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Abstract
Desert ants that forage solitarily continually update their position relative to the nest through path integration. This is 
accomplished by combining information from their celestial compass and pedometer. The path integration system can adapt 
when memories of previous inbound routes do not coincide with the outbound route, through vector calibration. Here, we 
test the speed and limit of vector calibration in the desert ant Melophorus bagoti by creating directional conflicts between 
the inbound and outbound routes (45°, 90°, 135°, 180°). The homeward vector appears to calibrate rapidly after training 
with shifts occurring after three foraging trips, yet the limit of the vector’s plasticity appears to be a maximum of 45°. At 
45° conflicts, the vector calibrates the full 45°, suggesting dominance of the previous inbound memories over the outbound 
cues of the current trip. Yet at larger directional conflicts, vector shifts after training diminish, with foragers in the 90° and 
135° conditions showing smaller intermediate shifts between the inbound memories and the current outbound vector. When 
the conflict is at its maximum (180°), foragers show no calibration, suggesting the outbound vector is dominant. Panorama 
exposure during training appears to aid foragers orienting to the true nest, but this also appears limited to about a 45° shift 
and does not improve with training.
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Introduction

Solitary foraging ants continually update their current posi-
tion relative to their nest, termed their vector, via path inte-
gration (Collett and Collett 2000b; Wehner 2003; Wehner 
2008). Path integration combines two mechanisms, which 
together create the vector (Wehner 1994; Wittlinger et al. 
2007). The first is a distance estimate, calculated primarily 
through a pedometer (Wittlinger et al. 2007). The second is 
a celestial compass and is dependent chiefly on the pattern of 
polarized light in the sky (Wehner 1994; Wehner and Mül-
ler 2006; Cheng and Freas 2015). Ants sense these celes-
tial cues through the dorsal rim area of their eyes, which is 

sensitive to UV light (Fent 1986; Labhart and Meyer 1999; 
Zeil et al. 2014; Narendra et al. 2016). Using path integra-
tion, foragers can return to the nest along the shortest route 
despite a meandering outbound search for food. Foragers 
retain memories of these vectors for subsequent foraging 
trips where outbound foragers at the nest can use the 180° 
mirror of the inbound vector to return to profitable spatial 
locations (Collett et al. 1999; Collett and Collett 2000b).

Path integration is susceptible to the accumulation of 
error, meaning that the vector will only direct a returning 
forager to the general area of the nest (Wehner and Wehner 
1986). This imprecision necessitates the use of corrective 
mechanisms to reach the exact nest location. These mecha-
nisms can include learned panorama cues when they are 
present (Collett 1992; Wehner et al. 1996; Narendra et al. 
2007b; Schultheiss et al. 2016; Freas et al. 2017b), system-
atic search (Wehner and Srinivasan 1981; Müller and Weh-
ner 1994; Wehner 2003; Narendra 2007; Schultheiss and 
Cheng 2011), olfactory cues (Buehlmann et al. 2015), and 
vector calibration (Collett et al. 1999; Wehner et al. 2002).

Vector calibration occurs when the outbound and inbound 
vectors do not coincide, resulting in a non-zero value when 
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the forager reaches the nest. The disagreement between the 
inbound and outbound vectors during previous foraging 
trips can cause foragers to alter their subsequent inbound 
and outbound route directions toward the vector memory of 
previous trips’ inbound routes (Collett et al. 1999; Collett 
and Collett 2000a; Wehner et al. 2002). In Cataglyphis for-
tis, a desert ant species navigating with few available visual 
panorama cues, foragers were shown to rapidly calibrate 
their vector directions in response to vector conflicts in the 
inbound and outbound route, shifting subsequent foraging 
directions to align with the previous trips’ inbound routes. 
Yet, vector calibration in this species did not result in full 
shifts to the inbound direction but instead suggested an 
intermediate direction between the two routes. These indi-
viduals were tested with directional conflicts under 90°, so 
that the extent of the vector’s directional calibration remains 
unknown (Collett et al. 1999; Wehner et al. 2002). Further-
more, the barren landscape C. fortis inhabits means it may 
only rely on systematic search to find the nest after displace-
ment off-route (Wehner et al. 2002). Therefore, it is currently 
unknown what role the availability of the visual panorama 
may play in vector calibration when the panorama aligns 
with the inbound vector of previous trips and conflicts with 
their current outbound vector.

Here, we study vector calibration in the Australian desert 
ant, Melophorus bagoti, which lives in a landmark rich envi-
ronment, and relies both on the surrounding panorama and 
path integration to navigate (Narendra et al. 2007a, b; Gra-
ham and Cheng 2009; Cheng et al. 2009; Legge et al. 2014). 
Only one study (Freas and Cheng 2017) has explored vector 
recalibration in M. bagoti and these experiments only tested 

foragers with no accumulated outbound vector with a 180° 
conflict, resulting in no observable vector calibration. In the 
current study, foragers were trained and tested by displacing 
individuals off their outbound foraging route by 45°, 90°, 
135°, or 180° on every successful foraging trip. Foragers 
were collected and tested on their first visit to a feeder before 
displacement training and then at regular training intervals, 
within an arena representing an unfamiliar, uniform skyline. 
This arena forced individuals to use celestial cues to orient, 
allowing us to examine the magnitude and speed of their 
vector calibration after displacement training. Additionally, 
we recorded forager headings at the displacement sites to 
explore how the added presence of the panorama may alter 
inbound headings of foragers with conflicting outbound and 
inbound vectors.

Methods

Field site and subjects

Experiments were conducted at a field site (Fig. 1) located 
10 km south of Alice Springs, Northern Territory, Australia 
(23°45′28.12″S, 133°52′59.77″E). The study site consists of 
semi-arid desert populated primarily with buffel grass (Cen-
thrus ciliaris), and scattered Eucalyptus trees and Acacia 
bushes (Muser et al. 2005). Experiments were conducted in 
February and March 2017, during the Australian summer. 
The current study focused on foragers of M. bagoti, a spe-
cies of desert ant, which acts as a diurnal scavenger and, 

Fig. 1   Overhead (Google 
Earth, 2016) image of the 
nest location and surround-
ing field site, located 10 
km south of Alice Springs, 
Northern Territory, Australia. 
Reference: Google Earth 
9.8.2017. Centre for Appro-
priate Technology Campus. 
23°45’29.68"S,133°53’00.31"E, 
elevation ~555m
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therefore, is active during the hottest parts of the day, col-
lecting dead insects (Wehner 1987; Christian and Morton 
1992).

Experimental set‑up

4  m from the nest entrance (Fig. s1a), a plastic feeder 
(15 × 15 × 9 cm) was dug into the ground (Figs. 2, Fig. s1b). 
The feeder was stocked with crushed cookie (Arnott™) 
pieces and cut-up pieces of mealworms. Foragers that fell 
into the feeder were unable to escape without being removed 
manually. A training corridor was erected around the nest 
and feeder using 10 cm tall plastic similar to the feeder walls. 
This corridor was 75 cm wide and 4.5 m in length. The lack 
of natural food within the corridor encouraged foragers to 
return to the feeder continuously for food. On the outer side 
of the corridor, a dirt ramp was erected, allowing one-way 
movement back to the nest entrance from the displacement 
sites (Fig. 2). All vegetation was cleared in a 4.3 m radius 
semi-circle around the nest entrance and four displacement 
sites, each 4 m from the nest entrance and 45°, 90°, 135° and 
180° clockwise from the feeder were marked using metal 
pegs (Fig. 2). 20–30 cm beyond the displacement sites, the 
ground remained uncleared and was populated with grass 
tussocks and brush. In the nest-feeder direction 15 m from 
the nest, we constructed a 1 m diameter, 60 cm high uniform 
arena. This arena was made out of black plastic and blocked 
the entire surrounding natural panorama, forcing foragers 

to orient using vector cues. Initial headings in this arena 
were recorded through direct observation, randomising the 
observer’s location with each release.

45° calibration tests

The 45° condition tested foragers with similar vector dis-
crepancies tested in C. fortis where paths differed by 55° 
(Wehner et al. 2002). On a forager’s first trip to the feeder, 
it was collected and individually marked by placing a small 
amount of acrylic paint (Tamiya™) on the abdomen. It was 
then allowed to gather a piece of food. Foragers were col-
lected from the feeder using a darkened plastic vial and 
transferred to the uniform arena. Within the testing arena 
foragers were released onto a wooden board with a goni-
ometer drawn on the surface. The goniometer consisted of 
a 60 cm diameter circle divided into 15° wedges, and initial 
headings of individual foragers were measured by recording 
the sector number of forager crossings at 30 cm. After arena 
testing, foragers were re-collected in the darkened vial and 
transferred to the displacement site 45° off-route from the 
nest-feeder route (Fig. 2; Fig. s1c). At the displacement site, 
foragers were released and tested at the site on an identical 
goniometer, and after running off this goniometer, forag-
ers were allowed to return to the nest naturally. On each 
subsequent return trip to the feeder, foragers were displaced 
in a darkened vial to the 45° displacement site (Fig. 1) 
and allowed to return home, resulting in every successful 

Fig. 2    Diagrams of the dis-
placement training set-up. a 
Diagram showing the outbound 
and inbound route distances and 
angles. b Diagram of the train-
ing corridor and the surround-
ing area which was cleared of 
natural brush in a ~ 5 m radius 
semi-circle around the nest
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foraging trip having distinct and conflicting outbound and 
inbound routes. After 3, 5, and 10 trips with this setup, for-
agers were again tested within the uniform arena before dis-
placement, and after 10 trips foragers were also tested on the 
goniometer at the displacement site.

90°, 135°, and 180° calibration tests

Identical to the previous, 45° condition, on Trip 1 forag-
ers were marked and tested on the goniometer within the 
uniform arena before training and then randomly assigned 
one of three displacement sites (90°, 135°, and 180°) off the 
homeward route (Fig. 2; Fig. s1d–f). After the 3rd, 5th, 10th, 
15th, 20th, and 25th displacements, foragers were tested 
within the uniform arena before displacement and after the 
10th and 25th trips foragers were tested at the displacement 
site. All individuals completed at least 10 training trips. As 
a forager may only make a few training trips a day and mean 
life span above ground is 4.9 days (Muser et al. 2005), we 
experienced forager attrition over the longer training regi-
mens (25th trip survivorship 90°, 46.9%; 135°, 56.3%; 180°, 
78.1%).

Statistical analysis

Data were analyzed with circular statistics (Batschelet 1981; 
Zar 1998) with Oriana Version 4 (Kovach Computing Ser-
vices, UK). Rayleigh’s Tests were used to determine if data 
met the conditions of a uniform distribution (p > 0.05). V 
tests, with alpha set at p = 0.05, and the mean vector’s 95% 
confidence interval (95% CI) were used to determine if ini-
tial orientations were oriented to the outbound or inbound 
vector direction. Paired Watson and Wheeler F tests were 
used to compare mean vectors between pre-training orien-
tations and each testing condition. To test if the observed 
shifts were compromise directions or complete shifts to the 
inbound vector, we rotated the pre-training orientations by 
condition, + 45° + 90° + 135° or + 180° and compared these 
orientations to the post training testing conditions using 
paired Watson and Wheeler F tests. We used the Holm-
Bonferroni sequential method (Holm 1979) to correct for 
multiple paired Watson and Wheeler F tests. In the 180° 
condition, calibration could result in individual directional 
shifts in either direction. These changes may not be detect-
able when comparing mean vectors but could manifest as 
increases in variance. We compared these variance levels 
between the pre and post training conditions in the 180° 
condition using a Var test (Wystrach et al. 2014). In the Var 
test, absolute differences from the mean vector were calcu-
lated for both the pre and post training conditions and then 
compared using a two-tailed non-parametric Wilcoxon rank 
sum test.

Results

Pre‑training arena tests

Initial orientations of pre-training foragers tested within the 
uniform arena were significantly non-uniform and directed 
to the accumulated outbound vector at 0° in all conditions 
(Table 1; Figs. 2a, 3a, h, o).

45° arena tests

In the 45° displacement testing in the uniform arena, 
foragers remained oriented across all conditions 
(Table 1). After three displacements, forager’s orienta-
tions shifted significantly away from the outbound vector 
(mean ± s.e.m = 21.97 ± 14.06°; Tables 1, 2; Fig. 3b) and 
represented a compromise direction between the current 
outbound trip and previous inbound trips (Table 2). After 
five trips, forager’s orientations had shifted away from the 
pre-training vector (mean ± s.e.m = 38.88 ± 10.51°; Table 2; 
Fig. 3c). This shift was complete to the inbound vector 
direction (Table 2). This pattern continued with arena test-
ing after 10 displacements (mean ± s.e.m = 48.76 ± 6.43°; 
Table 1; Fig. 3d) as orientations were shifted significantly 
away from the outbound vector and toward the inbound vec-
tor (Table 2).

90° and 135° arena tests

During the 90° and 135° displacement testing in the uni-
form arena, after three displacements forager orienta-
tions were shifted away from the pre-training headings 
(Tables 1, 2; Fig. 4b, i) in the direction of the inbound 
route (mean ± s.e.m, 90° θ = 15.10 ± 12.32° and 135° 
θ = 16.55 ± 12.52°, respectively). These shifts were incom-
plete, as each condition’s mean vector significantly differed 
from both the outbound and inbound vector route (Table 2). 
This trend continued in subsequent tests. After 5, 10, 15, 20, 
and 25 trips in the 90° and 135° displacement conditions, 
forager orientation was shifted significantly way from the 
outbound route (Tables 1, 2; Fig. 4c–g, j–n). These shifts 
remained incomplete, as mean vectors in both 90° and 135° 
conditions significantly differed from the inbound route 
across all tests (Table 2). These orientations remained com-
promise directions as the mean vector directions signifi-
cantly differed from the inbound vector (Table 1).

180° arena tests

In the 180° condition, initial orientations in the arena 
did not change after training. Forager remained oriented 
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toward the outbound vector direction at 0° (Table  1; 
Fig. 4p–u). The mean vector of these orientations did not 
significantly differ from that of pre-training orientations 
(Table 2). Additionally, the variance of these orienta-
tions did not increase significantly after training (Var 
test; 3rd trip, Z = 0.6077, p = 0.542; 5th trip, Z = 1.318, 

p = 0.187; 10th trip, Z = 1.533, p = 0.126; 15th trip, 
Z = 0.178, p = 0.859; 20th trip, Z = 0.579, p = 0.562; 25th 
trip, Z = 0.461, p = 0.645).

Table 1   Statistical results for the vector calibration tests

In all conditions degrees increased clockwise from 0° and the outbound vector direction for all conditions was set at 0°

Mean vector 95% confidence interval Rayleigh test V test: outbound vector 
(0°)

V test: inbound vec-
tor (45°, 90°, 135°, 
or 180°)

μ (°) Minus (°) Plus (°) Z p V p V p

Arena tests
 45° pre-training 5.20 358.01 12.40 27.29 < 0.0001 0.93 < 0.0001 0.72 < 0.0001
 45° 3rd trip 21.97 7.913 36.02 18.87 < 0.0001 0.72 < 0.0001 0.72 < 0.0001
 45° 5th trip 38.88 28.37 49.40 23.59 < 0.0001 0.68 < 0.0001 0.87 < 0.0001
 45° 10th trip 48.76 42.33 55.19 28.01 < 0.0001 0.63 < 0.0001 0.95 < 0.0001
 90° pre-training 355.13 348.10 2.16 28.22 < 0.0001 0.94 < 0.0001 − 0.08 0.737
 90° 3rd trip 15.10 2.78 27.42 21.63 < 0.0001 0.79 < 0.0001 0.21 0.043
 90° 5th trip 23.41 9.16 37.66 18.9 < 0.0001 0.71 < 0.0001 0.31 0.007
 90° 10th trip 37.29 25.82 48.76 22.84 < 0.0001 0.67 < 0.0001 0.51 < 0.0001
 90° 15th trip 25.93 18.12 33.74 21.37 < 0.0001 0.85 < 0.0001 0.41 0.002
 90° 20th trip 29.70 18.70 40.71 15.83 < 0.0001 0.79 < 0.0001 0.45 0.002
 90° 25th trip 33.48 21.06 45.91 12.93 < 0.0001 0.73 < 0.0001 0.51 0.002
 135° pre-training 357.14 350.21 4.08 28.32 < 0.0001 0.94 < 0.0001 − 0.70 1
 135° 3rd trip 16.55 4.03 29.07 21.34 < 0.0001 0.78 < 0.0001 − 0.39 0.99
 135° 5th trip 18.29 359.32 37.27 13.25 < 0.0001 0.61 < 0.0001 − 0.29 0.99
 135° 10th trip 29.93 17.72 42.15 21.78 < 0.0001 0.72 < 0.0001 − 0.21 0.96
 135° 15th trip 25.26 16.03 34.49 21.80 < 0.0001 0.83 < 0.0001 − 0.31 0.99
 135° 20th trip 20.61 10.15 31.07 16.81 < 0.0001 0.86 < 0.0001 − 0.38 0.99
 135° 25th trip 25.87 16.90 34.83 16.05 < 0.0001 0.85 < 0.0001 − 0.31 0.97
 180° pre-training 357.36 348.85 5.87 26.61 < 0.0001 0.91 < 0.0001 − 0.91 1
 180° 3rd trip 3.89 354.09 13.69 25.05 < 0.0001 0.88 < 0.0001 − 0.88 1
 180° 5th trip 4.22 351.84 16.61 21.53 < 0.0001 0.82 < 0.0001 − 0.82 1
 180° 10th trip 7.59 353.01 22.18 18.45 < 0.0001 0.75 < 0.0001 − 0.75 1
 180° 15th trip 4.89 349.83 19.96 16.73 < 0.0001 0.77 < 0.0001 − 0.77 1
 180° 20th trip 9.34 356.37 22.31 17.39 < 0.0001 0.84 < 0.0001 − 0.84 1
 180° 25th trip 355.77 344.03 7.51 16.68 < 0.0001 0.98 < 0.0001 − 0.89 1

Displacement site tests
 45° 1st trip 33.70 26.16 41.25 26.20 < 0.0001 0.78 < 0.0001 0.92 < 0.0001
 45° 10th trip 47.56 35.49 59.63 21.13 < 0.0001 0.57 < 0.0001 0.84 < 0.0001
 90° 1st trip 30.97 24.86 37.08 29.11 < 0.0001 0.82 < 0.0001 0.49 < 0.0001
 90° 10th trip 38.77 32.04 45.51 28.52 < 0.0001 0.74 < 0.0001 0.59 < 0.0001
 90° 25th trip 31.07 9.68 52.46 9.57 < 0.0001 0.68 < 0.0001 0.41 0.011
 135° 1st trip 33.85 21.14 46.56 21.07 < 0.0001 0.67 < 0.0001 − 0.16 0.89
 135° 10th trip 40.03 32.26 47.80 27.45 < 0.0001 0.71 < 0.0001 − 0.08 0.739
 135° 25th trip 42.95 25.85 60.04 11.76 < 0.0001 0.59 < 0.0001 − 0.03 0.568
 180° 1st trip 5.14 352.26 18.02 20.83 < 0.0001 0.80 < 0.0001 − 0.80 1
 180° 10th trip 18.29 3.78 32.80 18.55 < 0.0001 0.72 < 0.0001 − 0.72 1
 180° 25th trip 0.82 326.83 34.82 4.9 0.006 0.44 0.0007 − 0.44 0.99
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Displacement site tests

In the 45° displacement site testing, when forag-
ers were released (Fig.  2) they oriented in a direction 

(mean ± s.e.m = 33.70 ± 7.54°) between the true nest direc-
tion at 45° and the vector direction at 0° and both the true 
nest and vector directions fell outside the 95% CI (Table 1; 
Fig. 5a). After ten training trips, foragers were oriented 
(mean ± s.e.m = 47.56 ± 12.07°) toward the true nest site at 
45°, (Table 1) but this shift to the true nest direction after 
training was not significant when the mean vectors of both 
the pre and post training conditions were compared (Table 2; 
Fig.5b).

In the 90° and 135° displacement site testing, when for-
agers were released on the first displacement trip at the 90° 

Fig. 3   Circular histograms of initial headings in the 45° arena tests. 
The current accumulated vector direction for all conditions is marked 
by a black triangle at 0°. The inbound route after displacement is 
marked by an open triangle at 45°. All initial orientations were taken 
at 30  cm from release. The arrow in each histogram denotes the 
length of the mean vector and the direction of the average orientation 
of the condition. a On their first trip, foragers were collected from the 
feeder, transferred to the uniform arena and tested on a goniometer. 
After testing they were released at the 45° displacement site. After 
b 3, c 5, and d 10 displacements to the 45° site, foragers were col-
lected from the feeder, transferred to the uniform arena and tested on 
a goniometer. n number of individuals, μ mean vector, r length of the 
mean vector

Table 2   Mean vector comparisons between pre-training tests and 
after displacements

Arena tests Watson-Williams 
F test
Pre-training

Watson-Williams 
F test
Pre-training + dis-
placement angle

F p F p

45° displacements
 3rd trip 4.256 0.043 12.04 < 0.001
 5th trip 26.212 < 0.0001 2.98 0.09
 10th trip 75.664 < 0.0001 0.08 0.773

90° displacements
 3rd trip 7.476 0.008 89.25 < 0.0001
 5th trip 11.957 < 0.001 55.82 < 0.0001
 10th trip 36.776 < 0.0001 47.18 < 0.0001
 15th trip 31.618 < 0.0001 114.78 < 0.0001
 20th trip 28.305 < 0.0001 71.66 < 0.0001
 25th trip 32.76 < 0.0001 58.75 < 0.0001

135° displacements
 3rd trip 6.936 0.011 230.36 < 0.0001
 5th trip 4.395 0.04 117.59 < 0.0001
 10th trip 20.47 < 0.0001 191.06 < 0.0001
 15th trip 22.942 < 0.0001 317.73 < 0.0001
 20th trip 14.03 0.0005 296.92 < 0.0001
 25th trip 23.41 < 0.0001 304.21 < 0.0001

180° displacements
 3rd trip 0.953 0.333
 5th trip 0.784 0.379
 10th trip 1.384 0.244
 15th trip 0.75 0.39
 20th trip 2.396 0.128
 Pre-training and 25th trip 0.047 0.83

Displacement site tests
 45° 1st trip and 10th trip 3.573 0.064
 90° 1st trip and 10th trip 2.768 0.101
 90° 10th trip and 25th trip 0.0001 0.99
 135° 1st trip and 10th trip 0.648 0.424
 135° 10th trip and 25th trip 0.669 0.417
 180° 1st trip and 10th trip 1.684 0.199
 180° 10th trip and 25th trip 0.073 0.788
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Fig. 4    Circular histograms 
of initial headings in the 90°, 
135°, and 180° arena tests. The 
current accumulated vector 
direction for all conditions is 
marked by a black triangle at 
0°. The inbound route after 
displacement is marked by an 
open triangle. All orientations 
were recorded at 30 cm from 
release. The arrow in each histo-
gram denotes the length of the 
mean vector and the direction 
of the average orientation of the 
condition. Foragers in the a–g 
90°, h–n 135° and o–u 180° 
conditions were collected from 
the feeder and tested within 
the uniform arena on their first 
foraging trip, and after 3, 5, 10, 
15, 20, or 25 training displace-
ments. n number of individuals, 
μ mean vector, r length of the 
mean vector
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or 135° site (Fig. 2) they oriented in a compromise direc-
tion between the true nest and the vector direction with both 
falling outside the 95% CI (30.972° and 33.847°, respec-
tively; Table 1; Fig.5c, f). Observations suggest foragers on 
their first trip appeared unsure of how to navigate home, 
resulting in long inbound paths that resembled searching 
behavior. Orientations at the displacement site did not shift 
significantly on training trips 10 and 25 (Table 2; Fig. 5d, 
e, g, h), but observations of experienced foragers’ inbound 
routes after the initial orientation suggest the formation of 
a homeward route that initially bowed out in the direction 
of the vector and then arched back toward the nest entrance.

In the 180° displacement site testing, when these foragers 
were released on the first displacement trip (Fig. 2) they ori-
ented to the vector cues at 0° and not to the true nest at 180° 
(Table 1; Fig. 5i). Foragers traveled off the goniometer and 
into the brush beyond the training area. Foragers’ observed 
homeward routes were indicative of search behavior. These 
orientations did not shift significantly after training on trips 
10 and 25 (Table 2; Fig.5j, k), with foragers still oriented to 
the vector direction and not to the true nest (Table 1). Obser-
vations of foragers suggested they did not develop efficient 
homeward routes, as most individuals still headed into the 
brush before returning past the release site and to the nest.

Arena tests vs. displacement site tests

In the 45°, 90° and 135° conditions on Trip 1, the mean 
vector of forager orientations within the uniform arena dif-
fered significantly from orientations when tested at the dis-
placement site (Watson and Wheeler F test; 45°, F = 26.72, 
p < 0.001; 90°, F = 55.20, p < 0.001; 135°, F = 24.09, 
p < 0.001). By Trip 10, the mean vector of orientations in 
the arena did not significantly differ from orientations at the 
displacement site (Watson and Wheeler F test; 45°, F = 0.07, 
p = 0.78; 90°, F = 0.05, p = 0.83; 135°, F = 1.83, p = 0.18). In 
the 180° condition the mean vector of forager orientations 
within the uniform arena did not differ significantly from 
orientations when tested at the displacement site on Trip 
1 or Trip 10 (Watson and Wheeler F test; Trip 1, F = 0.96, 
p = 0.33; Trip 10, F = 0.99, p = 0.32).

Discussion

All displacement conditions taken together suggest that 
45° represents the upper limit of the vector calibration in 
M. bagoti under our testing conditions. Furthermore, cue 
weighting of the inbound vector, outbound vector, and 

Fig. 5   Circular histograms 
of initial headings at the 45°, 
90°, 135°, and 180° displace-
ment site tests. The current 
accumulated vector direction 
for all conditions is marked by 
a black triangle at 0°. The true 
nest direction is marked by an 
open triangle and all orienta-
tions were recorded at 30 cm 
from release. The arrow in each 
histogram denotes the length of 
the mean vector and the direc-
tion of the average orientation 
of the condition. After testing 
in the uniform arena, 45° condi-
tion foragers were collected and 
released on a goniometer at the 
45° displacement site, on their 
a 1st displacement, and after 
their b 10th displacement. In 
the c–e 90°, f–h 135°, and i–k 
180° condition, foragers were 
collected in the arena and tested 
at the respective displacement 
site on their 1st displacement 
and after their 10th and 25th 
displacement; μ mean vector; r 
length of the mean vector
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panorama cues appears to change as directional conflicts 
increase. At 45°, the stored inbound cues seem to dominate, 
with foragers showing full shifts to this direction in both 
the arena and at the displacement site. As conflicts increase, 
at 90° and 135°, the current outbound vector appears to be 
weighted more heavily compared to the inbound vector, as 
observed shifts decrease numerically and represent only 
37.2 and 19.2% of the conflict, respectively, after 25 trips. 
These compromises were also evident at the displacement 
site. Unlike orientation testing within the uniform arena, at 
the displacement site foragers were also exposed to the pres-
ence of the panorama at the displacement site supporting 
the inbound vector direction. At the largest vector conflict, 
180°, the current outbound vector appears to fully overpower 
the stored inbound vector, resulting in no vector calibration. 
Even with the presence of the visual panorama at the dis-
placement site, the outbound vector still dominated.

The full shifts to the inbound direction in the 45° con-
dition do not align with similar tests in C. fortis (Collett 
et al. 1999; Wehner et al. 2002), where displacement train-
ing never resulted in complete shifts to the inbound vector, 
and C. fortis foragers oriented in compromise directions 
between the inbound and outbound vectors. While the rate 
of calibration between C. fortis and M. bagoti appears simi-
lar, reaching asymptotic calibration by Trip 10, the calibra-
tion magnitudes remain larger in M. bagoti (Wehner et al. 
2002; Fig. 6). This difference may be due to disparities in 
the availability of panorama cues between these two spe-
cies. C. fortis inhabits barren landscapes largely devoid of 
panorama cues, and returning foragers can only rely on their 
vector and the back up mechanism of systematic search to 
return home (Wehner and Srinivasan 1981; Müller and Weh-
ner 1994). Use of both the outbound vector and systematic 
search are present in Wehner et al. (2002), as foragers at the 

displacement site show small shifts (~ 30%) in initial head-
ing and appear to veer toward the nest as they move further 
from the displacement site. When paths differed by 55°, 
C. fortis foragers never developed succinct inbound routes 
and even after 50 displacements showed evidence of search 
behavior when returning to the nest. In contrast, M. bagoti 
foragers can rely on a wealth of terrestrial cues in order to 
locate the nest entrance after displacements off-route and 
these foragers do return directly to the nest when paths dif-
fered by 45°. Unlike C. fortis, on their first displacement, M. 
bagoti foragers compromised between the vector direction 
and the true nest direction, suggesting the visual panorama 
is competing with the vector cues and helping foragers navi-
gate to the nest (Cheng et al. 2009). By ten exposures to this 
site, M. bagoti foragers become fully oriented to the true nest 
direction. Moreover, observations of their homeward routes 
suggest they are returning straight to the area around the nest 
and are not engaging in directed search behavior such as C. 
fortis (Wehner et al. 2002). These straight homeward routes 
point to the panorama, available during training, as a poten-
tial cause of the full shifts to the inbound vector we observed 
in M. bagoti. Additionally, the panorama along the inbound 
route at the 45° site would closely resemble that of the out-
bound route to the feeder, which may reinforce inbound vec-
tor memory on subsequent trips, resulting in larger shifts in 
the arena testing. The importance of terrestrial panorama 
cues for vector calibration has been previously shown in 
honeybees, with the presence of panorama cues during the 
inbound or outbound route biasing the path integrator in that 
direction (Otto 1959; Collett and Collett 2000a).

The distinctions between C. fortis (Collett et al. 1999; 
Wehner et al. 2002) and M. bagoti in the current study may, 
however, have several origins. As discussed, the observed 
differences could be ontogenetic in origin: the presence of 

Fig. 6   Comparing vector 
calibration rates by trip number 
in Cataglyphis fortis with a 55º 
conflict (Wehner et al. 2002) 
and all Melophorus bagoti 
conditions in the uniform arena. 
Diagraph depicts the angular 
deviation from the outbound 
vector direction (0º) at each 
recorded trip. Due to experi-
mental differences between C. 
fortis and M. bagoti studies, 
inferential statistical compari-
sons would be inappropriate, 
but the data suggest that asymp-
totic calibration of the vector 
has been reached by Trip 10 in 
both species
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panorama cues duringtraining could facilitate full shifts to 
the inbound direction (Bühlmann et al. 2011). But there 
could also be phylogenetic differences in these distantly 
related species that underlie these disparities in vector cali-
bration. To further tease apart these potential underlying 
factors, the desert ant Cataglyphis velox would be a prime 
candidate for study, as it is a species closely related to C. 
fortis that yet inhabits cluttered environments such as M. 
bagoti (Mangan and Webb 2012).

In the 90° and 135° arena tests, M. bagoti foragers showed 
the same rapid shift toward the inbound vector after three 
training trips as in the 45° condition. Yet over larger con-
flicts, orientation shifts remained incomplete even after 25 
displacements and more closely resembled the incomplete 
shift directions witnessed in C. fortis (Collett et al. 1999; 
Wehner et al. 2002). In both the 90° and 135° conditions, 
forager orientations never reached the shifts in the 45° condi-
tion and were numerically smaller in magnitude despite the 
larger conflict. The observed decreases in vector calibration 
may be explained by the panorama cues along the inbound 
routes at the 90° and 135° sites (along with the 180° site) 
during training, which would less resemble the foragers’ 
outbound trip and potentially result in less inbound vector 
reinforcement compared to the 45° displacement condition.

When tested at the displacement site, the results of Trip 
1 of the 135° displacement condition resemble the results 
of a previous M. bagoti study (Legge et al. 2014) where 
foragers were trained to travel to a feeder and then displaced 
with conflicting vector and panorama cues (135°). Foragers 
also oriented in an intermediate direction between the cue 
sets, though interestingly, foragers in Legge et al. (2014) ori-
ented closer to the direction indicated by the panorama cues 
(at 135°) compared to the current study (~ 68° vs. ~ 33°). 
This difference is likely due to differences in panorama cues 
around each nest, although these studies also trained and 
displaced individuals over different distances, which might 
also account for the observed differences.

As M. bagoti relies more on panorama based directional 
cues compared to C. fortis, a more fitting comparison on cue 
conflict may be with other solitary foraging ants that live in 
landmark rich environments. Similar cue conflict tests have 
been conducted on the nocturnally foraging Myrmecia midas 
and Myrmecia pyriformis along with the diurnal Myrme-
cia croslandi (Narendra et al. 2013a, b; Freas et al. 2017b, 
c). Unlike M. bagoti, M. croslandi and M. midas foragers 
displaced off-route with 90° cue conflicts orient in the true 
nest direction dictated by the panorama, though some M. 
croslandi foragers showed evidence of initially choosing a 
compromise direction between the vector and the panorama 
direction before shifting to solely panorama guidance (Nar-
endra et al. 2013a; Freas et al. 2017b). M. pyriformis forag-
ers displaced off-route with a 60° cue conflict chose either 
the panorama or vector direction when orienting and did 

not compromise (Narendra et al. 2013b). Disparities in cue 
use could be rooted in differences in phylogeny, landscape 
makeup, light level variation, or foragers’ level of experience 
along the foraging route.

The observed decrease in vector calibration at larger 
directional conflicts may be the result of the conflict magni-
tude itself. Similar navigational conflicts have been tested in 
rodents between a recently accumulated vector and a learned 
landmark cue. Over small directional conflicts, hamsters 
(Etienne et al. 1990) chose long-term landmark memories 
over their current short-term vector memory, similar to the 
preference we see in the condition with 45° conflicts with the 
long-term vector memory of previous trips overriding the 
current outbound vector. Yet this memory weighting changes 
as conflict size increases and at the largest conflict (180°), 
hamsters tended to ignore the long-term landmark memo-
ries, and showed a greater reliance on their current vector to 
return to the nest (Etienne et al. 1990; Etienee et al. 1996). 
These results are similar to those found in our current study, 
in which the same trends turn up both in the arena (long-
term vector memory vs. short-term vector memory) and at 
the displacement site (long-term vector memory + long-term 
panorama memory vs. short-term vector memory). This sug-
gests there may be some limit to the cue conflict size beyond 
which individuals switch from preferring the use of learned 
cues such as the panorama or stored inbound vectors, to their 
current vector.

Given the forager orientations at the displacement site, it 
is also possible that panorama cues present during training 
influence inbound vector cue strength. When trained at 90° 
and 135°, the foragers’ observed bowing routes may have a 
self-reinforcing property. When the ants follow a bowed path 
and find their way home, they are rewarded, as we assume 
that finding home has reinforcing properties. Learning prin-
ciples then suggest that the homing ant is more likely to 
repeat the bowed path once more on the next trip, that is, in 
the same context. Given that such a path once again takes the 
ant home, the path is reinforced once more, making it even 
more likely on the next trip. Such a positive feedback loop 
cements a less than fully efficient path that nevertheless gets 
the navigator home reliably. Once the forager experiences 
this path and reaches the nest, it becomes the most memora-
ble and salient route. This would cause foragers to continue 
to use this route on subsequent trips. When comparing the 
mean vector of foragers’ orientations at the displacement site 
tests with orientations in the arena tests, we found no differ-
ence on Trip 10. These results suggest the headings in dis-
placement site and arena tests are the same after calibration. 
It appears that once the calibration reaches its asymptote, the 
availability of the panorama during displacement tests does 
not add much to the shift toward the inbound route.

M. bagoti is known for developing one-way routes that 
bend and curve around obstacles that are common in its 
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cluttered environment (Kohler and Wehner 2005; Wehner 
et al. 2006; Cheng et al. 2009). Therefore, these curved 
homeward routes during training may reinforce the com-
promise orientations. At 180°, the initial movement toward 
the outbound vector and the inability of foragers to learn to 
ignore the vector in favor of the panorama cues initially may 
result in the stored inbound vector being weak and steadily 
overpowered by the outbound vector cue in subsequent arena 
tests. It would be interesting to collect and examine these 
inbound routes from all of these displacement sites, but this 
effort must await a warranted future study.

Conclusions

M. bagoti foragers exhibit vector calibration when their 
inbound and outbound foraging routes differ. These changes 
occur rapidly but appear to have an upward limit of ~ 45°. 
These results suggest the strength of the previous inbound 
and current outbound vector cues change as the conflict 
between them increases. Over smaller directional conflicts, 
the inbound vector memory of previous trips dominates. 
Yet as the conflict increases, the current outbound vector 
becomes preferred to where at the largest conflict (180°) it 
completely dominates the inbound vector memory. Exposure 
to the surrounding panorama cues appears to aid foragers 
returning home, even on the first displacement. Yet we see 
the same trends in orientation at the displacement site as 
we do in the arena with heavier weighting of the current 
outbound vector as directional conflicts increase.
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