










also essential (dead arthropods: Buehlmann et al., 2014; aphids:
Nault et al., 1976; Lohman et al., 2006; Verheggen et al., 2012).
Here, we showed that ants utilised these ecologically relevant
sensory modalities to more accurately approach a learnt feeder when
multiple cues were available (Fig. 5A) and in general we saw cues

acting additively in determining the ants’ path accuracy. This
demonstration of more efficient paths when multiple cues are
available adds to the weight of evidence on the value of multimodal
information in a range of behaviours. Multimodal integration has
already been shown to enhance performance in perception (van
Swinderen and Greenspan, 2003; Goyret et al., 2007; Chow and
Frye, 2008; van Breugel and Dickinson, 2014) and learning (Rowe,
2002; Guo and Guo, 2005; Reinhard et al., 2006; Steck et al., 2011)
in insects.

We know from fruit flies and other flying insects that visual
feedback is needed for stabilizing an upwind flight (Reiser et al.,
2004; Budick et al., 2007); thus, plume tracking is enhanced in the
presence of visual cues (Fadamiro et al., 1998; Frye et al., 2003)
where the cross-modal interaction works because attractive odours
enhance the gain of optomotor responses during flight (Chow and
Frye, 2008) and with more precise flight, it is easier to track spatial
odour gradients (Duistermars and Frye, 2010; Stewart et al., 2010).
In a potential similarity, we observed that the use of different cues
impacts on the ants’ movement patterns (Fig. 5B–D). Across all
conditions, experienced ants that accurately approached the learnt
feeder always walked slower and straighter than naive ants on their
first time experiencing the cues (Fig. 4). This suggests that a lower
walking speed is useful for accurate navigation. Indeed, we have
seen in a previous study with Cataglyphis fortis desert ants that low
walking speeds correlate with the learning and use of sensory
information (Buehlmann et al., 2018). More detailed path analysis
further revealed that navigating wood ants had more sinuous paths
with more turns when they followed the odour plume but did not
have any visual information available (see OA in Fig. 5B,C) and
adding a visual cue to the odour information positively impacted on
plume following (see OA versus VOACentre in Fig. 5B,C) similar to
flies (Duistermars and Frye, 2010; Stewart et al., 2010).

Further similarities with flying insects can be highlighted from
the conflict tests, where odour and airflow were displaced relative to
the visual cue (Fig. 6). When airflow alone was displaced (Fig. 6C),
the change of direction happened later along the route than for
airflow and odour (Fig. 6A,B), suggesting that the spatial scale over
which the airflow can be detected is smaller than for the odour
plume. We have learnt from studies in mosquitoes how cues can
integrate in a sequential manner. Mosquitoes have developed an
elegant mechanism to respond to the multiple cues that indicate a
host. The detection of carbon dioxide activates a strong attraction to
visual cues which allows mosquitoes to approach a host and then,
when closer to the target, they detect thermal cues to pinpoint the
host accurately (van Breugel et al., 2015). Hence, different cues can
act at different spatial scales.
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Fig. 5. Path characteristics of ants using different cues for navigation.
(A) Proportion of accurate ants for the six different experimental conditions.
Accuracy is defined as the proportion of ants that approached the feeder
±10 deg in at least 2/3 of their training trials. VOAEdge: 24 out of 34 ants,
VOACentre: 88 out of 128 ants, VA: 56 out of 100 ants, OA: 32 out of 62 ants,
V: 25 out of 60 ants, A: 5 out of 32 ants. (B) Number of turns for the different
training conditions for the first and second part of the route to the feeder.
Data are plotted as medians with error bars showing the 25th and 75th
percentiles. The different training conditions are shown in the key. Lowercase
letters indicate significant differences (P<0.05) between the different cue
combinations (Kruskal–Wallis with Dunn’s multiple comparison tests).
Groups with the same letters are not significantly different. Ants trained with the
airflow (A) are not included in the statistics because of the low sample size.
VOAEdge: n=24 ants, VOACentre: n=88 ants, VA: n=56 ants, OA: n=32 ants,
V: n=25 ants, A: n=5 ants. (C) The same as B but for path straightness.
(D) The same as B but for walking speed.
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Is apparent cue binding a cognitive process or can it be
explained by sensori-motor motifs?
In the experiments presented here, we challenged ants to learn a
feeder location defined by multimodal information. Previously, in a
similar experiment, desert ants learnt to use both olfactory and
visual cues to navigate back to their nest (Steck et al., 2011) and the
bimodal cues were first learnt independently but later stored as a
unit, i.e. the search accuracy decreased when either the visual or the
olfactory cue was presented alone (Steck et al., 2011). We asked
here whether this cue binding can be explained by the ants’ path
characteristics and whether some behavioural flexibility is retained.
We performed experiments where the feeder location was defined

by a visual cue (V), olfactory cue (O) and airflow (A) presented
together (VOA experiments). In the first experiment, the feeder was
located in the centre of the visual cue (VOACentre). These ants were no
longer able to accurately approach the feeder when either the visual
component or the olfactory component was removed; they also walked
more slowly and with less straight paths (Fig. 2). Hence, as previously
described (Steck et al., 2011), all the learnt cues were required for
accurate navigation. However, in our second experiment, ants had the
same set of cues (VOA) but the feeder was now located at the edge of
the visual cue (VOAEdge). Here, ants in tests with either the olfactory or
visual cue missing were not significantly less accurate (Fig. 3).
Interestingly, ants from the two groups (VOACentre and VOAEdge)
differed significantly in path straightness, turn frequency and walking
speed, even though they experienced the same set of cues (Fig. 5).
In summary, we can conclude that ‘binding’ is not a cognitive

inevitability in multimodal tasks, but depends on the sensori-motor
contingencies of the particular task. Furthermore, the interactions
between cues may be direct; for instance, when the removal of a
familiar cue to an experienced ant is deleterious for path efficiency.
Or those interactions could be indirect, such as the fine details of the
sensori-motor patterns during learning being important for the
ultimate performance of well-trained ants. Navigating to the edge of
a large visual cue is a simpler task than navigating to the centre
(Harris et al., 2007) and thus the rapid visual learning could also
increase the efficiency of olfactory learning.
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