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Desert ants are known to rely heavily on vision while venturing for food and returning
to the nest. During these foraging trips, ants memorize and recognize their visual
surroundings, which enables them to recapitulate individually learned routes in a
fast and effective manner. The compound eyes are crucial for such visual navigation;
however, it remains unclear how information from both eyes are integrated and how
ants cope with visual impairment. Here, we manipulated the ants’ visual system
by covering one of the two compound eyes and analyzed their ability to recognize
familiar views. Monocular ants showed an immediate disruption of their ability to
recapitulate their familiar route. However, they were able to compensate for this
nonnatural impairment in a few hours by engaging in an extensive route-relearning
ontogeny, composed of more learning walks than what naive ants typically do. This
relearning process with one eye forms novel memories, without erasing the previous
memories acquired with two eyes. Additionally, ants having learned a route with one
eye only are unable to recognize it with two eyes, even though more information is
available. Together, this shows that visual memories are encoded and recalled in an
egocentric and fundamentally binocular way, where the visual input as a whole must
be matched to enable recognition. We show how this kind of visual processing fits
with their neural circuitry.

desert ants | route-following | monocular | compound eyes; compensation

Self-organized living beings and engineered machines are both able to fulfill their tasks
reliably. However, living organisms show flexibility in the way they achieve their functions
and can often compensate for unexpected impairments, whereas machines cannot (1).
The aptitude for compensation has been well studied in humans with regard to impair-
ments such as cognitive pathologies, aging, or brain damage (2, 3), and is evident after
morphological impairments, such as when one manages to achieve with one hand what
one used to do with two. These forms of compensations require time and likely involve
neural rewiring, so-called structural or network plasticity (4, 5).

In insects, which are often assumed to be less versatile than vertebrates (6, 7), the ability
to compensate for impairments is usually studied as an instantaneous response and viewed
as the product of the evolved natural redundancy and robustness of these systems, rather
than the result of neural plasticity through a life time. For instance, the change in gait
following a single or double leg amputation may be interpreted as a robust and “sponta-
neous” response of the neural machinery governing leg coordination [e.g., in ants (8),
cockroaches (9), stick-insects (10), and other arthropods like crabs (11)]. Robustness
through redundancy in insects is also well appreciated in the context of navigation. For
instance, representation of directions is based on the integration of a vast array of sensory
cues such as visual terrestrial cues (12—15), multiple celestial cues (16-20), olfactory cues
(21, 22), wind cues (23, 24), magnetic cues (25, 26), and also self-motion cues (27).
Hence, depriving a navigating insect from one modality—or all modalities but one—does
not necessarily disrupt their ability to orient. Unilateral suppression of one eye input,
however, has a direct impact on the navigational performance of ants (28, 29). Monocular
ants may still show evidence of recognition of learned terrestrial cues but their naviga-
tional behavior is drastically affected (28, 29). For instance, monocular desert ants that
have learned a landmark array with one eye only are incapable of recognizing it if the
eye cap has been swapped to the other eye, suggesting that there is no interocular transfer
of visual terrestrial cues (28). Here again, these studies focused on the insects’ response
that immediately follows the manipulation. But whether some plastic, compensatory
mechanisms are at play, and given time, can enable a recovery of a functional behavior
remains unknown.

Here, we investigated this question by conducting various eye-capping manipulations on
visually navigating desert ants (Cazaglyphis velox). Both, their immediate response as well as
the potential compensatory effects emerging after a longer period of time were observed and
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Significance

We reveal a surprising rigidity in
the way ants encode the visual
world. Scenes learned with two
eyes can only be recognized with
two eyes and scenes learned with
one eye can only be recognized
with one eye (the same eye),
showing that ants store
egocentric inputs rather than a
spatial model of the world.
However, this rigidity is
compensated by a remarkable
behavioral flexibility. Upon
covering (or uncovering) one eye,
ants—which can no longer
recognize their familiar
surroundings—do not remain
dysfunctional for long. They
engage in a step-by-step learning
process to store the novel visual
inputs in a parallel memory and
resume normal foraging activity
in a matter of hours.
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analyzed. The results show that any visual manipulations via eye-  nest and a feeder (Fig. 14). The surrounding natural landscape
capping caused immediate, substantial impairments that disrupted ~ provided plenty of visual information and the route floor was

the ant’s ability to walk straight, and to home. However, a few hours ~ covered with a 1.2 m wide wooden board ensuring an even
upon the visual impairment, ants recovered a functional navigation ~ substrate for the navigating ants. Once experienced to the route
behavior, indicating the existence of a profound plasticity and (after at least 10 foraging trips), ants were captured at the feeder
behavioral flexibility. We explored the mechanisms underlying this ~ one by one for the eye-cap treatment: either their left or right
plasticity and, as a corollary, gained insight into the way visual =~ compound eye was covered with opaque paint. The eye-capped
information is stored in their brain. ant was then provided with a food item, released near the feeder

and her homing path was recorded. For illustrative purposes the
Results and Discussion paths of right eye—capped ants were mirrored and pooled with

the paths of left eye—capped ants in Figs. 1-5. Both right and left
One-Eye-Capping Disrupts Learned Route-Following. Iberian  eye—capped paths can be seen in S/ Appendix, Fig. S1. Regardless
desert ants (C. velox) were individually marked and let free to  of the side of the eye cap, ants failed to navigate back to their nest.
navigate back and forth along an 8.0 m long route between their ~ Their initial direction showed a bias toward the side opposite to

A
@\ +mirrored /@\ @\ +mirrored /é\

n=8 n=5 Feeder n=8 n=5

FV ZV

Y / ) A 4
Nest  Trial 1 Trial2  Trial 3 Nest
B n=8 , n=8 ' n=5 ' n=3 ' n=5 1 n=8 1 n=5 ] n= 1 n=9 ]
31 31 31 31 31 31 31 31 51
H H i i i i i : i
FV . N H zv a* " N* v :
1 1 1 1 : ‘
: : : : : : .
& N & N NF N¥ N¥ N N
C D it
35 ns. T _ Tr 3 T e ES —— ‘@’
© f £ T FV : M 0.8 * E@ @ *
e . 0 0.8+
Saf T 1 Fos ! N T 3 ]
3 - S ! £ H JL
— @ - [ < 6l
Soast| || Boslfr] 3 g ~ ¢+ Bos H .
g .- ‘ 2 £
c = S 5 ! oFV
© 2 ! = . 2 04l ' oV
@ 20 © 04F | a o -2 © |
£ 5 | S | | 2% %
e . - e T S | *
S sl | Sog R R © oz ‘
o) 5 0.2 ’ L L - = =
4 a0 n-16 g n=10 nite B @ nze nlte  n=0 0 ez
. n=16 n=10 n=6 - -
ol + o+ s s s ! b (o] . s s s
EV 2V FV  zv Trial 1 Trial2 Trial3 Trial4 Sham Trial 1 Trial2 Trial 3 Trial4 Sham
Effect of path integrator Effect of trial repetition

Fig. 1. Route recovery of eye-capped ants over trials. (A) Homing paths of ants on a familiar route after covering one eye, from trial 1 to 4. Ants with the left
or right (mirrored path) eye covered are pooled (see S/ Appendix, Fig. S1 to see left and right eye-capped ants separately). Sham groups correspond to ants
with uncovered eyes that received a dot of paint somewhere else on the head. Ants were released at the feeder (Top) and homed toward the nest (Bottom),
either with path integration (Pl) information [full vector (FV), Left panel] or without [zero vector (ZV), Right panel]. All ants had previously learned the route with
both eyes. One example path is highlighted in color for each condition. Interruptions of the trajectories indicate that the ant ran off the route board and was
thus captured and replaced on it. Black arrows indicate the travel direction of the homing route. Dashed lines indicate the route beeline. (B) Initial headings at
the onset of the homing route (same conditions as in A above, with left or right (mirrored path) eye covered ants pooled together). Circular histograms depict
headings distribution after 0.2 m of travel. Dashed lines indicate the route beeline with the nest at the bottom, the left side correspond to the open eye direction.
Numbers at the outer rims indicate the scale in term of number of ants per sector of 30°. Significant differences from random distributions are indicated with
a star (Rayleigh test) at the center of the diagrams. Significant differences away from the nest direction (N) is indicated with an open star (S-test; see Material
and Methods and SI Appendix, Table S1 for statistical details). Side biases appear in both FV and ZV ants but not in Sham controls. (C) Local meander and overall
straightness of FV and ZV ants during their first homing trial with an eye-cap. Higher overall straightness and lower local meander in FV ants indicate a beneficial
effect of Pl on route following. (D) Local meander and overall straightness of eye-capped ant paths across their first four trials. Increase of overall straightness
and decrease of local meander across trials indicate a rapid recovery of route following toward sham group performance.
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the eye cover (Fig. 1B) as previously reported in Tunisian desert
ants (28). All eye-capped ants (10 out of 10) veered sidewise and
fell off their usual route corridor, defined by the wood plank on
the floor (Fig. 14). To enable them to reach home, ants falling off
the wood boards were systematically captured and rereleased back
onto the route beeline (Fig. 14, dashed line) where path recording
resumed. Eye-capped ants veered off the boards 3.42 times on
average before reaching their nest surrounding, where recording
was stopped (Fig. 14 and SI Appendix, Fig. S1). The difficulty
to head home was obvious along the complete homing path
(Fig. 14). By comparison, Sham ants, which received a paint mark
on the head but untouched compound eyes and ocelli, showed
clearly oriented (Fig. 1B) and much straighter paths (Fig. 14 and
SI Appendix, Fig. S1) and almost never left their route corridor
(1 out of 17 ants fell one time, so a probability of 0.06 time/ants
on average). Thus, covering one compound eye drastically affects
navigation in homing ants.

The compound eyes of ants extract information from both, celestial
compass cues—which are key for PI—and terrestrial cues—which
are key for learned views during route-following (30). To test whether
the behavioral defect observed in the eye-capped ant is due to a dis-
ruption of the PI system or the use of learned views, the experiment
was repeated by using this time so-called ZV ants. While FV ants are
captured at the feeder, ZV ants were captured on their way home just
before entering their nest, then received an eye-cap and were released
with their food item right near the feeder. The PI vector of a ZV ant
does no longer point toward the nest; hence the ant can solely rely on
learned terrestrial cues for homing (31). As for FV ants, covering one
eye of ZV ants strongly disrupted their ability to navigate home
(Fig. 1A4). Their initial directions were also biased toward the open eye
side (Fig. 1B) and all of them (16 out of 16) repeatedly ran off their
usual route corridor (4.43 times/ant on average) to the contrary of
ZV sham ants (0.33 times/ant on average). Their paths showed sig-
nificantly less overall straightness (Anova: £, ,,= 10.7, P=0.003) but
only marginally more local meander (Anova: F, ,,=2.42, P=0.133;
Fig. 1C) than eye-capped FV ants. Consequently, eye capping
strongly impairs the use of learned terrestrial cues and the directional
input provided by the PI is helping only slightly the FV eye-capped
ants to maintain straighter paths. This is in line with previous evidence
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that information based on celestial but not terrestrial compass cues
undergoes interocular transfer (28).

Eye-Capped Ants Spontaneously Recover Their Route-Following
Behavior. Surprisingly, within a few hours, some of the tested eye-
capped ants reoccurred at the feeder again, which provided the
opportunity to record their subsequent homebound trips. With
increasing homing trials, eye-capped ants gradually recovered their
navigational efficiency (Fig. 1). To ensure this recovery was not
simply due to an increased reliance on PI, eye-capped ants reaching
their nest were captured as ZV ants and released again at the feeder
for a second run home. Whether as FV- or ZV ants, their initial
direction upon release still tended to be biased toward the open
eye side (Fig. 1B; see SI Appendix, Table S1 for circular statistics).
However, both FV- and ZV paths showed progressively less local
meander (Anova: F; 49, = 25.170, P < 0.001) and more overall
straightness (Anova: F, ; 5, 5 = 32.52, P < 0.001; Fig. 1C). During
the fourth homing trial the path overall straightness of eye-capped
ants resembled the one from the sham ants (Anova: F, 5, = 2.68,
P =0.112), and even though they still showed slightly more local
meandering (Anova: £, 5, = 5.39, P = 0.027; Fig. 1C), most eye-
capped foragers (5 out of 6) managed to home while no-longer
exiting their route corridor. Within a relatively short time period,
eye-capped ants can thus recover the ability to follow their familiar
route again, using terrestrial cues. These insects are therefore able to
compensate impressively fast for the strong impairment caused by
losing the visual input of one eye, showing a remarkable plasticity
in their navigational capacities.

Eye-Capped Ants Show a Persistent Lateralized Sensory-Motor
Defect. The fact that the initial direction of both FV- and ZV
ants upon eye-covering was biased toward the open eye side
as compared to the correct route direction (Fig. 1B8) provides
two insights. First, because ZV ants did not head randomly (or
backtracked) like they usually do on visually unfamiliar terrain
(32), freshly eye-capped ants must still be able to derive some
information from their visual route memory. Second, because
the side of the directional bias depends purely on the side of the
capped eye (Fig. 2 A and C), a lateralized sensory-motor defect
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Fig. 2. Effect of eye capping and experience on course control when released in unfamiliar surroundings without Pl homing vector (ZV ants). Ants were released
on unfamiliar terrain either just after receiving an eye cap (Just capped); after having learned to recapitulate a route with one eye cap (Compensated) or ants
receiving a sham painting on the head (Sham). (A) Course control in eye-capped ants shows a lateralized bias along their oscillatory cycle that can be highlighted
by a tendency to turn toward the uncapped eye side when walking forward. Stars indicate significant difference to a balanced average angular velocity (0 deg/s),
one-sided Wilcoxon test (see text for details). (B) Example paths of ants with (Just capped, Compensated) and without (Sham) the characteristic course-control
deficit caused by eye-capping. (C) Tracked paths of Sham, Just capped, and Compensated ants (Upper panels) and initial headings at 30 cm (Lower panels) upon
release in unfamiliar terrain. Black arrows depict the mean vectors of the heading distributions. Significant orientation opposite to the nest compass direction
(i.e. so-called backtracking) is indicated with a black star (V-tests: Sham P = 0.047; Just capped P = 0.390; Compensated P = 0.013).
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caused by losing one-eye input—notably, a unilateral loss of visual
motion (33)—may well impact course control as observed in the
lab with this ant species (34).

To investigate this lateralized sensory-motor defect inde-
pendently of the expression of the recognition of visual memories,
freshly eye-capped ants were released in unfamiliar surroundings
and their behavior was analyzed based on video recordings. The
typical oscillatory movements of ants (35) were altered. Eye-capped
ants tended to regularly alternate between brief bursts of speed
when turning toward the open eye side and pauses by rotating on
the spot toward the covered eye side (Fig. 2C). This can be simply
quantified by assessing whether the turning direction is biased on
one side when the ants forward speed is above the individual’s
average. While sham ants with both eyes open showed no bias
(Sham ants: one-sided Wilcoxon test: V = 32, P=0.715, Fig. 2A4)
freshly one-eye capped ant turned more toward the open eye when
walking fast (Just-capped ants: one-sided Wilcoxon test: V = 188,
P =0.001; Fig. 24).

To test whether the observed recovery of route-following behav-
jor is due to a compensation over time of such a lateralized
sensory-motor defect, we tested whether the bias persisted in ants
after they had recovered their route-following behavior with one
eye. Eye-capped ants that had recovered their route still displayed
the lateralized defect on unfamiliar terrain (Compensated ants:
one-sided Wilcoxon test: V = 113, P = 0.044, Fig. 2), showing

that their route recovery is due to a process that is different from
overcoming such a sensori-motor defect. The persistence of this
sensori-motor defect may explain, however, while one-eye ants
having recovered their route showed more local meandering than
sham ants (Fig. 1).

Eye-Capped Ants Compensate by Reengaging in a New Route
Ontogeny. We next investigated whether the recovery of route-
following behavior in eye-capped ants is based on the ability to
eventually recall previous binocular memories, or alternatively,
based on the formation of novel, monocular route memories.
To do so, we covered the left or right eye of a new cohort of
experienced, individually marked ants, and released them back
to their nest. Their behavior was recorded once they emerged
outdoors again. Upon leaving their nest entrance, these freshly eye-
capped ants displayed tight, meandrous paths around their nest
entrance (Fig. 3) reminiscent of so-called learning walks (LWs) as
observed in naive ants (36-39).

These convoluted paths and pirouettes enable ants to expose
their gaze in multiple directions for visual learning (39). L\Ws are
here likely a consequence of perceiving an unfamiliar scenery when
leaving the nest. Indeed, experienced ants with two eyes may also
display a few zigzags and pirouettes upon departure if an alteration
of the visual surrounding has occurred around the nest; but in
general, they rapidly scoot along their familiar outbound route
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Fig. 3. Learning walks (LWs) in eye capped ants. Horizontal lines: one-way baffles on the foraging route that could be traversed during outbound trips but had
to be negotiated during inbound trips (this also applies for Figs. 4 and 5). (A) LWs displayed by In-and-Out and Out-only ants during training. Black bold lines:
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again (38, 39). Here, the eye-capped ants remained at first very
close to the nest and reentered their colony often, like naive ants
do (Fig. 3C) (28, 36). They displayed on average more than 15
(up to 35 in one individual) subsequent learning trips before
reaching the familiar feeder located 5.0 m away (Fig. 3 A and B),
which is more than the one to six LWs usually observed in this
(40) or other related species (36). This supports the idea that the
scenery appeared strongly unfamiliar to these eye-capped ants,
and perhaps that visual information for route following is longer
to acquire with one eye input. Interestingly and contrary to naive
ants, LWs of freshly eye-capped ants were biased toward the feeder
direction (Fig. 34); this was true from the first LWs onward
(Fig. 3C, One-tailed 7 test: P = 0.019) indicating that previous
memory of the feeder direction persisted despite the eye-cover.
Whether this directional memory was due to remnant memories
of terrestrial cues learned with both eyes, or the expression of a
stored food-ward celestial compass vector (41, 42) could not be
disentangled here.

'The subsequent out- and inbound (i.e., homing) trips of these
eye-cap ants were also recorded, which, as expected, showed grad-
ual improvements (S/ Appendix, Figs. S3 and S4). After eight
successful trips between the nest and feeder, all the recorded
eye-capped ants (In-and-Out) had fully recovered their ability to
run between the nest and the feeder without colliding into baffles
(Fig. 4A). Tested as ZV ants, these individuals could home equally
well, (Fig. 44) showing as previously, that they could use learned
terrestrial cues.

To ensure that this recovery was actually due to performing
LWs, and not simply due to the time passed while navigating
outdoors, the experiment was replicated by using two additional
cohorts of freshly eye-capped ants that had previous experience
(with both eyes) of the route. In one group (In-only), eye-capped
ants were systematically captured upon exiting the nest and
released at the feeder for homing, preventing them to display LWs
around the nest and outbound trips to the feeder. In the other
group (Out-only), eye-capped ants were free to display LWs but
upon reaching the feeder, these ants were systematically captured
and released inside their nest entrance, preventing them to per-
form their homing runs (inbound trips). This latter group of ants
(Out-only) displayed similar IWs than the previous condition
(Fig. 3), and after eight successful outbound trials up to the feeder,
foragers were able to home quite well, albeit not as successful as
ants that had experienced both out- and inbound trips (Fig. 4 and
SI Appendix, Fig. S3). This shows that inbound trips are helpful
but not crucial for route recovery. Contrastingly, ants deprived of
LWs (In-only) showed no improvement in their homing ability
despite spending a long time navigating outdoor (Fig. 4). On the
contrary, they showed a decrease in homing performance across
trials (S Appendix, Fig. S3), suggesting again that freshly eye-
capped ants have strongly impaired but remnant binocular visual
memories of the route, but that subsequent experience outdoor
does not enable to reaccess them, or form new functional ones.
Note that In-only ants, as being transferred from the nest to the
feeder, could not rely upon PIL. After eight attempts of homing
without L\Ws, these ants searched at length around the release point
(feeder) and only one individual eventually managed to home
(Fig. 4). It was rather difficult to conduct this condition, as In-only
ants mostly failed to reach their nest during training. After 10 min
of search and an unsuccessful inbound trip the foragers had to be
put back manually to the nest. Unfortunately, many of those indi-
viduals stopped their foraging activity and hence could not be
tested anymore.

In sum, performing LWs and outbound trips is crucial for
eye-capped ants to recover their route. This echoes what is observed

PNAS 2024 Vol. 121 No.48 2410908121

in naive ants with untouched eyes, for whom LWs and outbound
trips are key for learning an inbound route, while inbound expe-
rience may help but seems to be insufficient on its own (43-47).
Together, this suggests that eye-capped ants cannot recognize
properly the route learned with both eyes and thus perceive at first
the world as quite unfamiliar. This unfamiliarity triggers numerous,
dense LWs upon leaving their nest, which enables them to steadily
form novel memories of the terrestrial cues and eventually relearn
the route monocularly. Therefore, ants with previous extensive
foraging experience, and after a nonnatural treatment preventing
them to walk straight and recognize the familiar surroundings,
retain the flexibility to reengage in a complete ontogeny of route
learning,.

Ants Learn Binocular Visual Memories. Previous behavioral work
in ants and bees has shown that visual memories learned with one
eye cannot be retrieved using the other eye, suggesting that these
insects form two separated visual memories for each eye, with an
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Fig. 5. Route learned with one eye cannot be recognized with two eyes. (A) Ants having learned the route with one eye covered, and without previous experience
of the route with uncovered eyes (no prev. exp.). After compensation (comp.) and reaching the feeder, homing paths are displayed for ants with the eye cap
still in place (Left panel) and with uncapped eyes (Right panel). Ants without previous experience of the route struggle to find back to the nest once the eye cap
is removed. Only 2 ants out of 10 eventually found their nest. (B) Ants having learned the route with both eyes, hence with previous experience of the route
before eye capping (prev. exp.), and then having relearned the route with one eye cap (comp.). After compensation and upon reaching the feeder, homing
paths are displayed for ants with the eye cap still in place (Left panel) and the eye cap removed (Right panel). Ants with previous binocular experience of the
route have no difficulties to recapitulate their route with two eyes again. (C) Path characteristics of ants with and without previous experience of the route
before eye capping. Ant with previous experience show paths with low local meander and high level of overall straightness after eye cap was removed, whereas
ants without previous experience of the route show paths with high local meander and low level of overall straightness with both eyes uncovered (Anova local
meander: F_g 3005 = ~2.487, P = 0.018, Anova overall straightness: Fy 70, = 3.281, P = 0.002).

absence of interocular transfer between these visual memories (28,
48). The current study revealed that visual memories acquired
with both eyes cannot be retrieved with one eye. Rather than two
separated visual memories for each eye, one possible explanation
is that visual memories are fundamentally binocular, that is, their
recall implies the correct and simultaneous combination of both
left and right visual input. Indeed, neurobiological studies show
that each eye sends bilateral visual projections to the Kenyon cells
(KCs) in both the left and right hemispheres of the mushroom
bodies (MBs) (49), where visual memories for route-following
are formed (50-52). What's more, visual projection to the KCs
are pseudorandom; therefore, it seems quite likely that individual
KCs, whether in the left or right hemisphere, receives input from
both eyes, and thus must receive the correct bilateral input to be
activated (Fig. 6). If this hypothesis is correct, it predicts, that

https://doi.org/10.1073/pnas.2410908121

memories acquired with one eye could not be retrieved with both
eyes.

To test this prediction, a novel cohort of ants from a new nest
was eye-capped either on the left or the right eye. Crucially, the
training to the foraging route and the transformation of the visual
scenery by clearing the floor and altering the natural bushes and
other terrestrial cues around the route was done afterward. The
set-up was similar to the former experiment: a 5.0 m long route
containing two baffles in the middle and one feeder at the end.
These ants had binocular memories of the previous natural sur-
roundings but experienced the foraging route and its novel sur-
roundings only with an eye-cap (i.e., monocular).

After a few hours, the eye-capped ants were familiarized with the
new surroundings, discovered the feeder, and learned to home suc-
cessfully along the novel route (Fig. 54). When captured at the nest
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provide a partial familiarity of the scene across manipulations.

and released again as ZV ants near the feeder, these now experienced
eye-capped foragers had no difficulties to recapitulate the route,
confirming that they had formed (monocular) visual memories of
the terrestrial cues (Fig. 5 A, Leff panel). However, when uncapped,
that is, when exposed for the first time to this particular route with
two eyes, the ants struggled immensely to home (Fig. 5 A, Right
panel). All uncapped ants searched predominantly in the upper
section of their foraging route incapable of negotiating the baffles,
only 2 out of 10 eventually managed to reach the nest entrance
(Fig. 5 A, Right panel). Even when some (5 out of 10) of these ants
were rereleased beyond the baffles, closer to the nest, they were not
able to home successfully and wandered around seemingly without
purposeful orientation. Thus, ants with two eyes were unable to
recognize the route learned with one eye. In other words, adding
the visual input of the second eye prevents the access to the visual
memories acquired with one eye only. Therefore, ants do not form
distinct memories for each eye, but interpret the egocentric visual
input to both eyes as a fundamentally binocular impression.

In terms of neural implementation, this supports the idea that
many KCs in the MB receive input from both eyes simultaneously
(Fig. 6). It remains likely however that some KCs receive input
from one eye only, which could explain why some freshly
eye-capped ants, or freshly uncapped ants, even though strongly
impaired, could still derive a rough estimation of the nest direc-
tion, as if they recognized the scene only partially or sporadically.
‘The variation in homing performance observed across individuals
may be explained, at least in part, by the more or less fortunate
random connectivity in their MB.

PNAS 2024 Vol. 121 No.48 2410908121

Eye-Cap Ants Do Not Forget Past Binocular Memories. To control
whether the visual impairment observed with freshly uncapped
ants (Fig. 5 A, Right panel) was indeed due to an inability to access
visual memories sorted with one eye and not just an inherent
consequence of the recent recovery of bilateral visual input, the
previous experiment was rerun with a cohort of ants that, this
time, had previous two-eyed experience of the route. These ants
were eye-caped, let free to relearn the route with one eye, then
“uncapped” and tested. Contrary to the previous cohort of ants
with no previous experience of the route, these foragers did not
struggle whatsoever to home toward the nest with uncapped eyes,
even when tested as ZV ant (Fig. 5B). This shows that uncapping
the ants bears no inherent issue and thus confirms that memories
acquired with one eye are no longer retrieved with two eyes
(Fig. 54). In addition, it shows that the latter cohort of ants had
not forgotten their former visual memories of the route acquired
with two eyes. Learning the route anew with one eye does not
override the memories of the previous two-eye memories.

In neurobiological terms, memories acquired with one eye vs.
two-eyes are likely to recruit different set of KCs in both hemi-
spheres, with perhaps a certain amount of overlap between them
(Fig. 6). This can be viewed as learning and remembering two
“mostly” different routes, which desert ants can also do (53).
Indeed, ants possess hundreds of thousands of KCs (49) and mod-
els of the MBs show that this offers memory space for recognizing
a large amount of visual sceneries (54, 55); enough to remember
views around the nest, along multiple routes or as shown here,
along the same route but with monocular and binocular inputs.

https://doi.org/10.1073/pnas.2410908121
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Conclusion

The response of navigating ants to visual impairments shows a
surprising mix between rigidity and flexibility. Rigidity in the sense
that scene recognition is fundamentally egocentric and dependent
of the binocular input, and any alteration in the visual field has
dramatic consequences and prevent the ants from walking in a
straight line, recognize the (no-longer) familiar scene, or home.
Flexibility in the sense that these dysfunctional ants manage to
compensate the deficit caused by such a nonnatural alteration by
engaging an extensive route relearning process, in a similar way,
albeit longer than what naive ants do at the onset of their foraging
ontogeny. Within hours, the altered ants resume a fully functional
foraging behavior and the newly acquired route memories do not
override previous ones acquired with a different visual field.
Investigating the plastic neural mechanisms underlying these feats
will form a great agenda for future research.

Material and Methods

Experiments took place during June and July 2017-2019 on a plain open field
with grassy vegetation close to the harbor in the metropolitan area of Seville,
South of Spain. Three different nests of the Iberian desert ant C. velox were used
for training and testing. Workers exhibit behaviors typical for solitary foraging
ants that venture out of the nest to find food without the help of pheromone
trails (56). Instead their navigational guidance is primarily based on visual input
derived from celestial and terrestrial sensory cues (57).

General Experimental Set-Up and Protocol. All set-ups shared a similar
basic design, which is described in the following while specific differences were
appropriately mentioned above. Ants were trained to follow a route from the
nest to a feeder that provided food ad libitum in form of a variety of buttery,
sweet biscuit crumbs. Nests were enclosed with thin white plastic planks, a
smooth material, too slippery for the tarsi of the ants and hence preventing
them from foraging elsewhere. A square plastic bowl was sunk into the ground
and served as feeder. The walls of the feeder were covered with fluon to prevent
ants from climbing out. During training, ants dropped into the feeder and could
return to the nest via a small wooden ramp that led the ants out of the feeder
onto the foraging route. Training continued until the ants familiarized with the
foraging route and scuttled fast and straight forward between the nestand the
feeder at least five times. For tests, ants were either caught at the feeder or close
to the nest entrance. Ants caught at the feeder have both the familiar visual
scenery and the homing vector of their path integrator as scaffold for homing:
hence FV ants. Ants caught close to the nest ran off their homing vector and
can solely rely on the familiar visual scenery during homing: hence ZV ants.
All tested ants were subjected to an eye-cap procedure, which was noninvasive
and reversible. For that foragers were manually caught and the first two pair of
legs including one of the antenna were carefully fixed between two fingertips.
Thus, the head of the ant was immobile and one of the compound eyes could

1. S.J.A.Kelso, "Coordination dynamics” in Encyclopedia of Complexity and Systems Science, R. A.
Meyers, Ed. (Springer, New York, NY, 2009).

2. 0.Sacks, The mind's eye. New Yorker 28, 48-59 (2003).

3. D.Barulli,Y.Stern, Efficiency, capacity, compensation, maintenance, plasticity: Emerging concepts in
cognitive reserve. Trends Cogn. Sci. 17, 502-509 (2003).

4. H.Johansen-Berg, Structural plasticity: Rewiring the brain. Curr. Biol. 17, 141-144 (2007).

5. D.B.Chklovskii, B. W. Mel, K. Svoboda, Cortical rewiring and information storage. Nature 431,
782-788(2004).

6. L.Chittka, J. Niven, Are bigger brains better? Curr. Biol. 19, 995-1008 (2009).

7. A.Wystrach, P. Graham, What can we learn from studies of insect navigation? Anim. Behav. 84,
13-20(2012).

8. K.Steck, M. Wittlinger, H. Wolf, Estimation of homing distance in desert ants, Cataglyphis fortis,
remains unaffected by disturbance of walking behaviour. J. Exp. Biol. 212, 2893-2901 (2009).

9. F.Delcomyn, Pertubation of motor system of freely walking cockraches. I. Rear leg amputation and
the timing of motor activity in leg muscles. J. Exp. Biol. 156, 483-502 (1991).

10.  D. Graham, The effect of amputation and leg restraint on the free walking coordination of the stick
insect Carausius morosus. J. Comp. Physiol. A 116,91-116 (1977).

11. W.J. P. Bames, Leg co-ordination during walking in the crab, Uca pugnax. J. Comp. Physiol. 96,
237-256(1975).

https://doi.org/10.1073/pnas.2410908121

be covered with a drop of opaque enamel paint (Tamiya). The tip of a thin pin
acted as brush and painted ants were subsequently checked for an even and
complete cover of the targeted eye with the help of a 10x magnifying glass.
Afterward ants were transferred into a small plastic vial and tested as soon as
the foragers held on to a crumb.

Trajectory Recording and analyses. Paths of tested ants were recorded with
pen and paper and the help of a square grid (0.5 x 0.5 m) made of string and
tent pegs mounted on the ground. Paths were digitized with GraphClick (Arizona
Software) and analyzed with Matlab (Mathworks, Matick, MA). “Local meander”
and "Overall straightness" were computed by first segmenting the path into con-
secutive segment of 30 cm length. Local meander corresponds to the average
absolute angle between successive segment. Overall straightness corresponds
to the length of the circular average vector () of the distribution of all segment
directions (independently of their order). Statistics on local meander and overall
straightness were achieved with R studio V. 1.0.136. We performed a mixed Anova
testing for the continuous effects of trial number (1 to 4)and categorical effect of
Pl state (FV or ZV) as well as their interaction. Since the interactions were never
significant(Ps > 0.18), we ran additive models. Antindividuality across trials was
systematically informed as a random effect. Circular statistics (58) on the heading
directions were calculated with Matlab (circular statistic toolbox) for each condi-
tion separately. A Rayleigh test rejects the uniformity of the distribution. A S-test
rejects a theoretical direction (here the nest direction in Fig. 1) as an acceptable
mean of the distribution, and a V-test rejects the uniformity, given a theoretical
direction where the population is expected to head (here, backtracking opposite
to the nest compass direction in Fig. 2). The Ttest in Fig. 3C was also calculated
with Matlab.

Paths in the unfamiliar environment (Sham, Just capped, and Compensated
ants) were recorded with a Panasonic Lumix camera (DMC FZ200) fixed on a tri-
pod, digitized via a novel video tracker system of the Risse group at the University
of Miinster (59, 60) and analyzed with R studio. Left eye-capped ants (LEC) and
right eye-capped ants (REC) were pooled by mirroring paths of REC ants, so that
for both groups, left on the trajectory correspond to the side of the covered eye.
Differences in their tendency to turn left or right were determined by comparing
the angular velocity via a calculation of Dtheta and forward velocity. The X and
Y values of the paths were smoothed with a Savitzky-Golay filter of order 3 and
filter length of 41 frames, followed by a double smoothing of the Dtheta signal
by moving the average of window length by three. Finally, all pauses and events
longer than 1 s were removed. A one-sided Wilcoxon test was used to calculate
the significance of each pooled group against random choice.

Data, Materials, and Software Availability. All study data are included in the
article and/or S Appendix.

ACKNOWLEDGMENTS. We are grateful for logistic and administrative support of
Xim Cerda and his team at the Spanish National Research Council (CSIC Seville)
and appreciate the help during field work preparation and data collection of
Cornelia BuehImann, Florent Le Moél and Christelle Gassama. We also thank the
three reviewers for their comments and suggestions. This study was funded by
the European Research Council 759817-EMERG-ANT ERC-2017-STG.

12. A Wystrach, G. Beugnon, K. Cheng, Landmarks or panoramas: What do navigating ants attend to for
guidance? Front. Zool. 8,21(2011).

13. P.Graham, K. Cheng, Ants use the panoramic skyline as a visual cue during navigation. Curr. Biol.
19,935-937(2009).

14. R.Wehner, B. Michel, P. Antonsen, Visual navigation in insects: Coupling of egocentric and
geocentric information. J. Exp. Biol. 199, 129-140 (1996).

15. T.S.Collett, J. A. Rees, View-based navigation in Hymenoptera: Multiple strategies of landmark
guidance in the approach to a feeder. J. Comp. Physiol. A 181, 47-58 (1997).

16. A Wystrach, S. Schwarz, P. Schultheiss, A. Baniel, K. Cheng, Multiple sources of celestial compass
information in the Central Australian desert ant Melophorus bagoti. J. Comp. Physiol. A 200,
591-601(2014).

17. M. Dacke, E. Baird, M. Byrne, C. H. Scholtz, E. J. Warrent, Dung beetles use the Milky Way for
orientation. Curr. Biol. 23,298-300 (2013).

18. U.Homberg, S. Heinze, K. Pfeiffer, M. Kinoshita, B. El Jundi, Central neural coding of sky polarization
in insects. Philos. Trans. R. Soc. B, Biol. Sci. 366, 680-687 (2011).

19. B.ElJundietal., Neural coding underlying the cue preference for celestial orientation. Proc. Natl.
Acad. Sci. U.S.A.112,11395-11400 (2015).

20. R.Wehner, M. Miiller, The significance of direct sunlight and polarized skylight in the ant's celestial
system of navigation. Proc. Natl. Acad. Sci. U.S.A. 103, 1275-1279 (2006).

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2410908121#supplementary-materials

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31
32.
33.

34.

35.

36.

37.
38.
39.

40.

PNAS 2024 Vol. 121

K. Steck, Just follow your nose: Homing by olfactory cues in ants. Curr. Opin. Neurobiol. 22,
231-235(2012).

C.Biihimann, B. Hansson, M. Knaden, Path integration controls nest-plume following in desert
ants. Curr. Biol. 22, 645-649 (2012),10.1016/j.cub.2012.02.029.

A Wystrach, S. Schwarz, Ants use a predictive mechanism to compensate for passive displacements
by wind. Curr. Biol. 23, 1083-1085 (2013).

H. Wolf, R. Wehner, Pinpointing food sources: Olfactory and anemotactic orientation in desert ants,
Cataglyphis fortis. J. Exp. Biol. 203, 857-868 (2000).

C.Buehlmann, B.S. Hannson, M. Knaden, Desert ants learn vibration and magnetic landmarks.
PLoS ONE7,33117(2012).

P.N. Fleischmann, R. Grob, V. L. Miller, R. Wehner, W. Rossler, The geomagnetic field is a compass
cue in Cataglyphis ant navigation. Curr. Biol. 28,1-5(2018).

J. Seelig, V. Jayaraman, Neural dynamics for landmark orientation and angular path integration.
Nature 521, 186-191(2015).

R. Wehner, M. Miiller, Does interocular transfer occur in visual navigation by ants? Nature 315,
228-229(1985).

J. L. WoodgateC. PerIT. S. Collett, The routes of one-eyed ants suggest a revised model of normal
route following. J. Exp. Biol. 224, jeb242167 (2021).

S.Schwarz, A. Narendra, J. Zeil, The properties of the visual system in the Australian desert ant
Melophorus bagoti. Arthropod. Struct. Dev. 40, 128-134 (2011).

M. Knaden, R. Wehner, Ant navigation: Resetting the path integrator. J. Exp. Biol. 209, 26-31
(2005).

A.Wystrach, S. Schwarz, A. Baniel, K. Cheng, Backtracking behaviour in lost ants: An additional
strategy in their navigational toolkit. Proc. R. Soc. B, Biol. Sci. 280,20131677 (2013).

A.S. Mauss, A. Borst, Optic flow-based course control in insects. Curr. Opin. Neurobiol. 60, 21-27
(2020).

0. Dauzere-Peres, A. Wystrach, Ants integrate proprioception, visual context and efference copies to
make robust predictions. bioRxiv [Preprint] (2023). https://doi.org/10.1101/2023.03.29.534571
(Accessed 30 March 2023).

L. Clement, S. Schwarz, A. Wystrach, An intrinsic oscillator underlies visual navigation in ants.

Curr. Biol. 33,411-422 (2023).

P.N. Fleischmann, M. Christian, V. L. Miiller, W. Rossler, R. Wehner, Ontogeny of learning walks
and the acquisition of landmark information in desert ants, Cataglyphis fortis. J. Exp. Biol. 219,
3137-3145(2016).

P.N. Fleischmann, R. Grob, R. Wehner, W. Réssler, Species-specific differences in the fine structure of
learning walk elements in Cataglyphis ants. J. Exp. Biol. 220, 2426-2435(2017).

A.Wystrach, A. Philippides, A. Aurejac, P. Graham, Visual scanning behaviours and their role in the
navigation of the Australian desert ant Melophorus bagoti. J. Comp. Physiol. A 200, 615-626 (2014).
J. Zeil, P.N. Fleischmann, The learing walks of ants (Hymenoptera: Formicidae). Myrmecol. News
29,93-110(2019).

L. Haalck et al., CATER: Combined animal tracking and environment reconstruction. Sci. Adv. 9,
eadg2094 (2023).

No. 48 2410908121

41.
42.
43.

44.

45.
46.
47.
48.
49.
50.

51,

52.
53.
54.
55.
56.
57.

58.
. L. Haalck, M. Mangan, B. Webb, B. Risse, Towards image-based animal tracking in natural

60.

A.S.D. Fernandes, A. Philippides, T. S. Collett, B. Webb, Acquisition and expression of memories of
distance and direction in navigating wood ants. J. Exp. Biol. 218, 3580-3588 (2015).

S. Bolek, M. Wittlinger, H. Wolf, Establishing food site vectors in desert ants. J. Exp. Biol. 215,
653-656(2012).

S.Schwarz, L. Clement, E. Gkanias, A. Wystrach, How do backward-walking ants (Cataglyphis velox)
cope with navigational uncertainty? Anim. Behav. 164, 133-142 (2020).

C.A. Freas, M. L. Spetch, Terrestrial cue leaming and retention during the outbound and inbound
foraging trip in the desert ant, Cataglyphis velox. J. Comp. Physiol. A 205, 177-189 (2019),
10.1007/500359-00019-01316-00356.

S. Schwarz, A. Wystrach, K. Cheng, Ants' navigation in an unfamiliar environment s influenced by
their experience of a familiar route. Sci. Rep. 7,14161(2017).

T.Murray et al., The role of attractive and repellent scene memories in ant homing (Myrmecia croslandi).
J. Exp. Biol. 223, jeb210021 (2020).

C.A. FreasK. Cheng, Landmark learning, cue conflict, and outbound view sequence in navigating
desertants. J. Exp. Psychol.: Anim. Learn. Cogn. 44, 409-421(2018).

A.D. Giger, M. V. Srinivasan, Honeybee vision: Analysis of orientation and colour in the lateral,
dorsal and ventral fields of view. J. Exp. Biol. 200, 1271-1280 (1997).

J. Habenstein, E. Amini, C. Griibel, B. El Jundi, W. Réssler, The brain of Cataglyphis ants: Neuronal
organization and visual projections. J. Comp. Neurol. 528, 3479-3506 (2020).

B.Webb, A. Wystrach, Neural mechanisms of insect navigation. Curr. Opin. Insect Sci. 15, 27-39
(2016).

J.F.Kamhi, A. B. Barron, A. Narendra, Vertical lobes of the mushroom bodies are essential for view-
based navigation in Australian Myrmecia ants. Curr. Biol. 30, 3432-3437.e3 (2020), 10.1016/j.
cub.2020.06.030.

C. Buehlmann et al., Mushroom bodies are required for learned visual navigation, but not for innate
visual behavior, in ants. Curr. Biol. 30, 3438-3443.e2 (2020), 10.1016/j.cub.2020.07.013.

S. Sommer, C. Beeren von, R. Wehner, Multiroute memories in desert ants. Proc. Natl. Acad. Sci. U.S.A.
105,317-322 (2008).

P.Ardin, F. Peng, M. Mangan, K. Lagogiannis, B. Webb, Using an insect mushroom body circuit to
encode route memory in complex natural environments. PLoS Comput. Biol. 12, €1004683 (2016).
F. Le Mdel, A. Wystrach, Opponent processes in visual memories: A model of attraction and
repulsion in navigating insects' mushroom bodies. PLoS Comput. Biol. 16, ¢1007631(2020).

X. Cerda, Behavioural and physiological traits to thermal stress tolerance in two Spanish desert ants.
Etologia 9,15-27 (2001).

M. Mangan, B. Webb, Spontaneous formation of multiple routes in individual desert ants
(Cataglyphis velox). Behav. Ecol. 23, 944-954(2012).

E. Batschelet, Circular Statistics in Biology (Academic Press, London, UK/ New York, NY, 1981).

environments using a freely moving camera. J. Neurosci. Methods 330, 108455 (2020).

B. Risse, M. Mangan, L. Del Pero, B. Webb, “Visual tracking of small animals in cluttered natural
environments using a freely moving camera” in 2017 IEEE International Conference on Computer
Vision Workshops (ICCVW)(2017), pp. 2840-2849.

https://doi.org/10.1073/pnas.2410908121

90of 9


https://doi.org/10.1016/j.cub.2012.02.029
https://doi.org/10.1101/2023.03.29.534571
https://doi.org/10.1007/s00359-00019-01316-00356
https://doi.org/10.1016/j.cub.2020.06.030
https://doi.org/10.1016/j.cub.2020.06.030
https://doi.org/10.1016/j.cub.2020.07.013

	Compensation to visual impairments and behavioral plasticity in navigating ants
	Significance
	Results and Discussion
	One-Eye-Capping Disrupts Learned Route-Following.
	Eye-Capped Ants Spontaneously Recover Their Route-Following Behavior.
	Eye-Capped Ants Show a Persistent Lateralized Sensory-Motor Defect.
	Eye-Capped Ants Compensate by Reengaging in a New Route Ontogeny.
	Ants Learn Binocular Visual Memories.
	Eye-Cap Ants Do Not Forget Past Binocular Memories.

	Conclusion
	Material and Methods
	General Experimental Set-Up and Protocol.
	Trajectory Recording and analyses.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 24



