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Abstract Desert ants, Cataglyphis fortis, perform large-
scale foraging trips in their featureless habitat using path
integration as their main navigation tool. To determine
their walking direction they use primarily celestial cues,
the sky’s polarization pattern and the sun position. To
examine the relative importance of these two celestial
cues, we performed cue conflict experiments. We manip-
ulated the polarization pattern experienced by the ants
during their outbound foraging excursions, reducing it
to a single electric field (e-)vector direction with a linear
polarization filter. The simultaneous view of the sun cre-
ated situations in which the directional information of the
sun and the polarization compass disagreed. The heading
directions of the homebound runs recorded on a test field
with full view of the natural sky demonstrate that none
of both compasses completely dominated over the other.
Rather the ants seemed to compute an intermediate hom-
ing direction to which both compass systems contributed
roughly equally. Direct sunlight and polarized light are
detected in different regions of the ant’s compound eye,
suggesting two separate pathways for obtaining directional
information. In the experimental paradigm applied here,
these two pathways seem to feed into the path integrator
with similar weights.
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Introduction

While foraging in their featureless natural habitat desert
ants, Cataglyphis fortis, permanently compute and update
positional information by means of path integration. This
enables them to return to their inconspicuous nest entrance
on the shortest way possible (Miiller and Wehner 1988;
Wehner and Srinivasan 2003). To compute the so-called
home vector, which reflects the actual position relative to
the starting point, i.e. the nest, they continually monitor the
walking distances and the corresponding steering angles.
In sophisticated experiments, Wittlinger and colleagues
demonstrated that C. fortis ants determine the walking
distance by counting the steps, with a stride integrator
(Wittlinger et al. 2006, 2007). The second necessary infor-
mation, about walking direction, is primarily derived from
the celestial pattern of polarized light (via a POL compass)
and the position of the sun (the sun compass). Under cer-
tain conditions, ants can also infer the walking direction,
though less precisely, from the spectral gradient of the
sky or even from wind blowing from a constant direction
(Wehner 1994, 1997, 2003; Wehner and Miiller 2006; Miiller
and Wehner 2007).

A sun compass is used by many species across the ani-
mal kingdom (insects, birds, mammals). Already in 1911,
Felix Santschi showed in his famous mirror experiments
that desert ants indeed use the sun as a compass reference.
Ants changed their walking direction in a predictable way
when a mirrored sun was presented at another point in the
sky while view of the natural sun was occluded (Santschi
1911). Thus, a sun compass provides information about
the walking direction with respect to the azimuth position
of the sun. Several experiments have shown that bees and
ants do compensate for the sun’s daily movement rela-
tive to the earth coordinates (Lindauer 1959; Wehner and
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Miiller 1993; Dyer and Dickinson 1994; Dovey et al. 2013;
Kemfort and Towne 2013). During its westward movement,
the sun’s elevation also changes, however the sun’s altitude
does not seem to provide directional information (Duelli
and Wehner 1973).

Like many other insects (e.g. bees, crickets, locusts),
desert ants can perceive polarized light and use this cue to
navigate (Rossel and Wehner 1986; Wehner 1994; Wehner
and Labhart 2006). The scattered polarized sunlight creates
a characteristic e-vector pattern across the entire hemisphere
(Wehner 1994, 2003). The e-vectors of the polarized light
are arranged as concentric circles around the sun and change
their orientation according to the sun’s elevation (Fig. 1c).
From an ant’s perspective, the sun’s movement leads to a
systematically changing e-vector pattern throughout the day,
except for e-vectors along the solar meridian which main-
tain a horizontal or orthogonal orientation independent of
the elevation of the sun. The detection of polarized light is
restricted to specialized ommatidia located in the upper part
of their compound eyes, the dorsal rim area (DRA) (Fent
1986; Labhart and Meyer 1999). To decode the compass
information of the complex and constantly changing POL
pattern of the natural sky, bees and ants rely on an internal
template, a simplified matrix of the sky’s polarization pattern
(Rossel and Wehner 1982; Fent 1986; Wehner 1994, 2003).

The multitude of directional information (sun position,
POL pattern, spectral gradient, wind) has to be evaluated
and weighted to avoid ambiguities for the computation of a
specific unequivocal homing course. One possibility to deal
with this problem would be that the integration of informa-
tion will be adjusted depending on its relative reliability for
the actual navigation task, possibly suggesting a Bayesian
type of cue integration (for reviews see Deneve and Pouget
2004; Cheng et al. 2007; Collett 2012). However, another
way would be a strict hierarchy, i.e. the exclusive domi-
nance of one compass cue, whereas the information given
by other cues is discarded; only in case that the dominant
cue is not available the information of the “back-up cues”
would be considered. Cue conflict experiments offer a
straightforward approach to investigate the interaction of
different compass cues.

First insights into the integration of POL and sun com-
pass information were obtained in an experimental para-
digm that restricted the ants’ view of the celestial POL
pattern. This manipulation led to systematic navigational
errors that persisted even if the sun was visible, which
allows accurate navigation if presented alone (Wehner and
Miiller 2006). The authors concluded that in desert ant nav-
igation the POL compass dominates the sun compass (for a
similar conclusion see also Duelli and Wehner 1973).

Recent experiments showed that ants navigate accu-
rately even under a very restricted, uniform POL pattern
generated by a linear polarizing filter (POL filter) while
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Fig. 1 a Scheme of the training situation with a parallel orientation
of the POL filter. The grey arrow gives the training direction imposed
by the channel; the angle between the grey arrow and the stippled line
indicates the nest direction relative to the sun azimuth, while the POL
filter indicates a nest direction at a right angle to the sun azimuth.
b On the test field with full view of the sky, the ant has two extreme
options for its homing direction: based on the POL compass it would
take a direction perpendicular to the sun meridian (blue double
arrow); based on the sun compass it can determine the unequivocal
nest direction (orange arrow), or it can adhere to a combination of
the two cues. If the ant relies on the POL information, its homing
direction will change, depending on the time of the day (and the cor-
responding position of the e-vector direction on the sky correspond-
ing to the internal template). The yellow circles in a, b depict the sun.
¢ The natural hemisphere with the polarized scattered sunlight
arranged in concentric circles around the sun (black bars indicate
e-vector orientation, yellow circle represents the sun at an elevation of
L = 6° above horizon; modified from (Fent 1986))

the view of the sun was occluded. If, for example, ants are
trained under a POL filter that was oriented orthogonally to
the ants’ walking direction this e-vector orientation mimics
a walking direction along the solar meridian. On the test
field, with full view of the sky, ants indeed chose homing
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directions along the solar meridian (Lebhardt et al. 2012).
In the present experiments, this uniform POL pattern now
was used to provide POL compass information that could
be decoupled from the actual position of the sun. Applying
this paradigm allowed us to create an artificial situation set-
ting sun and POL compass information in direct conflict,
to reveal the computation and the interaction of these two
major compass cues.

Materials and methods
Training and test procedure

The experiments were performed on the desert ant species
C. fortis (Forel 1902) and took place in their natural habi-
tat, a salt pan near Menzel Chaker (34°57’ N, 10°24’ E) in
Tunisia during the summer in 2012. Ants were trained to
walk to a feeder through an aluminium channel covered
with a polarization filter transparency (POL filter). After
arriving at the feeder, filled with biscuit crumbs, the ants
were caught one at a time and transferred to a distant test
field. This test field was painted as a grid (20 x 20 m, mesh
width 1 m) on the flat desert floor. The test field and the
surroundings were devoid of any landmarks. Immediately
after training, an ant was released in the centre of the test
grid with a crumb of biscuit and its heading direction was
recorded (until the ant switched to search loops as indicated
by the typical U-turn). The exact number of training vis-
its at the feeder was not recorded, but as the ants shuttled
continuously between the nest and the feeder, most of the
tested ants had covered the training distance several times.
In addition, previous experiments showed that desert ants
always perform their homebound run relying on the most
recent outbound run (Wehner et al. 2002). Different nests
were used for each experimental set-up and test condition.
The training channels were U-shaped with 7 cm height and
width (for details see Grah et al. 2005) and 7.5 m long.
Fine sand glued on the bottom of the channel ensured a
good walking grip. The side walls were coloured matt grey
to eliminate reflection and in addition the upper parts were
covered with adhesive tape to prevent the ants from climb-
ing out of the channel. The visual panorama inside the
channel provided no landmarks and minimal optic flow. A
plastic enclosure around the nest entrance guided the ants
directly into the channel. From the nest entrance until the
beginning of the POL filter sheet the ants had free view of
the sky for about a distance of 15-20 cm.

Manipulation of compass cues

The use of a POL transparency (HN38 Polarisations-
folie linear, 0.3 mm; Fa. ITOS GmBH, Mainz, Germany)

allowed us to manipulate the POL information experienced
by the ants during training. The POL transparency provided
linear polarized light, also in the UV range, the wavelength
range in which ants perceive polarized light (for transmis-
sion curve of the POL filter and further details see Hef
et al. 2009).

In the first paradigm, the ants experienced particularly
restricted POL information along the entire training dis-
tance, i.e. a 7.5 m long, approximately 60° broad overhead
stripe with a single e-vector orientation. Earlier experi-
ments have shown that this type of directional informa-
tion is sufficient to allow the ants to navigate accurately
(Lebhardt et al. 2012). However, in contrast to the earlier
experiments in the present paradigm the ants had also
visual access to the sun while walking under the POL fil-
ter. As a consequence, the training direction (Fig. la, grey
arrow) could be determined relative to two different refer-
ence directions, the sun azimuth and the POL filter orienta-
tion (here parallel to the walking direction). Hence, on the
open test field, two extreme homing directions are possible
(Fig. 1b): the orange arrow indicates the expected home
path according to the sun compass. Although ants are able
to compensate for the sun’s daily movement (Wehner and
Miiller 1993), this played a minor role in our experiments
since the ants were released immediately after training.
The blue arrow represents the POL compass direction (here
perpendicular to the solar meridian, in case of an e-vector
orientation parallel to the walking direction, as shown in
a). If the ants would rely exclusively on the POL cue, their
walking directions on the test field should follow the sun’s
azimuthal course.

To subject the ants to a cue conflict situation, it had to
be ensured that the channel was directly illuminated by the
sun for the entire training period and, therefore, guaran-
teed that the ants had direct view of the sun during their
outbound run. Thus, the time during which tests could be
performed depended on the particular orientation of the
training channel and was limited by the sun’s elevation
as the aluminium channels provided a maximum viewing
angle of 60°. We applied three different e-vector orienta-
tions of the POL filters relative to the walking direction
(orthogonal, parallel, oblique). For each e-vector orienta-
tion, we chose two particular training directions, so that
the discrepancy of the directional information between
the POL compass and the sun compass was maximal at
different times of the day and changed during the test
period: 270° or 360° (=0°= North) for the e-vector pat-
terns orthogonal or parallel to the walking direction, and
135° or 225° for an e-vector orientation oblique (45°) to the
walking direction. The actual nest directions were thus 90°,
180°, or 315° and 45°, respectively.

In a second series of experiments, we either changed
the walking direction with an unchanged POL pattern or
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changed the POL pattern while the actual walking direc-
tion remained constant (see also Lebhardt et al. 2012). In
the former case, we forced the ants to follow a 90° bend of
the channel system while the POL information mimicked
a straight walking direction. In the reciprocal experiment,
the ants experienced a 90° turn of the e-vector orientation
while walking in a straight channel. In both cases, they
experienced a sudden change of one cue relative to the
other.

Data evaluation and statistical analysis

For each homing ant, we determined its heading direc-
tion at 2, 3 and 4 m from the release point on the test
field. This measure provided a good representation of
the initially fairly straight walking directions of ants (see
Fig. 2j). We measured the deviation of the recorded hom-
ing directions from the expected POL compass direction
based on the experienced e-vector pattern during train-
ing and checked for a dependence on the angular distance
between POL compass and sun compass direction. In the
Figures, we plotted the 3 m data relative to the expected
POL direction and against the angular distance between
the POL compass and the sun compass direction. Evalu-
ation of the 2 and 4 m data yielded the same results and
conclusions. Since two homing directions are expected for
a single e-vector orientation caused by the symmetry of the
POL pattern, we referred each of our data sets always to
the more likely expected POL direction; i.e. the one with
the shorter angular distance to the recorded homing direc-
tion. We subsequently subjected our data to a linear regres-
sion analysis and performed a one-way ANCOVA as well
as adequate post hoc tests using the PAST software package
(version 2.17, http://folk.uio.no/ohammer/past; Hammer
et al. 2001).

Results

Interactions of sun and polarization compass
in the first cue conflict paradigm

During training, the ants had direct view of the sun while
at the same time experiencing an overhead stripe with a
single e-vector orientation. If an ant relies exclusively
on the POL cue it would navigate in a direction relative
to the sun azimuth in which it expects the experienced
POL information in the sky (Wehner 1997). For exam-
ple, trained with an e-vector orientation orthogonal to the
walking direction, the ant determines its homing direction
relative to the solar meridian, i.e. either towards the sun or
in the opposite direction (Lebhardt et al. 2012). Alterna-
tively, as the ant could also see the sun during the training,
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Fig. 2 Homing directions of individually tested ants after train- P

ing with a single e-vector orientation and direct view of the sun. The
symbols in the diagrams of the left and the middle columns depict the
recorded homing path of single ants at 3 m distance from the release
point at different times of the day; each symbol represents the head-
ing direction of an individual. The straight lines represent the actual
nest direction; the solid curves represent the solar azimuth and the
dashed curves the POL compass-based homing direction. The dia-
grams are scaled according to the earth coordinates (0° means North).
Solar noon was around 12:22 during the entire test period. The small
insets depict the training directions (compare grey arrow in Fig. la)
and the respective POL filter orientation. In the right column, the
data are plotted relative to the POL compass direction (ordinate) and
against the angular distance between the POL and sun compass direc-
tion (abscissa). The abscissa represents the POL compass direction
and the diagonal line corresponds to the sun compass direction. In
each diagram, a linear regression (stippled line) describes the distri-
butions of the data (c, f, i). a, b Linear regression analysis for each
channel orientation of the orthogonal e-vector situation separately:
anestin 90°: y = 0.37x + 0.85; R>=10.62, N = 89 and b nest in 180°:
y = 0.44x — 10.95; R?>=0.60, N =32, respectively; the slopes do not
deviate significantly from each other; one-way ANCOVA: p = 0.31.
d, e For the two training situations with parallel e-vector orientation
separately: d nest in 180°: y = 0.5x — 7.6, R> = 0.6, N = 35 and e nest
in 90°: y = 0.55x 4+ 1.34 and R*> = 0.82, N = 64 (one-way ANCOVA
for slope homogeneity: p = 0.46). g, h The training situations with
the oblique e-vector pattern lead to the linear regression functions:
g nest in 315°: y = 0.5x + 3.08, R?=0.7, N = 55 and h nest in 45°:
y = 0.43x — 6.27 and R?> = 0.56, N = 64 (the slopes do not deviate
significantly, one-way ANCOVA: p = 0.34). j Three examples of typi-
cal homing courses on the open test field. k Sample of three trajecto-
ries of ants exhibiting a zigzag homing path after training with parallel
e-vector orientation and a nest direction of 180° (R release point)

it could determine its walking direction on the basis of the
sun’s position during the outbound run. Relying on the
sun compass information only, the ant would be able to
head for the correct nest direction irrespective of the time
of the day; since the animals were released immediately
after training, they had not to compensate for the move-
ment of the sun.

Our experimental paradigm now challenged the ant’s
navigational system with a conflict situation where the
two homing directions, according to POL and sun com-
pass, pointed in different directions and deviated from each
other to varying degrees, depending on the time of the day
(see Fig. 1). In Fig. 2a, b, the heading directions of the ants
tested at different times of the day are plotted according to
the earth coordinates (0° corresponds to North). The shift
of the solar azimuth during the day is shown as a solid red
curve, whereas the dashed line represents the “antisun”
azimuth. The expected heading directions according to the
POL compass based on the orthogonal e-vector orienta-
tion experienced during training correspond to the solar or
antisolar direction, and, therefore, should align on the red
solid or the stippled curve. The horizontal straight lines (at
90° in Fig. 2a, and at 180° in Fig. 2b) depict the “correct”
nest direction, i.e. the expected direction derived from the
sun compass. As evident in both graphs (Fig. 2a, b), after
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Fig. 3 Comparison of heading directions relative to the POL com-
pass direction in the cue conflict experiments (a), where the POL and
the sun compass compete with each other and (b) control experiments

training with contradictory sun and POL compass informa-
tion the ants did not adhere to the expected homing direc-
tions according to either cue. Rather, most ants headed in
a compromise direction between the two “pure” compass
directions. Remarkably, in Fig. 2a, the preferred direction
according to the POL information changed around noon,
from solar to antisolar (solar noon was around 12:22 during
the entire test period). This change was not evident with the
other training direction (Fig. 2b).

Our previous work has shown that the artificial POL pat-
tern, a single e-vector orientation imposed by a POL filter,
allows a solid prediction of and does not affect the accuracy
of the homing direction (Lebhardt et al. 2012). Thus, the
impact of the sun compass on the experiments described
here can be quantified by how far the ants’ heading direc-
tion deviate from the POL direction, which the ants select
when relying exclusively on the experienced e-vector ori-
entation. Hence, to quantify this “intermediate” homing
direction, we plotted an ants’ heading direction against
the angular distance between the POL compass and the
sun compass direction (Fig. 2c). The slope of the linear
regression function in Fig. 2c yields an estimate of the rela-
tive weights of both compass cues. The deviations of the
ants’ heading directions relative to the predicted POL com-
pass direction increased linearly with increased angular
distance between the POL compass and the sun compass
directions (the latter represented by the diagonal). The dis-
tribution of the ants’ heading directions can be described by
the linear regression function y = 0.4x — 2.24 (R2 = 0.60;
N = 121). The slope represents the mean deviation from
the POL compass direction (for the two channel orienta-
tions separately, nest in 90°: y = 0.37x + 0.85; R* = 0.62,
N = 89, Fig. 2a, and nest in 180°: y = 0.44x — 10.95;
R?>=0.60, N = 32, Fig. 2b, respectively; the slopes do not
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without direct view of the sun (Lebhardt et al. 2012). For further
description see Fig. 2

deviate significantly from each other; one-way ANCOVA:
p =0.31).

We repeated the experiment using two additional e-vector
orientations relative to the walking direction. In all situa-
tions, the ants behaved similarly and chose homing direc-
tions lying approximately half way between the expected
sun and POL compass direction (Fig. 2d, e, g, h). For the
parallel e-vector orientation (Fig. 2d-f), a linear regression
was calculated as y = 0.52x — 2.62 with a correlation coef-
ficient of R> = 0.75 (N = 99). The training situations with
the oblique e-vector pattern (Fig. 2g—i) yielded the linear
regression function y = 0.48x — 1.26 and a correlation
coefficient of R* = 0.64 (N = 119).

In all cue conflict situations presented here, the head-
ing directions scattered around a direction lying roughly
half way between the two “pure” compass directions with
a slope of approximately 0.5. The slopes of the six differ-
ent training situations are not significantly different (after
Bonferroni adjustment). The only significant difference we
found (p < 0.003), was between the slopes of the training
situations with an orthogonal e-vector pattern and the nest
in 90° (Fig. 2a) and a parallel e-vector orientation and the
nest in 90° (Fig. 2e).

In Fig. 3a all data of the experiment with POL filter
and direct view of the sun are combined (linear regres-
sion: y = 0.47x — 2.09, R? = 0.66, N = 339). This slope
is highly significantly different from both slopes of O or 1,
respectively (F test: p < 0.0001). For comparison, Fig. 3b
depicts the homing directions after training under a POL
filter but without direct view of the sun (see Lebhardt et al.
2012). In this experiment, the recorded heading directions
normalized to the POL compass direction scattered around
the abscissa, i.e. the heading directions showed only a small
deviation from the slope of zero expected according to the
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Fig.4 Ants’ heading directions in cue conflict experiments with a
directional change in either compass cue. The training situation is
depicted in the sketches on the left (POL filter and grey arrow indi-
cating the training direction). a Outcome of the experiment in a chan-
nel with a 90° bend and a constant e-vector pattern relative to the
walking direction; b dependence of the heading directions (N = 45)
normalized to the expected POL compass direction relative to the
angular distance between sun and POL compass direction (as in

POL compass (y = 0.05x — 6.05; R>=0.05;N= 162) and
were largely independent of the angular distance between
the two compass directions.

Manipulating the reliability of compass cues in a second
cue conflict paradigm

A second approach aimed at making one of the compass
cues less reliable. In the first paradigm, we trained ants
with a uniform e-vector pattern along the entire training
distance while they were actually forced to change direc-
tion by 90° (inset on the left of Fig. 4a). Thus, the ants
experienced a constant POL direction, but the sun com-
pass indicated a sudden change in the walking direction
inconsistent with the POL cue. An ant experienced first a
good agreement between the two compasses, which then
changed to an inconsistency, or vice versa. The recorded
homing directions show a very similar behaviour of hom-
ing ants as observed in the same situation within a straight
channel (compare Figs. 2a, 4a). The statistical analy-
sis revealed no difference between the two experimental
situations (Fig. 4b: y = 0.42x — 1.06, R>=0.73, N =45

POL-compass

Fig. 2¢). ¢, d Results of the experiment with a 90° turn of the POL
filter along a straight channel. The data (N = 53) are plotted with
respect to the most likely of all four POL compass directions, i.e. the
POL direction with the shortest angular distance to the data which
not necessarily is the one with the shortest angular distance to the
sun compass direction. Therefore, some heading directions are plot-
ted against an angular distance between the sun and the POL compass
direction larger than 45° (for further details, see Fig. 2)

compared to y = 0.4x — 2.24, R> = 0.6 in the straight chan-
nel; one-way ANCOVA: p = 0.684).

The reciprocal experiment with a change of the e-vector
pattern (90° turn of the e-vector orientation after half of
the training distance; see sketch on the left of Fig. 4c) in a
straight channel system is more difficult to interpret. Homing
directions based on a uniform e-vector pattern are ambigu-
ous due to the symmetry of the sky’s polarization pattern.
Therefore, the 90°-turn of the POL filter orientation along
the channel leads to a quadrimodal distribution of potential
homing directions (for details of the argument see Lebhardt
et al. 2012). Because of these four resulting POL compass
directions very large conflicts between the POL compass
and the sun compass direction cannot be achieved, the maxi-
mum theoretical angular distance is 45°. The results can
again be described by a linear regression y = 0.51x — 3.08
(R* = 0.56, N = 53, Fig. 4d). A comparison of the slopes
between this combined e-vector pattern with either uniform
orthogonal or uniform parallel e-vector pattern revealed
no significant difference (p = 0.045, one-way ANCOVA,
with Dunnett’s multiple comparisons test: p = 0.133 and
p = 0.998, respectively). Taken together, the results confirm
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the outcome of the experiments described in Fig. 2, indi-
cating an equal contribution of the two compass systems,
even if one of the two compasses was evidently unreliable,
exhibiting a sudden change along a linear training excursion.
Wystrach et al. (2013) report a backtracking behaviour in
ants: zero vector ants that have been displaced chose a direc-
tion opposite to the path segment that they had most recently
travelled. However, in the experiment shown in Fig. 4c, there
was no indication that the more recent compass direction had
a stronger influence on the homing direction.

Discussion

The azimuthal position of the sun and the sky’s pattern
of polarized light provide the most prominent compass
information in insects’ path integration. In nature, these
directional cues are physically tightly associated. In the
experiments reported here, ants were confronted with con-
tradictory compass information, i.e. a single e-vector pat-
tern disconnected from the actual position of the sun. In
this artificial situation, the ants determined their home-
ward direction as an intermediate course, instead of relying
exclusively on either the sun or the POL cue (Figs. 2, 3).
The results of this cue conflict experiment indicated a
roughly equal contribution of sun and POL compass in
the computation of the home vector. Thus, the previously
suggested dominance of the POL compass over the sun
compass (Duelli and Wehner 1973; Wehner and Miiller
2006) was not observed in the present experimental para-
digm. The strong influence of the sun compass in the cue
conflict experiments presented here becomes evident when
we compare Fig. 3a, b. This kind of interaction between
sun and POL compass in desert ants’ path integration was
retained even if one of the compass cues presented was
obviously less reliable, by indicating a sudden change in
direction, relative to the other (Fig. 4).

There is, however, one important difference to the exper-
imental set-up used by Wehner and Miiller (2006). In their
training situation, the ants could see a broad stripe of the
celestial POL pattern, that is, an extended field combining
many different e-vector directions. In contrast, in the pre-
sent experiments, the ants saw a stripe with only a single
e-vector orientation. This latter situation may have weak-
ened the POL channel input and thereby strengthened the
relative input of the sun compass to the path integration
module. Interestingly, in bees and myrmicine ants, the sun
appears to have a larger impact as compared to the POL
pattern than in formicine ants like Cataglyphis (see p 50 in
Duelli and Wehner 1973; p 445 in von Frisch 1965).

According to the symmetry and the resulting 180° ambi-
guity of POL information (Wehner 1994), in principle, the
ants could choose between two possible POL compass
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directions, e.g. solar meridian or antisolar meridian in case
of training with the orthogonal e-vector. When combined
with the sun compass direction in the cue conflict situation
this leads to four potential “intermediate” homing direc-
tions. But actually almost all of the tested ants exhibited
a strong preference for homing courses calculated on the
basis of the sun compass, indicating the actual nest direc-
tion, and the expected POL compass direction with the
shortest angular distance (Fig. 2). Quite clearly, the ambigu-
ity of the uniform e-vector pattern was reduced by the addi-
tional information from the sun’s position, and possibly also
the spectral composition of light in different parts of the sky.

The data were well described by linear regressions,
and the slopes ranging from 0.37 to 0.55 indicate similar
weights of sun and POL compass. There was only one
significant difference between slopes in the experiments
with uniform orthogonal and parallel e-vectors orientation
(Fig. 2a, e) which indicated a slight dominance of the POL
compass when presented as an orthogonal e-vector pattern.
This can be explained tentatively by the relative presence of
orthogonal and parallel e-vectors in the entire POL pattern
of the natural sky. Hence, a larger proportion of orthogonal
e-vectors in the sky might have influenced the weighting in
favour of the POL compass, leading to a decreased slope.

Note that the reported intermediate homing direction
represents the homing courses of individual ants (high-
lighted by arrows in Fig. 2a, e) and is not the result of
calculating averages over individuals which might have
adhered to either one or the other of both compass cues.
Thus individual ants computed the homing directions as an
average of the directions resulting from the POL compass
and the sun compass.

The homing paths were mainly performed as unitary,
straight walks suggesting a direct comparison of the infor-
mation provided by both compass systems. However, when
ants were confronted with a large conflict at noon, when
the sun is at high elevation and the sky’s POL pattern is
less reliable, some ants trained with a parallel e-vector
orientation and the nest direction in 180° walked in zig-
zags towards the fictive nest position in the open test field
(Fig. 2k). In all other training situations or daytimes, this
kind of behaviour was very rarely observed, i.e. the ants
behaved naturally and completed their homebound runs in
rather straight paths (Fig. 2j). A comparable zigzagging tra-
jectory was observed and reported previously by Fent, in
this case with an artificial parallel e-vector presented dur-
ing homing (Fent 1986).

The direct sunlight and the polarized scattered sunlight
are detected by different parts of the eye and are most
likely processed separately in further stages (Wehner and
Miiller 2006). The present results indicate a direct inter-
action of sun and POL compass information. Hence, the
hypothesis put forward by Wehner and Miiller (Wehner and
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Miiller 2006) that in desert ant’s path integration a com-
bined value of sun and POL compass information might
be determined which then can be recalled by either system
is supported. However, there exist several putative stages
along the projection onto the central complex at which
information from both compasses can be compared and
consolidated. For instance, Pfeiffer et al. described neurons
of the anterior optical tubercle of the locust brain (TuTul)
which responded to both specific e-vector orientations and
light spots of different wavelength at particular azimuth
positions (Pfeiffer et al. 2005; Pfeiffer and Homberg 2007).

There are several recent reports indicating integration
of different celestial and terrestrial directional cues which
can lead to compromise directions in case of conflicting
cues (e.g. Miiller and Wehner 2007; Reid et al. 2011;
Narendra et al. 2013; Kemfort and Towne 2013). However,
there are also counter examples indicating a strict hierar-
chy: in a conflict situation between celestial and idiothetic
cues, the latter were completely ignored (Lebhardt et al.
2012). Another example is the dominance of the POL com-
pass over the wind compass (Miiller and Wehner 2007).
In general, an intermediate direction calculated from two
conflicting compass cues, would appear to be adaptive as
it prevents individuals from choosing the wrong direction
(see Cheng et al. 2007). In case of a conflict between two
approximately evenly important directional cues, such as
the sun and the POL pattern, however, the ant cannot decide
which one is the more reliable. Thus, facing uncertainty, the
ant will more likely find the actual nest position if it takes
into account both reference directions with similar weights.
However, the described situation, a POL pattern extracted
from the sun providing inconsistent directional information
is extremely unlikely to occur in nature. It could tentatively
be caused by a huge tree covering large parts of the sky,
even though such kind of shielding structures rarely exist in
the C. fortis habitat.

Apart from the two main celestial cues we considered
here, there are additional cues providing directional infor-
mation, wind direction, spectral composition of skylight,
light intensity distribution, landmark panoramas, and possi-
bly even magnetic cues (Wehner 1997; Miiller and Wehner
2007; Buehlmann et al. 2012; Narendra et al. 2013), which
implies that the animal could in principle be challenged by
a diversity of conflicting directional information. Probably
a mean direction is calculated when two cues are equally
reliable.
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