., MAIR, E., GRixA, [., NARENDRA, A. & ZEIL, J.
2015: Three-dimensional models of natural environments
and the mapping of navigational information. — Journal of
Comparative Physiology A 201: 563-584.

STURZL, W. & ZEIL, J. 2007: Depth, contrast and view-based
homing in outdoor scenes. — Biological Cybernetics 96:
519-531.

STURZL, W., ZEIL, J., BOEDDEKER, N. & HEMMI, J.M. 2016: How
wasps acquire and use views for homing. — Current Biology
26: 470-482.

VAN IERSEL, J.J.A. & VAN DEN ASSEM, J. 1964: Aspects of
orientation in the digger wasp Bembix rostrata. — Animal
Behaviour Supplement 1: 145-162.

WAJNBERG, E., ACOSTA-AVALOS, D., ALVES, O.C., DE OLIVEIRA,
J.F., SRYGLEY, R.B. & EsQUIVEL, D.M.S. 2010: Magnetore-
ception in eusocial insects: an update. — Journal of the Royal
Society Interface 7 (Suppl. 2): S207-S225.

WEBB, B. 2019: The internal maps of insects. — Journal of
Experimental Biology 222: art. jeb188094.

WEBB, B. & WYSTRACH, A. 2016: Neural mechanisms of insect
navigation. — Current Opinion in Insect Science 15: 27-39.

WEHNER, R. & LABHART, T. 2006: Polarization vision. In:
WARRANT, E.J. & NiLssoN, D.E. (Eds.): Invertebrate vision.
— Cambridge University Press, Cambridge, UK, pp. 291-348.

110

WEHNER, R., MEIER, C. & ZOLIKOFER, C. 2004: The ontogeny
of foraging behaviour in desert ants, Cataglyphis bicolor. —
Ecological Entomology 29: 240-250.

WEHNER, R. & MULLER, M. 2006: The significance of direct
sunlight and polarized skylight in the ant’s celestial system
of navigation. — Proceedings of the National Academy of
Sciences of the United States of America 103: 12575-12579.

WITTLINGER, M., WEHNER, R. & WOLF, H. 2007: The desert ant
odometer: a stride integrator that accounts for stride length
and walking speed. — Journal of Experimental Biology 210:
198-207.

WOODGATE, J.L., MAKINSON, J.C., LiM, K.S., REYNOLDS, A.M.
& CHITTKA, L. 2016: Life-long radar tracking of bumblebees.
— Public Library of Science One 11: art. e0160333.

ZAHEDI, M.S. & ZEIL, J. 2018: Fractal dimension and the nav-
igational information provided by natural scenes. — Public
Library of Science One 13: art. e0196227.

ZEIL, J. 1993a: Orientation flights of solitary wasps (Cerceris;
Sphecidae; Hymenoptera). — Journal of Comparative Phys-
iology A 172: 189-205.

ZEIL, J. 1993b: Orientation flights of solitary wasps (Cerceris;
Sphecidae; Hymenoptera): II. Similarities between orientation
and return flights and the use of motion parallax. — Journal
of Comparative Physiology A 172: 209-224.

ZEIL, J. 2012: Visual homing - an insect perspective. — Current
Opinion in Neurobiology 22: 285-293.

ZEIL, J., HOFMANN, M.I. & CHAHL, J. 2003: Catchment areas
of panoramic snapshots in outdoor scenes. — Journal of the
Optical Society of America A20: 450-469.

ZOLLIKOFER, C.P.E., WEHNER, R. & FukusHI, T. 1995: Optical
scaling in conspecific Cataglyphis ants. — Journal of Exper-
imental Biology 198: 1637-1646.



