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Route learning is key to the survival of many central place foragers, such as bees and many
ants. For ants which lay pheromone trails, the presence of a trail may act as an important
source of information about whether an error has been made. The presence of trail pheromone has been demonstrated to support route learning, and the effect of pheromones on
route choice have been reported to persist even after the pheromones have been removed.
This could be explained in two ways: the pheromone may constrain the ants onto the correct
route, thus preventing errors and aiding learning. Alternatively, the pheromones may act as
a ‘reassurance’, signalling that the learner is on the right path and that learning the path is
worthwhile. Here, we disentangle pheromone presence from route confinement in order to
test these hypotheses, using the ant Lasius niger as a model. Unexpectedly, we did not find
any evidence that pheromones support route learning. Indeed, there was no evidence that
ants confined to the correct route learned at all. Thus, while we cannot support the ‘reassurance’ hypothesis, we can rule out the ‘confinement’ hypothesis. Other findings, such as a
reduction in pheromone deposition in the presence of trail pheromones, are remarkably
consistent with previous experiments. As previously reported, ants which make errors on
their outward journey upregulate pheromone deposition on their return. Surprisingly, ants
which would go on to make an error down-regulate pheromone deposition on their outward
journey, hinting at a capacity for ants to gauge the quality of their own memories.

Introduction
Spatial memories are key to the survival of many animals. For central place foragers, which
make repeated forays into the environment and must return to a fixed point, route memories
are of particular importance. Repeated returns to the same locations provide the opportunity
to form detailed memories of the goal and the route between multiple goals [1,2]. Social insects,
such as bees and ants, are a convenient model in which to study navigation and homing, as
they are experimentally tractable and may make frequent and repeated visits from a central
nest to resource patches [2]. As such, much of what is known about route memory formation
and navigation in insects has been learned from studies of social insects. Initially, social insects,
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such as ants, might rely on path integration to navigate back to their nest, but this is rapidly
superseded by image matching mechanisms, such as alignment or positional image matching
[2–4]. However, it is worth noting that path integration is not shut off completely, and insects
can fall back on this information source if other information sources fail [5].
As well as possessing a well-developed route memory, many social insects can also communicate locations to their nest-mates. Honey bees famously perform the waggle dance, encoding
both the direction and the distance at which a resource can be found [6]. Some ants actively
lead naive workers to a food source they have found, in a behaviour termed tandem running,
which may be accompanied by the deposition of a trail pheromone [7,8]. Many ants and termites, as well as some stingless bees, rely on pheromone trails in order to communicate the
location of a resource [9]. However, communication of resource location is often rather inefficient. For example, in one experiment only 32% of honey bees that attended a dance successfully located the advertised food source [10]. Even in ants which rely heavily on trail
pheromones, trail following may be very poor. Only 70% of Pharaohs ants (Monomorium
pharaonis) foragers chose a branch marked by hundreds of nestmates at a bifurcation [11].
Other examples of poor trail following in ants abound [12,13], although some ants, especially
those specialised in retrieving large food items, perform remarkably well [14–16]. It has been
suggested that ‘errors’ may be tuned, to respond to the distribution of the resource being sought
[17,18]. For example, recruitment to widely distributed resources might be followed with more
error than for point-source resources. However, doubt has been cast on this hypothesis in honeybee recruitment [19]. Often, route memories are followed over pheromone trails, if route
memories are available [12,20].
Social insects have developed a range of strategies for coping with navigational errors and
routes which are difficult to learn. Honeybees perform learning flights when leaving the nest or
a food source. The length of these learning flights decreases to zero over repeated journeys, but
if a delay in finding the goal is experienced, learning flights reappear [21,22]. Learning flights
are longer for more complex scenes [22]. Ants also perform such ‘turn back and look’ behaviours [3,23], and search a wider area in the face of uncertainty [24,25]. Unlike honeybees, ants
walk to their food sources and many lay continuous pheromone trails on their routes, providing further options for assistance with complex navigation. For example, stepping off a pheromone trail is a good indication of a navigational error, and ants which do so reduce their speed,
increase their sinuosity, perform more U-turns, and reduce pheromone deposition [26]. Ants
can also respond to making errors by increasing pheromone deposition on return journeys if
they have just made a navigational error and went on to correct it. This may be an attempt to
provide more information for their sisters and their own future visits [27,28]. Moreover, ants
which are uncertain of their route memories may reduce their pheromone deposition on outgoing journeys [27].
However, ants do not only modulate pheromone deposition in response to making errors.
The presence of pheromone trails or home range markings may act as a ‘reassurance’ to ants
that they are on the correct path, not only affecting their movements and pheromone deposition, but also their route learning. In a previous study, Czaczkes et al. [28] challenged Lasius
niger ants on a doubly-bifurcating maze, and found that ants had difficulties learning alternating routes (e.g. turn left at the first bifurcation and right at the second, also later reported by
Grüter et al. [29]). This in turn influences colony-level foraging decisions, by causing colonies
to focus their foraging on food sources at the end of easy-to-learn routes [29]. The presence of
trail pheromone reduced errors. Moreover, ants which had been trained in the presence of trail
pheromone made fewer errors than ants which had been trained without pheromone, even
when tested on pheromone-free mazes. Thus, the presence of trail pheromone seemed to
improve route memorisation, as hypothesized by Collett and Collett [30]. However, the reason
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for this improvement was unclear. Collett and Collett [30] proposed two possible mechanisms
which could act to improve memorisation: confinement and reassurance. The confinement
hypothesis suggests that the presence of trail pheromone reduces navigational errors, and that
this then translates into better route memorisation, perhaps due to no erroneous intermediate
snapshot memories being made. The reassurance hypothesis suggests that the presence of trail
pheromone indicates that the route is correct, and thus that memorising the current location is
worthwhile.
Here, we aimed to disentangle these two possible effects, in order to see whether either, or
both, mechanisms can explain the benefits of pheromone trails for route memorisation.

Methods
Study species
We studied eight Lasius niger colonies collected on the University of Regensburg campus. Colonies were housed in plastic foraging boxes (40×30×20 cm high). The bottom of each box was
covered with a layer of Plaster of Paris. Each foraging box contained a circular plaster nest
box (14 cm diameter, 2 cm high). The colonies were queenless with ca. 1,000 workers and
small amounts of brood. Colonies were fed three times per week with Bhatkar diet, a mixture
of egg, agar, honey and vitamins [31]. Colonies were deprived of food for four days prior to a
trial in order to achieve uniform and high motivation for foraging. Water was provided ad
libitum.

Experimental design
The aim of these experiments was to examine route memory formation with or without the
presence of trail pheromone, and with or without constraining the foraging ants onto the correct route. L. niger rapidly learn to make a correct choice at a single bifurcation and also on
repeating routes on a double-bifurcation maze (i.e. having to choose the same direction at both
bifurcations) even in the absence of trail pheromones [12,28]. We therefore challenged the ants
with learning an alternating route (e.g. having to turn right, then left) on a double-bifurcation
maze (see Fig 1). In a previous experiment [28] L. niger ants were found to find learning such
alternating routes difficult, but not impossible, even in the absence of trail pheromones. A drop
of 1 molar sucrose solution was placed on a plastic platform affixed to the end of either the leftright or the right-left path. The maze used was identical to the ‘short’ maze used in Czaczkes
et al. [28], in order for the results to be comparable across both studies. The various sections of
the maze were covered in paper overlays, which could be replaced to remove any trail pheromone deposited. A light source was placed 2 meters to the right of the apparatus, and the
experiment was carried out in an open lab space with many objects, which could act as landmarks for the ants.
Colonies were given access to the maze via a drawbridge. The first five ants to reach the
feeder were individually marked with dots of acrylic paint on the abdomen, any remaining ants
were removed from the apparatus, and the bridge raised to prevent further ants entering the
maze. The marked ants were then allowed to make seven return from the feeder to the nest.
The drawbridge was used to allow the marked ants into and out of the maze without allowing
unmarked ants onto the maze. The decision at each bifurcation was recorded for every ant.
Ants were considered to have made a decision if their antennae crossed a ‘decision line’ 3 cm
from the centre of the bifurcation. Furthermore, the number of pheromone depositions performed by each ant on each stem section of the maze was recorded. Pheromone deposition is a
very stereotyped behaviour in L. niger, and easily quantified by eye. It involves the ant pausing
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Fig 1. Double-bifurcation maze. Pheromone depositions were recorded on the T maze stems (shaded grey). Ants were considered to have chosen left or
right at a bifurcation when they crossed the relevant decision line (dashed lines). A syrup feeder (1M sucrose) was placed on a platform at either the left-right
or right-left end of the maze (left-right treatment shown). In the confined maze treatments, 1 cm gaps prevented ants from making incorrect turns (hashed
sections). Adapted from Czaczkes et al. [28].
doi:10.1371/journal.pone.0149720.g001

for ca. 0.2 seconds, backing up, and firmly pressing the tip of their abdomen onto the substrate
[32].
In this experiment, any effects of trail pheromone presence directly aiding memory formation needed to be disentangled from the effect of trail pheromone constraining ants onto the
correct path. To this end, four different treatments were carried out: 1) pheromone present /
confined maze, 2) pheromone removed / confined maze, 3) pheromone present / open maze,
and 4) pheromone removed / open maze.
To constrain ants to a path without the presence of trail pheromones, a maze identical to
that in Fig 1 was used, but with 1 cm gaps preventing access to the wrong choice at the bifurcation. The use of such gaps ensured that the view the ants had from the confined maze was
almost identical to the view from the open maze. Before the ants’ last visit, the confined maze
was replaced with the open maze, so that the learning success of the ants could be measured.
To remove trail pheromone from the maze, the paper overlays covering it could be replaced
after an ant had walked over it. To control for any disturbance caused by the removal of the
overlays during this pheromone removal treatment, we sham-removed (removed and replaced)
the overlays in treatments were trail pheromones were allowed. In pheromone-present treatments, the overlays were removed, and the maze cleaned with ethanol, before the ant’s last
visit. This ensured that ants on the last visit had to rely on their route memory alone.
Note that on the ants’ seventh (final) visit all ants experienced the same treatment: an open
maze with no trail pheromone. Each colony was tested twice on each treatment: once with the

PLOS ONE | DOI:10.1371/journal.pone.0149720 March 9, 2016

4 / 13

How Pheromones and Path Confinement Influence Ant Route Learning

food source on the left-right end of the maze, and once with the food source on the right-left
end.

Statistical analysis
Statistical analyses were carried out in R 3.1.0 [33] using Generalised Linear Mixed Models
(GLMMs) [34]. Following Forstmeier & Schielzeth (2011) we included only factors and interactions for which we had a-priori reasons for including.
As the pheromone deposition behaviour of ants heading towards the food source (outgoing)
and ants returning to the nest is known to be very different [26,28,32], we analysed the behaviour of outgoing and returning ants separately. As multiple data points were collected from
each individual and multiple ants were tested per colony, ant and colony identity were added
as random effects, with ant identity nested inside colony identity. Binomial data (correct decision or not, pheromone deposited or not) were modelled using a binomial distribution and
logit link function. Count data (number of pheromone depositions for ants which deposited
pheromone at least once) were modelled using a Poisson distribution using a log link function.
All P-values are corrected for multiple testing using a Benjamini-Hochberg correction [35].
The models used in the statistical analysis are provided in S1 File.
As some of the results of this study did not confirm results of a previous study [28], we carried out a simulation-based power analysis on the previous study, using the methods and R
package described by Johnson et al. [36]. Specifically, we simulated a GLMM analysis based on
the data of Czaczkes et al. [28] where identical experimental treatments to the current open
maze / pheromone removed and open maze / pheromone remain were carried out. We only
considered the first bifurcation, where a significant difference was described, and only considered the final visit of the ants [28]. The power analysis method used generates simulated datasets from generalised linear mixed-effect models, and takes random effects and distribution
family into account.

Ethical statement
This study complies with the ethical guidelines of the country where the research was carried
out.

Results
The complete statistical output and supplementary figures can be found in in S1 File. The complete dataset can be found in S1 Table.

Decision making
Contrary to expectations and in contrast to the results of Czaczkes et al. [28], neither path confinement nor the presence of pheromone, improved the route memory of ants. On the final
visit to the feeder, ants which had been trained in the presence of pheromone were not more
accurate than ants trained in the absence of pheromone (GLMM, Z = -0.46, P = 0.65, Fig 2).
Confinement was actually detrimental to ant learning, with ants trained on a confined maze
making more mistakes at the first bifurcation than ants trained on a non-confined maze
(Z = -3.3, P = 0.0017, Fig 2). Even when only considering data from the ‘pheromone removed’
treatment, we find that ants in the confined treatment made more errors than ants in the open
treatment (Z = 3.21, P = 00018). As in Czaczkes et al. [28], overall, ants made fewer errors on
the second bifurcation (Z = 5.15, P < 0.0001). As long as pheromone was present (visits 1–6
pheromone allowed treatment, see Fig 1, especially 1st bifurcation), accuracy remained high,
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Fig 2. The effect of pheromone and maze treatment on learning. Ants were trained either on an open maze or on a confined maze, and pheromone was
either removed or allowed to remain. Note that on the final (7th) visit shown, all ants are tested on an open maze with no pheromone information. The
presence of pheromone during the previous training visits had no effect on learning, and confinement caused ants to make more mistakes at the first
bifurcation. Symbols represent means, whiskers 95% Cis.
doi:10.1371/journal.pone.0149720.g002

but when pheromone was removed on visit 7 accuracy dropped to the level of the ‘pheromone
removed’ treatment.
By comparing the performance of ants on the penultimate and final visit, we examined the
effect of pheromone presence on decision accuracy, as there is only a small difference in experience between the two visits. Only data from the open maze treatment were compared, as ants
on the confined maze treatment could make no choice on the 6th visit. Accuracy dropped from
the 6th to the 7th visit in trials where pheromone trails were allowed, but not when pheromone
trails were continually removed (Z = -3.37, P = 0.0017, Fig 2). Thus, trail pheromones do provide added accuracy on top of route memory, but this effect did not persist after the pheromone was removed. This is again in contrast to the findings of Czaczkes et al. [28].

Pheromone deposition
As homing and foraging are very different behaviours, and since Lasius niger always deposit
more pheromone on their return (to nest) than their outward (to food) journeys (see Fig 3), we
analysed each travel direction separately. Pheromone deposition behaviour is analysed in
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Fig 3. The effect of four treatments and number of previous visits on pheromone deposition (A&B), and the link between decision-making and
pheromone deposition (C). Fewer pheromone depositions are performed on the outward journey in the open treatment (A). On the return journey
pheromone deposition was lower if pheromone was allowed to build up, and was higher if pheromone was continually removed (B). Outgoing ants deposited
less pheromone if they would go on to make a mistake on their upcoming decision (C). Returning ants deposited more pheromone if they had just made a
mistake on the current visit (C). This is driven by the likelihood of depositing pheromone at all, rather than by pheromone deposition intensity (fig A in S1 File).
Data from both ants which did and did not deposit pheromone are merged in this figure. Data from all open treatments, and both bifurcations, have been
merged for clarity. Symbols represent means, whiskers 95% CIs. Whiskers have been omitted in A and B for clarity.
doi:10.1371/journal.pone.0149720.g003

terms of both frequency (the proportion of ants depositing pheromone), and intensity (the
number of pheromone depositions performed by depositing ants).
On the return journey to the nest, deposition frequency was higher when pheromone was
continually removed, and lower if it was allowed to build up (Fig 3 & Figure A1 in S1 File,
Z = 8.52, P < 0.0001). This pattern is also seen in deposition intensity; intensity is higher when
pheromones are continually removed (Fig 3 & Figure B1 in S1 File, Z = 16.0, P < 0.0001).
These results are similar to findings reported in Czaczkes et al. [28] and elsewhere [32].
On the outward journey (towards the food) we found no strong patterns in the data in
terms of deposition frequency. However, deposition intensity was higher when pheromone was
continually removed (Z = 3.54, P = 0.001, Figure B1 in S1 File). Deposition intensity was higher
confined maze, and lower in the open maze (Z = 5.76, P < 0.0001, see Figure B1 in S1 File).
We also found a link between the decisions ants made, or would make, and their likelihood
of depositing pheromone. As previously reported [27,28], ants which had made a navigational
error on their outward journey were more likely to deposit pheromone on their return journey
(Z = 3.873, P = 0.0001, see Fig 3C). Although a significant increase in deposition intensity was
detected (Z = 2.02, P = 0.043), the effect size was so small that this pattern can be discounted
(Figure B2 in S1 File) [37]. More surprisingly, the pheromone deposition frequency of ants
travelling towards the food could predict their future choice: ants which would go on to make a
navigational error showed lower deposition frequency than ants which went on to make a correct decision (Fig 3C outward, Z = 2.73, P = 0.0063). Deposition intensity of outgoing ants was
not affect by whether they would go on to make an error or not (Z = 0.81, P = 0.42, Figure B2
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in S1 File). This pattern of pheromone deposition predicting path choice accuracy has also
been previously reported [27].

Power analysis
The power of the test describing a supportive role for pheromones in memory formation in
Czaczkes et al [28] was high, with an 80.3% chance of uncovering the pattern described (95%
confidence interval for this estimate 78%–83%). The sample sizes in Czaczkes et al [28] were
marginally lower than the samples used in the current study (58 vs 69 when pheromone
removed, 63 vs 75 when pheromone remained).

Discussion
While there were many strong similarities between the results of the current experiments and
those of Czaczkes et al. [28], the result which motivated the current experiments was not replicated. Although the open maze treatments with and without pheromone duplicated exactly the
methods used in Czaczkes et al. [28], we found no evidence that trail pheromone improves or
confinement aids route memorisation. In Czaczkes et al. [28], performance on the first bifurcation, where most errors occur, was significantly improved by the presence of pheromone during training visits, even when pheromone was removed on the final test visit. In this study, the
benefits of trail pheromones disappeared when pheromone was removed. Moreover, error
rates were higher when the ants were confined during training, and indeed the choices of the
ants were worse than random, with under 50% correct decisions on the first bifurcation. The
reason behind this contradiction in results between the current experiment and Czaczkes et al.
[28] is unclear. While the two experiments were performed in different labs, at different times,
by mostly different experimenters, and with ants from different countries, we can conceive of
no a-priori reasons for the different results. In most other respects, including the accuracy and
learning trajectories of ants which were denied access to trail pheromone, the results of this
study and of Czaczkes et al. [28] correspond well. The relevant tests in Czaczkes et al. [28] had
a high power (80.3%), and the current tests in this study would have had a higher power still, as
their samples sizes were somewhat larger. Nonetheless, it may well be that either result represents a type I or type II error, even though the odds of falsely finding no difference in the current study is small. We thus urge caution in either accepting the conclusion that pheromones
support route memory formation or in rejecting it. While somewhat unsatisfactory, this highlights the value in replicating experiments.
Other results from this experiment strongly support previous findings. These include the
poor learning of alternating routes, the propensity for making errors on the first bifurcation,
and presence of trail pheromones reducing pheromone deposition. While the down-regulation
of pheromone deposition in response to pheromone presence is a robust finding, its role is
somewhat unclear. It was hypothesised that such a negative feedback effect would prevent ant
colonies from becoming fixated on initially discovered food sources. However, Czaczkes [38]
modelled L. niger foraging and found no effect of such a negative feedback effect on colony foraging flexibility. By contrast, a different negative feedback effect–the reduction of pheromone
deposition in response to encounters with nestmates [39]–was found to have a strong colony
level effect. Reduction in pheromone deposition may be performed in order to save metabolically expensive pheromone [40], or may simply be a side-effect of ants walking faster on pheromone trails [26,32].
Ants in all treatments made more errors on the first bifurcation, and indeed, there is no evidence that the ants showed any learning of the first bifurcation over the course of the 6 visits in
the absence of pheromones (see Fig 2). The propensity for making errors on the first
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bifurcation is consistent with the ants attempting to carry out positional image-matching,
[3,41,42], in which insects navigate towards a salient landmark. This would lead them in the
wrong direction on the first bifurcation, assuming a single snapshot memory at the end of the
trail, as to make a correct decision at the first bifurcation the ants must face away from the view
faced on the final approach to the feeder. The error pattern is not consistent with the use of
path integration for the ‘confined’ treatment ants, as the goal is almost straight ahead when at
the first bifurcation. Thus, we would expect an error rate of ca. 50%, not the observed ca. 70%.
More recent models of ant navigation, which assume continuous view acquisition instead of
periodic snapshots, also do not seem to predict this error pattern [43–45]. However, conclusions based on positional image-matching should be made with caution, as most such experiments are carried out on the scale of meters, while the current experiment involves much
shorter distances. This may mean not enough visual differences accrue between the bifurcation
points, although L. niger regularly forage in environments (such as plants) with complexity on
this scale. An alternative explanation for this pattern of data is that the ants could see the sugar
feeder and simply travelled towards it. From the first bifurcation the feeder is almost directly
ahead, which would result in a close to 50/50 choice of branch. If the wrong branch is chosen,
this quickly becomes apparent, and the ants can correct their path. From the second bifurcation
the feeder direction is unambiguous, resulting in higher accuracy. It is unlikely the ants could
smell the sucrose solution, as sucrose is non-volatile, and so the vapour emanating from a
water/sucrose solution will only consist of water vapour.
Contrary to expectations, preventing ants from making errors was in fact detrimental to the
accuracy of their choices, resulting in many more errors being made on the first bifurcation.
The ability of L. niger ants to accurately return to the nest has also been reported to improve if
ants initially experienced a dead-end on an alternate route [46]. Our results therefore shed
doubt on the confinement hypothesis, even if the reassurance hypothesis cannot be confirmed.
More interestingly perhaps, is why preventing ants making errors should result in poorer decision accuracy. The confinement treatment prevented ants from making errors followed by Uturns in which they return to the junction facing the correct view. It could be that it is at this
point that learning of the ‘counter-intuitive’ first bifurcation occurs, and that by preventing
this, we prevented learning. Indeed, there is no evidence than any learning took place in the
confined maze. Alternatively, being unable to make errors may have allowed the ants to learn a
simpler rule–keep walking forward as much as possible. Such an effect has been reported in the
Australian ant Melophorus bagoti when it is trained to a feeder under confined conditions [47].
Alternatively, ants on a confined maze which are suddenly given the opportunity to explore the
open maze may prioritize exploration over foraging, and thus deliberately head away from
their previous route. This, however, seems unlikely, as the colonies were very hungry, and the
ants had just experienced six short and rewarding visits to a high quality food source via the
previous route.
If errors are necessary for learning, this would cast much of the apparent ‘errors’ reported in
ant navigation studies–especially during pheromone trail following, but also when following
memories–in a new light [48–50]. Some errors may be deliberately made in order to more
effectively memorise the route. The concept of ‘tuned errors’ has been raised, and rejected, in
the honey bee waggle dance [18,19], but that does not preclude this explanation for errors in
other systems, such as ant foraging [17].
Ants sense, and respond to, navigational errors in a variety of ways. The ants in this study
responded to making navigational errors by modulating the amount of pheromone they
deposited. When returning to the nest, ants which had made a navigational error on their
outward journey deposited more pheromone on their return journey than ants which had
made a correct decision. Such a pattern was also described by Czaczkes et al. [28], and more
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recently by Czaczkes and Heinze [27]. This is reasonable, as by doing so ants on difficult to
learn routes will provide more information for their sisters and their own future visits. More
surprisingly, ants on their outward journey, which would go on to make an error, were less
likely to deposit pheromone than those that would go on to make a correct decision. Again,
similar findings were found in a different experimental set up [27]. In line with these results,
the intensity of outgoing pheromone deposition was lower in the ‘open’ maze treatments,
where mistakes are possible. As in Czaczkes & Heinze [27], we cautiously attribute these patterns to a metamemory-like ability. In other words, the ants seem to be able to gauge the
accuracy of their own memories, and respond appropriately, depositing more pheromone
the more confident they are in their memories. Metacognition is usually considered to
require extremely developed cognitive abilities, and has previously only been reported in vertebrates such as apes, dolphins, and rats [51–54]. However, the study of metacognition is
fraught with difficulties, and incontrovertible proof of such a cognitively demanding ability
is difficult to achieve. In this study, causation cannot be ensured, as it is for example possible
that a subset of ants are both more likely to make errors and less likely to deposit pheromone
(although this is to some extent controlled for by adding ant identity into the statistical analysis). Many studies, including a study on honey bee metacognition, are forced to stop short
of claiming an unambiguous demonstration of metacognition due to limitations in the experimental design [55,56]. While our experimental design avoids many common pitfalls, it was
not intended to unambiguously demonstrate metamemory capabilities in ants. Alternate,
mechanistic explanations may be found to explain the data presented. We refer to this ability
as metamemory-like, as we do not believe active self-reflection is necessary to produce the
patterns observed. These patterns could arise if ants on their outward journey deposit pheromone proportionally to the strength of their memory trace, or how well the image they see
matches their remembered view on the way to the food source. We thus do not attempt to
claim incontrovertible proof of metamemory, although the parallel findings of similar abilities in honeybees, and near-identical results being repeated in two different experiments with
ants, are very suggestive.
In this experiment, we revisited a previous experimental design in order to gain further
insights into a previously described phenomenon. This was a productive course of action: on
the one hand, we uncovered ambiguity in the results, calling previous findings into question–
am important endeavour in science [57]. On the other hand, we supported other findings,
allowing high level of confidence in these results. We also uncovered unexpected patterns in
the findings, pointing towards a metamemory-like ability. Lastly, our data suggests that making
errors is important when learning complex routes, and that when it comes to route learning,
making errors is a key part of successful learning.

Supporting Information
S1 File. Supplementary figures, and full statistical output.
(PDF)
S1 Table. Complete raw data.
(XLSX)

Acknowledgments
Many thanks to Paul Graham and to several anonymous reviewers for comments earlier versions of this manuscript.

PLOS ONE | DOI:10.1371/journal.pone.0149720 March 9, 2016

10 / 13

How Pheromones and Path Confinement Influence Ant Route Learning

Author Contributions
Conceived and designed the experiments: TJC. Performed the experiments: TJC TW. Analyzed
the data: TJC AB. Contributed reagents/materials/analysis tools: TJC JH. Wrote the paper: TJC
TW AB JH.

References
1.

Thomson JD. Trapline foraging by bumblebees: I. Persistence of flight-path geometry. Behav Ecol.
1996; 7: 158–164. doi: 10.1093/beheco/7.2.158

2.

Collett M, Chittka L, Collett TS. Spatial memory in insect navigation. Curr Biol. 2013; 23: R789–R800.
doi: 10.1016/j.cub.2013.07.020 PMID: 24028962

3.

Judd SPD, Collett TS. Multiple stored views and landmark guidance in ants. Nature. 1998; 392: 710–
714. doi: 10.1038/33681

4.

Lent DD, Graham P, Collett TS. Image-matching during ant navigation occurs through saccade-like
body turns controlled by learned visual features. Proc Natl Acad Sci. 2010; 107: 16348–16353. doi: 10.
1073/pnas.1006021107 PMID: 20805481

5.

Kohler M, Wehner R. Idiosyncratic route-based memories in desert ants, Melophorus bagoti: How do
they interact with path-integration vectors? Neurobiol Learn Mem. 2005; 83: 1–12. doi: 10.1016/j.nlm.
2004.05.011 PMID: 15607683

6.

von Frisch K. The dance language and orientation of bees. Harvard University Press; 1967.

7.

Basari N, Laird-Hopkins BC, Sendova-Franks AB, Franks NR. Trail laying during tandem-running
recruitment in the ant Temnothorax albipennis. Naturwissenschaften. 2014; 1–8.

8.

Franks NR, Richardson T. Teaching in tandem-running ants. Nature. 2006; 439: 153. PMID: 16407943

9.

Czaczkes TJ, Grüter C, Ratnieks FLW. Trail pheromones: an integrative view of their role in colony
organisation. Annu Rev Entomol. 2015; 60: 581–599. doi: 10.1146/annurev-ento-010814-020627
PMID: 25386724

10.

Mautz D. Der Kommunikationseffekt der Schwanzeltanze bei Apis mellifica carnica (Pollm.). J Comp
Physiol A. 1971; 72: 197–220. doi: 10.1007/BF00297822

11.

Jeanson R, Ratnieks FLW, Deneubourg JL. Pheromone trail decay rates on different substrates in the
Pharaoh’s ant, Monomorium pharaonis. Physiol Entomol. 2003; 28: 192–198. doi: 10.1046/j.13653032.2003.00332.x

12.

Grüter C, Czaczkes TJ, Ratnieks FLW. Decision making in ant foragers (Lasius niger) facing conflicting
private and social information. Behav Ecol Sociobiol. 2011; 64: 141–148. doi: 10.1007/s00265-0101020-2

13.

Verhaeghe J. Food recruitment in Tetramorium impurum (Hymenoptera: Formicidae). Insectes
Sociaux. 1982; 29: 67–85. doi: 10.1007/BF02224528

14.

Czaczkes TJ, Vollet-Neto A, Ratnieks FLW. Prey escorting behavior and possible convergent evolution
of foraging recruitment mechanisms in an invasive ant. Behav Ecol. 2013; 24: 1177–1184. doi: 10.
1093/beheco/art046

15.

Czaczkes TJ, Ratnieks FLW. Pheromone trails in the Brazilian ant Pheidole oxyops: extreme properties
and dual recruitment action. Behav Ecol Sociobiol. 2012; 66: 1149–1156. doi: 10.1007/s00265-0121367-7

16.

Simon T, Hefetz A. Trail-following responses of Tapinoma simrothi (Formicidae: Dolichoderinae) to
pygidial gland extracts. Insectes Sociaux. 1991; 38: 17–25. doi: 10.1007/BF01242709

17.

Deneubourg JL, Pasteels JM, Verhaeghe JC. Probabilistic behaviour in ants: A strategy of errors? J
Theor Biol. 1983; 105: 259–271. doi: 10.1016/S0022-5193(83)80007-1

18.

Weidenmuller A, Seeley TD. Imprecision in waggle dances of the honeybee (Apis mellifera) for nearby
food sources: error or adaptation? Behav Ecol Sociobiol. 1999; 46: 190–199. doi: 10.1007/
s002650050609

19.

Tanner DA, Visscher K. Do honey bees tune error in their dances in nectar-foraging and house-hunting? Behav Ecol Sociobiol. 2005; 59: 571–576. doi: 10.1007/s00265-005-0082-z

20.

Harrison JF, Fewell JH, Stiller TM, Breed MD. Effects of experience on use of orientation cues in the
giant tropical ant. Anim Behav. 1989; 37: 869–871. doi: 10.1016/0003-3472(89)90076-6

21.

Lehrer M. Bees which turn back and look. Naturwissenschaften. 1991; 78: 274–276. doi: 10.1007/
BF01134357

22.

Wei C, Rafalko, Dyer F. Deciding to learn: modulation of learning flights in honeybees, Apis mellifera. J
Comp Physiol [A]. 2002; 188: 725–737. doi: 10.1007/s00359-002-0346-2

PLOS ONE | DOI:10.1371/journal.pone.0149720 March 9, 2016

11 / 13

How Pheromones and Path Confinement Influence Ant Route Learning

23.

Nicholson DJ, Judd SP, Cartwright BA, Collett TS. Learning walks and landmark guidance in wood ants
(Formica rufa). J Exp Biol. 1999; 202: 1831–1838. PMID: 10359685

24.

Merkle T, Knaden M, Wehner R. Uncertainty about nest position influences systematic search strategies in desert ants. J Exp Biol. 2006; 209: 3545–3549. doi: 10.1242/jeb.02395 PMID: 16943494

25.

Schultheiss P, Cheng K. Finding the nest: inbound searching behaviour in the Australian desert ant,
Melophorus bagoti. Anim Behav. 2011; 81: 1031–1038. doi: 10.1016/j.anbehav.2011.02.008

26.

Czaczkes TJ, Grüter C, Jones SM, Ratnieks FLW. Synergy between social and private information
increases foraging efficiency in ants. Biol Lett. 2011; 7: 521–524. doi: 10.1098/rsbl.2011.0067 PMID:
21325309

27.

Czaczkes TJ, Heinze J. Ants respond to a changing environment and making errors by adjusting pheromone deposition. Proc R Soc B-Biol Sci. 2015; 282. doi: 10.1098/rspb.2015.0679

28.

Czaczkes TJ, Grüter C, Ratnieks FLW. Ant foraging on complex trails: route learning and the role of
trail pheromones in Lasius niger. J Exp Biol. 2013; 216: 188–197. doi: 10.1242/jeb.076570 PMID:
22972897

29.

Grüter C, Maitre D, Blakey A, Cole R, Ratnieks FLW. Collective decision making in a heterogeneous
environment: Lasius niger colonies preferentially forage at easy to learn locations. Anim Behav. 2015;
104: 189–195. doi: 10.1016/j.anbehav.2015.03.017

30.

Collett TS, Collett M. Memory use in insect visual navigation. Nat Rev Neurosci. 2002; 3: 542–552. doi:
10.1038/nrn872 PMID: 12094210

31.

Bhatkar A, Whitcomb WH. Artificial diet for rearing various species of ants. Fla Entomol. 1970; 53: 229–
232.

32.

Beckers R, Deneubourg J, Goss S. Trail laying behaviour during food recruitment in the ant Lasius
niger (L.). Insectes Sociaux. 1992; 39: 59–71.

33.

R Core Team. R: A Language and Environment for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing; 2012. Available: http://www.R-project.org.

34.

Bates D, Mächler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using lme4. J Stat Softw.
2015; 67. doi: 10.18637/jss.v067.i01

35.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to
multiple resting. J R Stat Soc Ser B Methodol. 1995; 57: 289–300.

36.

Johnson PCD, Barry SJE, Ferguson HM, Müller P. Power analysis for generalized linear mixed models
in ecology and evolution. Methods Ecol Evol. 2015; 6: 133–142. doi: 10.1111/2041-210X.12306 PMID:
25893088

37.

Colquhoun D. An investigation of the false discovery rate and the misinterpretation of p-values. R Soc
Open Sci. 2014; 1: 140216. doi: 10.1098/rsos.140216 PMID: 26064558

38.

Czaczkes TJ. How to not get stuck–negative feedback due to crowding maintains flexibility in ant foraging. J Theor Biol. 2014; 360: 172–180. doi: 10.1016/j.jtbi.2014.07.005 PMID: 25034339

39.

Czaczkes TJ, Grüter C, Ratnieks FLW. Negative feedback in ants: crowding results in less trail pheromone deposition. J R Soc Interface. 2013; 10. doi: 10.1098/rsif.2012.1009

40.

Poulsen M, Bot AN, Nielsen MG, Boomsma JJ. Experimental evidence for the costs and hygienic significance of the antibiotic metapleural gland secretion in leaf-cutting ants. Behav Ecol Sociobiol. 2002; 52:
151–157. doi: 10.1007/s00265-002-0489-8

41.

Collett T, Cartwright B. Eidetic images in insects: their role in navigation. Trends Neurosci. 1983; 6:
101–105.

42.

Graham P, Collett TS. Bi-Directional Route Learning in Wood Ants. J Exp Biol. 2006; 209: 3677–3684.
doi: 10.1242/jeb.02414 PMID: 16943507

43.

Baddeley B, Graham P, Philippides A, Husbands P. Holistic visual encoding of ant-like routes: Navigation without waypoints. Adapt Behav. 2011; 19: 3–15. doi: 10.1177/1059712310395410

44.

Baddeley B, Graham P, Husbands P, Philippides A. A Model of Ant Route Navigation Driven by Scene
Familiarity. PLoS Comput Biol. 2012; 8: e1002336. doi: 10.1371/journal.pcbi.1002336 PMID:
22241975

45.

Knaden M, Graham P. The Sensory Ecology of Ant Navigation: From Natural Environments to Neural
Mechanisms. Annu Rev Entomol. 2016; 60: 63–76. doi: 10.1146/annurev-ento-010715-023703

46.

Sakiyama T, Gunji YP. Garden ant homing behavior in a maze task based on local visual cues. Insectes
Sociaux. 2013; 60: 155–162. doi: 10.1007/s00040-012-0279-x

47.

Schwarz S, Schultheiss P, Cheng K. Visual cue learning and odometry in guiding the search behavior
of desert ants, Melophorus bagoti, in artificial channels. Behav Processes. 2012; 91: 298–303. doi: 10.
1016/j.beproc.2012.09.013 PMID: 23036665

PLOS ONE | DOI:10.1371/journal.pone.0149720 March 9, 2016

12 / 13

How Pheromones and Path Confinement Influence Ant Route Learning

48.

Grüter C, Balbuena MS, Farina WM. Informational conflicts created by the waggle dance. Proc R Soc B
Biol Sci. 2008; 275: 1321–1327. doi: 10.1098/rspb.2008.0186

49.

Evison SEF, Petchey OL, Beckerman AP, Ratnieks FLW. Combined use of pheromone trails and visual
landmarks by the common garden ant Lasius niger. Behav Ecol Sociobiol. 2008; 63: 261–267. doi: 10.
1007/s00265-008-0657-6

50.

von Thienen W, Metzler D, Choe D-H, Witte V. Pheromone communication in ants: a detailed analysis
of concentration-dependent decisions in three species. Behav Ecol Sociobiol. 2014; 1–17.

51.

Crystal JD, Foote AL. Metacognition in animals. Comp Cogn Behav Rev. 2009; 4: 1–16. PMID:
26516391

52.

Foote AL, Crystal JD. Metacognition in the Rat. Curr Biol. 2007; 17: 551–555. doi: 10.1016/j.cub.2007.
01.061 PMID: 17346969

53.

Hampton RR. Multiple demonstrations of metacognition in nonhumans: Converging evidence or multiple mechanisms? Comp Cogn Behav Rev. 2009; 4: 17–28. PMID: 20046911

54.

Smith JD, Schull J, Strote J, McGee K, Egnor R, Erb L. The uncertain response in the bottlenosed dolphin (Tursiops truncatus). J Exp Psychol Gen. 1995; 124: 391–408. doi: 10.1037/0096-3445.124.4.391
PMID: 8530911

55.

Perry CJ, Barron AB. Honey bees selectively avoid difficult choices. Proc Natl Acad Sci. 2013; 110:
19155–19159. doi: 10.1073/pnas.1314571110 PMID: 24191024

56.

Smith JD, Couchman JJ, Beran MJ. The highs and lows of theoretical interpretation in animal-metacognition research. Philos Trans R Soc B Biol Sci. 2012; 367: 1297–1309. doi: 10.1098/rstb.2011.0366

57.

Collaboration OS. Estimating the reproducibility of psychological science. Science. 2015; 349:
aac4716.

PLOS ONE | DOI:10.1371/journal.pone.0149720 March 9, 2016

13 / 13

