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Abstract We study the plasticity of collective decision-
making in ants by blocking key aspects of pheromone com-
munication across entire colonies. To achieve this, droplets
of paint were applied over the gaster tips of entire worker
populations within colonies of the rock ant, Temnothorax
albipennis. This treatment should prevent pheromone release
potentially from each ant’s Dufour’s, poison, and pygidial
glands in addition to the hindgut. We then examined the col-
lective decision-making abilities of treatment and control col-
onies over alternative new nest sites in binary choice experi-
ments. The performance of treatment colonies was compared
with that of control colonies that had also been marked with
paint but in such a way as not to disrupt their pheromone
excretions from the gaster tip. Our results reveal the impor-
tance of “gaster-tip” pheromones during colony emigrations.
Treatment-colony emigrations were significantly less success-
ful than those of the controls, as the quality of their nest site
assessments was reduced. However, treatment ants presented
an extraordinary example of behavioral plasticity as they re-
duced their quorum thresholds in order to maintain normal
emigration completion times. Hence, the ants whose

communication systems have been compromised can still em-
igrate swiftly and maintain low levels of colony exposure.

Keywords Collective decision-making . Pheromone
communication . Temnothorax albipennis . Behavioral
plasticity

Introduction

Ants are extremely successful ecologically. Much of this suc-
cess can be attributed to their highly organized social struc-
tures, and their very effective division of labor. These traits
enable ants to manipulate their surroundings to create local
environments that suit them better (Hölldobler and Wilson
1990; Wilson and Hölldobler 2005). The communication sys-
tems of ants and other social insects also favor, under certain
environmental conditions (Sherman and Visscher 2002), very
effective collective decisions. Such decisions can be made
without any centralized control, such that ant colonies are able
to distribute cognitive tasks across a multitude of workers
(Pratt et al. 2002).

An ideal method to demonstrate the importance of commu-
nication during collective processes in ant colonies would be
to create a class of ant colony in which key communication
was l a rge ly p r even t ed . The behav io r o f these
“Incommunicado” colonies could then be compared to that
of ant colonies with unimpaired communication. Here, we
use just such an experimental procedure. We develop and
apply an experimental procedure that extirpates “gaster-tip”
pheromone excretions in entire colonies of the rock ant,
Temnothorax albipennis. We applied droplets of paint directly
to the gaster tip where the sting protrudes in an attempt to
block “gaster-tip” pheromone excretions. These treatment col-
onies were then induced to emigrate in a binary choice
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experiment, where their behavior was directly compared to
that of ant colonies that had also been marked with paint,
but in a way as not to disrupt “gaster-tip” pheromone
excretion.

The approach of testing the importance of communication
systems in social insects by disabling such communication is
well established. For example, Karl von Frisch sealed the
Nasanov glands of certain honeybees with shellac (von
Frisch 1967). Indeed, such work might suggest that phero-
mones are not very important in honeybee foraging—though
as both Karl von Frisch (1967) and Gould (1976) pointed out
that this has to be treated with caution because the honeybees
in these experiments seemed to be more attracted to the smell
of shellac than to heavily scented flowers and given that the
“shellac odor was present only in the vicinity of the forager
station, these experiments do not rule out olfactory recruit-
ment” (Gould 1976). More recent work with honeybees by
Sherman and Visscher (2002) disabled their dance communi-
cation by re-orientating the combs uponwhich scouts dance—
and this work suggested that dance communication is only
valuable to the bees under certain foraging conditions. Later
modeling studies by Schürch and Grüter (2014) suggest, how-
ever, that the value of waggle dance communication in honey
bees can be underestimated if suitable time frames are not
taken fully into account. Blocking the production or transfer
of pheromones has also been used successfully in studies of
ants. For example, Soroker et al. (1998) blocked the mouths of
Pachycondylaworkers with beeswax and thus showed that the
transfer of potential colony odors to the post-pharyngeal gland
was based more on allogrooming than trophallaxis.
Maschwitz and Schönegge (1977, 1983) also used wax to
block the excretion of certain pheromones used by
Leptogenys ants during nest relocations. For a recent review
of the pros and cons of social information use by social in-
sects, see Grueter and Leadbeater (2014).

Our study system is collective decision-making by ants
over new nest sites. Our focal species is T. albipennis.
Colonies of this species reside in rock crevices and other nat-
ural preformed cavities (Franks et al. 2002). These nest sites
are often ephemeral, compelling frequent emigrations. Such
nest sites are easily replicated in laboratory conditions and
emigrations can be induced experimentally (Franks et al.
2003). T. albipennis colony emigrations encompass a set of
behavioral stages whose progression is governed by consis-
tent behavioral stimuli (Pratt et al. 2002). The chronological
order of such sequentially progressive emigrations is likely to
be organized, in part, by pheromone communication, even
though T. albipennis do not use recruitment trails (Pratt et al.
2001; McLeman et al. 2002). Moreover, colonies are typically
able to establish appropriate levels of opinion polling that
result in an emigration commitment that is often both accurate
(i.e., to the best available nest; Franks et al. 2003) and cohe-
sive (i.e., all the ants in a colony end up in the same new nest

site even if identical alternatives have been available; Franks
et al. 2013). Therefore, T. albipennis and their emigrations
form a good model for collective behavioral analyses. The
behavioral stages of the emigration include scouting, nest site
assessment, tandem run recruitment, quorum achievement,
social carrying recruitment, and emigration completion
(Fig. 1).

Before the ants can initiate any emigration behavior, a new
nest site has to be found. This is achieved through scouting.
Workers are always in search of new potential nests of higher
quality than the one they currently occupy (Dornhaus et al.
2004). Here, it is likely that a worker improves its own navi-
gation between the original and new potential nest sites by
laying orientation pheromone trails. Once a new nest site has
been found, nest site assessment can take place. It has been
established that T. albipennis prefer a narrow entrance leading
to a dark nest cavity of appropriate size. Indeed, such prefer-
ences remain consistent regardless of colony size (Franks et al.
2006). For full details of nest site preferences, see Franks et al.
(2003). Ants have an ability to estimate area by utilizing the
Buffon’s needle algorithm (Mallon and Franks 2000). If a
scout recognizes potential in a new nest site, it will leave
and re-enter the nest several times. During its first visit, an
ant explores a potential nest cavity laying her own specific
trail both across the center of the nest cavity and around its
periphery. On a subsequent visit without further trail laying,
she estimates the frequency that she crosses her previous path.
This Buffon’s needle algorithm enables an ant to estimate the
area of a cavity: small spaces would have crossing frequencies
that are too high; excessively large spaces would have cross-
ing frequencies that are too low. Using this as a proxy, the
algorithm permits the ant to make an estimation of nest cavity
area and thus contributes significantly to their nest site assess-
ment (Mallon and Franks 2000).

If the scout recognizes in a new nest site attributes superior
to those of their current nest, that scout may go on to initiate
recruitment by tandem-running. Recruitment is defined as
communication that brings nest mates to some point in space
where work needs to be done (Wilson 1971). Tandem-run
recruitment occurs when a knowledgeable scout individually
leads a worker to the new resource (Franks and Richardson
2005). Tandem running is a slow and careful process (Franklin
2014). Intermittent antennal contact between the recruit and
recruiter is required to maintain a tandem run; however, it is
likely that the required recruitment signal to entice a follower
is pheromonal (Möglich 1979; Basari et al. 2014). Tandem run
recruitment teaches the recruit the location of the new nest
site. This means the recruit can in turn become a recruiter
(Franks and Richardson 2005). The better the new nest site,
the sooner a scout will begin tandem-run recruitment (Mallon
et al. 2001). Therefore, high quality nest sites will receive
more assessors sooner than nest sites of low quality. This
creates a positive feedback loop that facilitates well-
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informed discrimination among a multitude of potential sites
(Franks et al. 2002). Eventually, ants will begin to accumulate
in potentially suitable new nest sites. This can lead to quorum
achievement.

Ants entering a new nest site are able to estimate the num-
ber of individuals within the nest through encounter rates
(Pratt 2005). If they find a sufficient abundance of nest mates,
a quorum threshold is met and the ants commit to emigrating
to that nest site. Such quorum sensing triggers a switch from
slow tandem run recruitment to fast social carrying recruit-
ment. Social carrying recruitment is when fellow workers,
brood, and the queen are carried directly to the new nest site
(Möglich and Hölldobler 1974). This is a fast form of recruit-
ment where carriers take a direct route between original and
new nest sites. This switch from slow to fast recruitment indi-
cates full commitment to an emigration as carried ants do not
learn the route between nest sites, such that they are unlikely
to return to the original nest site (Möglich and Hölldobler
1974). This is the final step culminating in emigration com-
pletion, when the majority of workers, the colony queen, and
all brood items have been safely established within the new
nest site. Pheromone communication is likely to be an impor-
tant factor in the navigation and communication used through-
out these emigrations. However, little research has focused on
the specific importance of pheromones at each behavioral
stage of an emigration and how plastic this behavior can be.

Our goal here is to not only to gain further knowledge
about the processes that help build a consensus during
T. albipennis emigrations, but also to determine some of the
behavioral mechanisms that underpin such processes. In addi-
tion to this, we aim to assess the ability of the ants to adapt to
constrained communication, furthering our understanding of
the ants’ capacity for plastic behavior. We hypothesize first
colonies that are not able to use pheromones will show
behavioral plasticity in the process of emigrating to achieve
a successful collective decision; second, the ants will be able
to compensate for the loss of communication by adjusting
their behavior in the emigration stages were pheromone use
is less important.

Methods

Collecting and culturing of experimental colonies

Thirty-two queen right T. albipennis colonies were collected
from a site in Dorset, UK, in September 2012. All colonies
had brood present at varying developmental stages. Colony
sizes ranged from 36 to 86 workers in both the control and the
treatment. Colonies were housed in small petri dishes (10×
10×1.9 cm) with Fluon®-coated walls to prevent escape.
Within the petri dishes, colonies resided in artificial nests
(Sendova-Franks and Franks 1995) consisting of a cardboard
perimeter (38×59×1 mm) sandwiched by two microscope
slides. A cardboard cover was used to darken the nest cavity.
Colonies were resourced with an ad libitum supply of honey
solution, three Drosphila flies, and they were given water
once a week (Sendova-Franks and Franks 1995).

“Gaster-tip” pheromone extirpation and control painting

All workers in 16 of the 32 colonies had their “gaster-tip”
pheromones extirpated. This was achieved by applying a
small droplet of paint (PACTRA R/C polycarbonate, ketone-
soluble, model paint) directly over the gaster tip where an
individual’s sting protrudes. These formed the treatment col-
onies (Fig. 2a). This “blocking” method should prevent the
release of pheromones from the hindgut as well as the
Dufour’s, poison, and pygidial glands (Fig. 3). All workers
were individually anesthetized using low levels of CO2 re-
leased into a crystallization dish, and then held unharmed
within a slit cut in the surface of a sponge, positioned on the
stage of a dissection microscope (Sendova-Franks and Franks
1993). This allowed only the gaster to protrude from the
sponge, thus exposing only the part of the ant where paint
needed to be applied. Once painted, each ant was kept in
isolation in an Eppendorf tube for a minimum of 2 h while
the paint dried. This limited paint removal was done via social
grooming. A similar procedure was applied to the remaining
16 colonies. However, paint droplets were only applied to the

Fig. 1 A schematic
representation of the emigration
dynamics, showing the
successive behavioral stage
during a T. albipennis emigration
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top of the abdomen (Fig. 2b). This resulted in a set of control
colonies that had undergone the same “stress” of the painting
process, but their “gaster-tip” pheromone excretions had not
been manipulated.

Inducing emigrations

To encourage colonies to initiate emigrations within a relative-
ly short time period, without causing any emergency behavior
by destroying the original nest, both treatment (n=16) and
control colonies (n=16) began each experiment in a nest with
poor attributes. This was achieved by building a nest with a
removable entrance wall that provided a nest entrance of pref-
erable width when inserted, but an undesirably large nest en-
trance when it was removed (Fig. 4). Such an increase in
entrance size does not induce the emergency behavior caused
by the commonly used procedure of roof removal (Franks
et al. 2006). Moreover, the procedure used here guaranteed
colonization of the nest directly after painting. This method
also ensured that ants would search their surroundings, as it

has been shown that the lower the quality their original nest
site is, the more scouts are committed to searching (Doran
et al. 2013).

All emigrations were induced in relatively small arenas
(23×23 cm; Fig. 5). Emigrating colonies emigrated in a
“move to improve” scenario (Dornhaus et al. 2004). The ants
were given a binary choice between a “deluxe” and a “good”
quality nest. “Deluxe” nests offered a smaller nest entrance
and a darker nest (using a dark red semi-transparent cover)
cavity than those of the “good” quality nests (has no darkening
cover) and the original nest offered the largest entrance and no
darkening cover. The “deluxe” and “good” quality nests had
entrance tunnels that were 1 and 4 mm wide, respectively: all
of the other measurements of all of the nests were the same;
cavity depths were 1.6 mm, cavity areas were 33×25mm, and
entrance tunnels were 4 mm deep. For further information
regarding these nest qualities, see Dornhaus et al. (2004).
The relative positions in which these new nest sites were
placed in the arena were switched after each experiment.
The distance between all three nests (original, good, and

Fig. 2 Panel a shows a
T. albipennis worker with a
droplet of paint applied to the tip
of its gaster to prevent it from
excreting pheromones. This
represents the treatment. Panel
b shows a T. albipennis worker
with a droplet of paint applied to a
different region of its gaster as a
control. The entire length of the
gaster is less than 1 mm

Fig. 3 Schematic diagram of an
ant’s abdomen, showing relevant
gaster tip organs and gland
morphology. The red crosses
show the areas where excretion
pheromones from the hindgut and
the Dufour’s, poison, and pygidial
glands are prevented from
excretion (both Dufour’s and
poison gland are excreted through
the sting). The top yellow shape
represents the paint droplet
applied in the control (away from
the gaster tip) and the other shows
the position of the paint droplet
applied in the treatment (covering
the gaster tip). Redrawn from
Mitra (2013)
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deluxe) was kept constant throughout all experiments: 7.7 cm
between the original and two new nest sites, and 3.5 cm be-
tween the two new nest sites (Fig. 5).

Each experimental replicate began when the colony’s cur-
rent nest, which contained most if not all the ants, was placed
in the experimental arena (Fig. 5). Ants that were not in the
nest at that time were picked up using softly sprung forceps
(these forceps do not injure the ants) and delicately placed on
top of their nest within the experimental arena. As soon as all
ants were in the experimental arena, the entrance wall was
removed and a stopwatch started. This marked the beginning
of the experiment. If the ants had not begun to emigrate after

6 h, the experiments were terminated under the assumption
that the colony had failed to make a collective decision. For all
emigrations, the arena was illuminated with one LED lamp.
The arenas were cleaned thoroughly with alcohol after each
emigration to remove any existing pheromone excretions.

Data collection and analyses

All emigrations were directly observed from start to finish.
Data was collected in order to analyze the characteristics of
each stage in the emigrations and to obtain dynamical data
relevant to the ants’ progression throughout the emigration.
Emigration dynamics and their characteristics recorded in
chronological order included:

Nest site assessment

The number of visits within each of the two new nest sites was
recorded from the time the entrance wall was removed
(Fig. 4), marking the beginning of the experiment, until the
first occurrence of social carrying. The latter indicates that a
quorum threshold had been reached.Multiple visits performed
by the same individuals were all recorded as separate entry
events.

Tandem run recruitment

To determine whether tandem runs could be performed by the
treatment and control ants, all initiated tandem runs were re-
corded. Forward and reverse tandem run initiations were
pooled for data analysis. This is because both forms of recruit-
ment contribute to training ants to have an active role in the
emigration by carrying nest mates from the old to the new nest
site (see: Franks et al. 2009). Initiations of tandem runs are
when ants are recruited from the original to the new nest site.
Initiation of reverse tandem runs occurs when ants are recruit-
ed from the new to the original nest site.

Quorum achievement

The number of ants within a new nest site was recorded at the
time when the first social carrying to that site was observed.
This population of ants constitutes the quorum threshold as
indicated by the first switch in the behavior of some of the ants
from assessment and tandem running to social carrying re-
cruitment (either of adults or brood).

Transport recruitment

The number of adult and brood transports performed was re-
corded. Adult and brood transports were pooled for data
analysis.

Fig. 4 A schematic representation of the original nest site used to help
encourage emigrations
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Fig. 5 A schematic representation of the experimental arena
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Emigration completion

The time between the beginning of the experiment and the
portage of the final brood item into the new nest site was
recorded. This represented the emigration completion time.

Emigration success

An emigration was deemed successful if a colony collectively
emigrated to the “deluxe” new nest site. An emigration was
deemed unsuccessful either if a colony remained within the
original nest or it emigrated to the “good” new nest site.

Data was analyzed using theMinitab 15 statistical package.
Box plots and Mann–Whitney U tests were used to test for
statistical significance for all emigration dynamics in addition
to colony size comparisons. In certain cases, a data set was
used for two comparisons, and in such cases, we applied a
Bonferroni correction. Emigration success was tested for sig-
nificance using a Fisher’s exact test. Non-parametric methods
were used because the distribution of data sets was significant-
ly different from normal.

Results

Colony size

The sizes of colonies used in the controls and the treatments
were not significantly different (colony sizes ranged from 36
to 86, Mann–Whitney: p=0.9269, U=128; control: n=16;
treatment: n=16). For this reason, we have not normalized
the data by expressing the results as percentages or propor-
tions because this is unnecessary and potentially more difficult
to interpret.

Nest site assessment

Control-colony scouts made significantly more visits to the
“deluxe”quality nest site than did treatment-colony scouts
(Mann–Whitney: p=0.0023, U=345.5; control: n=16; treat-
ment: n=16; Fig. 6). This is probably because scouts visit high
quality sites multiple times (Robinson et al. 2009) using their
pheromone trails for orientation.

There was, however, no significant difference in the num-
ber of visits to the “good” quality nest site between treatment
and control colonies (Mann–Whitney: p=0.1790, U=300;
control: n=16; treatment: n=16; Fig. 6). Nevertheless,
pooling across both types of new nest site (good and deluxe)
revealed that control colony scouts performed significantly
more nest site visits than the treatment colony scouts
(Mann–Whitney: p=0.0059, U=337.5; control: n=16; treat-
ment: n=16; Fig. 6). This result remains significant after a

Bonferroni correction has been applied, such that the critical
p value is 0.025 (0.05/2).

Tandem run recruitment

Control colonies performed significantly more tandem runs
than treatment colonies (Mann–Whitney: p<0.00001, U=
392; control: n=16; treatment: n=16; Fig. 7). Control colony
tandem run initiation frequency ranged from 3 to 36, whereas
treatment colony tandem run initiation frequency ranged from
0 to 2. Treatment colony tandem run leaders (i.e., only 3 ants
in total from 16 emigrations) were removed from their exper-
imental replicates and their gasters were analyzed under a
dissection microscope. In each case, these leaders no longer
had paint on their gaster tip. Hence, these unusual cases also
seem to confirm the general efficacy of the paint treatment—
i.e., they seem to be the exceptions that prove the rule.

Quorum achievement

Among those colonies that emigrated successfully (i.e., to the
deluxe new nest site), control colonies used significantly
higher quorum thresholds than those of treatment colonies
(Mann–Whitney: p=0.0004, U=309.5; control: n=16; treat-
ment: n=11; Fig. 8). Control colony quorum thresholds
ranged from 4 to 21, whereas treatment colony quorum thresh-
olds ranged from 3 to 7. There was no significant difference
between the quorum threshold achievement times of control
and treatment colonies (Mann–Whitney: p=0.4033, U=
250.5; control: n=16; treatment: n=11).

Transport recruitment

There was no significant difference in the number of trans-
ports performed by emigrating control and treatment colonies
(Mann–Whitney: p=0.4897, U=238.5; control: n=16; treat-
ment: n=11).

Emigration completion

There was no significant difference in the emigration comple-
tion times of the control and treatment colonies (Mann–
Whitney: p=0.9803, U=223; control: n=16; treatment: n=
11).

Emigration success

The control colonies were more successful in their emigra-
tions than treatment colonies (two-tailed Fisher’s exact test:
p=0.0434, control: n=16; treatment: n=16). All control colo-
nies solved the binary choice problem successfully, emigrat-
ing to the “deluxe” quality nest site. Treatment colonies did
not display the same levels of success. Eleven out of the 16
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treatment colonies emigrated to the “deluxe” quality nest site,
one colony emigrated to the “good” nest site and four colonies
failed to emigrate at all.

Discussion

The results of this study demonstrate that “gaster-tip” phero-
mone communication provides a key mechanism contributing
to the organization of T. albipennis colony emigrations and
that such colonies have a remarkable capacity for behavioral
plasticity. Emigrations performed by ants with restricted “gas-
ter-tip” pheromone communication had significantly reduced
nest site assessment and tandem run recruitment. This conse-
quently hindered emigrations as collective decisions became

significantly less successful, i.e. more colonies failed to emi-
grate to the better of the two new nest sites. Nevertheless, the
majority of the treatment colonies did successfully emigrate
and in response to a reduction in their pheromone communi-
cation treatment ants changed their opinion-polling dynamics.
The treatment colonies seemed to trade-off a reduction in the
quality of their collective decision-making, i.e., lowered their
quorum threshold, to favor greater speed and hence lower
levels of exposure to a potentially hostile environment and
their natural enemies.

As might be predicted, the first two behavioral stages of
emigrations, i.e., scouting and tandem running, were reduced
in the treatment colonies. Commitment to scouting, evaluated
by differences in the number of visits ants made to the new

Fig. 6 The number of nest site
visits to the Bgood^ and
Bdeluxe^new nest sites. The box
encompasses the interquartile
range, the line across the box is
the median, and the whiskers are
drawn to the nearest value within
1.5 times the interquartile range.
All remaining outlying points are
marked with a square.
Significance is marked with
broken horizontal line

Fig. 7 The number of tandem runs performed during each attempted
emigration by both control and treatment colonies. Conventions as in
Fig. 6

Fig. 8 The number of ants within the chosen new nest site at the time of
the first transport behavior (quorum threshold) during the successful
emigrations performed by the control and treatment colonies.
Conventions as in Fig. 6
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nest sites (Fig. 6), was performed significantly less by the
treatment colonies. There can be three non-mutually exclusive
explanations: first, treatment ants may not have been able to
assess the state of the original nest site. As the original nest site
quality has been shown to be a governing factor effecting
commitment to scouting (Doran et al. 2013), this could con-
tribute significantly to the scouting differences between the
control and the treatment. Second, the ants in treatment colo-
nies may be unable to give (and hence, also gain) certain
information from their nest mates about the condition of the
original nest. Third, it is possible that applying a small droplet
of paint over the gaster tip might actually harm the ants.
However, this seems unlikely because the workers in the treat-
ment and control colonies appear to be equally adept at carry-
ing their nest mates (personal observations) and this strenuous
task is likely to have been compromised if the treatment ants
had been harmed. Nevertheless, we cannot fully discount the
possibility of gaster-tip painting causing some harm but what
is intriguing is that the treatment colonies can manage to over-
come this potential disability and with some behavioral ad-
justment successfully emigrate.

There was a significant difference between treatment and
control colonies in the number of visits to the “good” quality
nest, control colonies visited the “deluxe” quality nest signif-
icantly more than the treatment colonies (Fig. 6). This is prob-
ably due to the lack of orientation pheromones laid by ants in
treatment colonies during scouting. In this case, it is possible
that the larger nest entrance (4 mm) provided by the “good”
quality nest increased the potential for finding that entrance
and this compensated for the lack of orientation cues.
Conversely, the smaller sized nest entrance (1 mm) of the
“deluxe” quality nest may have been significantly more diffi-
cult to find without orientation cues. This is a simple example
of how pheromone communication can affect a colony’s suc-
cess in finding and exploiting the best available resource. Of
additional importance during nest site assessment, treatment
colonies were unlikely to be able to utilize the Buffon’s needle
algorithm, as their extirpated “gaster-tip” pheromones may
have eliminated their ability to lay area assessment marking
trails. This would result in an inability to make an estimation
of nest cavity size and may explain the lower success rate of
treatment colony emigrations. However, 11 out of the 16 treat-
ment colonies still emigrated to the optimum nest site, poten-
tially without a Buffon’s needle assessment. Neither gaster-tip
pheromones nor the associated Buffon needle algorithm are
likely to be used to assess the width of nest entrances. The
Buffon’s needle algorithm is used to measure nest cavity areas
(Mallon and Franks 2000), and it is not suitable for measuring
linear properties such as widths. Moreover, it is likely that nest
entrances, being so narrow, can easily be assessed by individ-
ual ants using attributes of their own bodies as a yard stick.
That is, an ant could easily touch both sides of a 1-mm wide
nest entrance simultaneously with its antennae and

discriminate against a 4-mm wide entrance because such con-
tact cannot be made. Nest choice preferences in terms of en-
trance widths and numbers have been extensively studied in
T. albipennis by Franks et al. (2006). Thus, the clear prefer-
ence of treatment colonies for the better new nest site is almost
certainly due to the different light levels present within the
“good” and “deluxe”quality nest sites. It is already known that
T. albipennis colonies prioritize darkness as a desirable nest
site trait (Franks et al. 2003). Also, studies of ants even with
small eyes such as those of Temnothorax ants have shown
sophisticated color discrimination abilities and that workers
can clearly assess varying light intensities (Cammaerts and
Cammaerts 2009). Thus, discriminating between the light
levels of the new potential nest sites was likely to have been
sufficient, in the absence of cavity size measurement, for a
choice in favor of the “deluxe” quality nest over the “good”
quality nest. This ability to assess a nest site with regards to
light quality may also be utilized when judging nest entrance
size. This could be possible as larger nest entrances will allow
more light to enter the nest. Thus, it is likely that an effective
assessment of both light levels and nest entrance width can be
based on light levels alone within the nest cavity and neither of
these assessments would be influenced by the presence or
absence of pheromones.

Tandem run recruitment was heavily restricted by the ex-
tirpation of “gaster-tip” pheromones. So much so that the re-
sults confirm that “gaster-tip” pheromones have a large role in
the facilitation of the initiation of tandem running. Hence, it
can be concluded that the tandem initiating pheromone used
by T. albipennis originates at the gaster tip (as is the case for
other members of this genus: Möglich 1979). Further
supporting this point are our personal observations regarding
in-nest behavior performed by emigrating colonies. Treatment
and control ants were observed to perform gaster “raising”
within their original nest. Gaster “raising” is a potential sign
of an attempt to entice a tandem follower with “gaster-tip”
pheromones. This behavior proved successful for control col-
onies when enticing a follower. By contrast, in the treatment,
gaster “raising” failed to evoke a behavioral response from
their conspecifics. This gives an example of how “gaster-tip”
pheromones play a role in organizing emigration dynamics.
To our knowledge, this is the first study to demonstrate this by
direct manipulation. However, to specifically identify the ex-
act exocrine gland responsible for the tandem calling phero-
mone would require further experimental work.

It might be argued that potential tandem leaders in the
treatment coloniesmay have been disabled because they could
not feel antenatal tapping from their potential followers be-
cause of the paint on their gaster tips. However, such a sce-
nario seems highly unlikely for the following reasons. First,
ants in treatment colonies seemed not to be able to initiate any
tandem following at all. This points to a lack of pheromone
production rather than a secondary insensitivity to the
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presence of a follower. Second, tandem leaders from control
colonies also had paint on their gasters that might equally have
glued up the hairs on their gaster by which they might register
antennal touches, yet they could successfully lead tandem
runs. Third, tandem followers not only touch their leader’s
gaster but they also touch the back legs of leaders (Möglich
1979; Basari et al. 2014) and these were unaffected by our
paint treatment.

In the absence of tandem run recruitment, treatment colony
emigrations are likely to have been less (energy) efficient.
Groups of autonomous “robot” ants that forage for energy
packets have been shown to benefit from a tandem run recruit-
ment strategy (Krieger et al. 2000). Robot foragers were pro-
grammed to lead fellow workers to previously discovered en-
ergy resources in a process designed to mimic tandem running
behavior in ants. The success of such a foraging strategy was
compared with that of robots foraging without any recruitment
communication. Despite the initial energy costs of a seeming-
ly slow and tortuous tandem process, a mean net energy gain
of 9.4 %was achieved (Krieger et al. 2000). This suggests that
treatment ant colony emigrations may have required more
energy than those of the control colonies. Intriguingly, our
study suggests communication in ants during emigrations
may be steered towards reducing costs, rather than a strategy
that increases gains as shown in studies of honeybees (Seeley
1983). Further analyses would be required to confirm the po-
tential varying strategies amongst ants and honeybees, as con-
text dependency is likely to play a significant role in
governing behavioral strategy.

Although the treatment colonies were limited in the use of
pheromones, they responded behaviorly to the new constraint
and show remarkable behavioral plasticity in the quorum
threshold they used and they were able to maintain their effi-
ciency social carrying and overall were able to achieve emi-
gration completion times similar to the control colonies. Most
probably the lack of tandem run recruitment by the treatment
colonies led to differences in quorum thresholds between the
treatment and control colonies. Here, time taken to achieve a
quorum threshold was not significantly different between
treatment and control colonies. However, treatment colonies
used a significantly smaller quorum size. Lowering of the
quorum threshold demonstrates beautifully that these ants
were able to adjust their behavior in response to a constraint.
In the absence of tandem-running recruitment, scouts are like-
ly to be exposed for significantly more time while attempting
to build a typical quorum threshold (10–15 workers; Pratt
et al. 2002) than scouts from colonies with sufficient tandem
recruitment. This would increase exposure to predators.
Treatment colonies typically used a quorum threshold of four
individuals, meaning their commitment to an emigration was
reliant on four ants rather than the usual 10–15. This is an
example of the ants adjusting their behavior such that the
quality of opinion polling is sacrificed to reduce exposure.

As mentioned above, quorum achievement, the initiating
stimulus for social carrying recruitment, was accomplished in
a similar time by the treatment and control colonies. It is well
known that animals are able tomonitor the progression of time
(Roberts 2002). There have been numerous experiments
showing that with the appropriate stimuli, animals are able
consistently to return to specific locations at the correct time
on separate days (Daan and Koene 1981; Biebach et al. 1989;
Wilkie et al. 1996). In this case, a time threshold is defined as
the particular amount of time that acts as a stimulus which
initiates a change in behavior. There are two clear examples
where T. albipennisworkers change their behavior in response
to the passing of a certain amount of time. Richardson et al.
(2007) show that tandem-leading ants will wait for a lost tan-
dem run for consistent amounts of time depending on the
progress of the tandem run. Here, the further a tandem run
has progressed, the longer a leader will wait for a lost follower
to find her. Therefore, the leader ant is in some sense
responding to progression of time, as she knows how long
to wait with regards to the tandem’s current progress.
Moreover, as already described, emigrating ants satisfied with
a new nest site will remain still and “wait” within the nest site
in order to build a quorum (Pratt et al. 2002). If too much time
passes without reaching a quorum threshold, the ants may
leave the new nest site as part of the decision-making strategy
based on not enough individuals having rated the new re-
source in a sufficiently short period of time. These examples
demonstrate a change in behavior in response to the passing of
time. Therefore, individuals committing to a nest lacking a full
quorum threshold may be responding to the passing time. In
other words, ants that deem the new nest site to be of a higher
quality than their current nest site may begin social carrying
recruitment after a certain length of time, regardless of current
scout presence within the new nest site. However, further ex-
perimentation would be needed to understand better what
mechanisms facilitate the reduction in quorum sizes employed
by the treatment ants.

Lower quorum threshold may be also a result of treatment
scouting ants perceiving their colony to be smaller than its
actual size due to the lower levels of communication. This
could be significant, as it has been shown that when
T. albipennis colonies are split, the two new smaller colonies
utilize a lower quorum threshold to that of their original com-
bined larger colony (Dornhaus and Franks 2006). In fact, the
smaller colonies adopted quorum thresholds proportionate to
the quorum size of their original full sized colony. Therefore, it
is possible that population within the new nest site is relative
to the population in their current nest site (Dornhaus and
Franks 2006). However, further experimentation would be
required to understand further how the treatment ants interpret
their environment with restricted communication. Here it is
important to realize that quorum thresholds are set by individ-
ual scouts (Pratt 2005) namely what abundance of nest mates
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in a new nest site that an individual will accept is a quorum
threshold that will switch her own behavior to social carrying.
Thus, when attempting to dissect the potential mechanisms
that underpin the lower quorum thresholds used by the treat-
ment colonies, it is essential to analyze behavior at an individ-
ual level.

Our results show that social carrying recruitment and as
mentioned earlier emigration completion times are conserved.
This may be indicative of their crucial role in the process of
emigration even at the cost of less successful collective deci-
sion-making. Furthermore, the observation that there were no
significant differences in social carrying between the treat-
ment colonies and the control colonies strongly suggests that
“gaster-tip” pheromones are not required to initiate and main-
tain social carrying. It is likely that when a worker ant picks up
a sister worker or the colony queen, the communication in-
volved is mostly, if not entirely tactile (Möglich and
Hölldobler 1974). Moreover, it is unlikely that much if any
communication is required when carrying brood items.

Conclusions

We have shown that “gaster-tip” pheromones play a sig-
nificant role in T. albipennis emigrations. Emigrations
were hindered significantly by restricted “gaster-tip”
pheromone excretion. Orientation and recruitment seem
to be the most affected behavioral processes, as “gaster-
tip” pheromones appear to facilitate such behavioral
mechanisms. This resulted in limited resource assess-
ment. However, treatment ants displayed impressive be-
havioral plasticity. The ants were able to adjust their
behavior to limit the effects of nest site assessment.
Here, the ants in the treatment colonies seem to accept
an unusually low quorum threshold in order to maintain
a “standard” emigration completion time, thus avoiding
more exposure than during normal emigrations. This
demonstrates plasticity of individual behaviors and re-
veals yet another example of the behavioral robustness
crucial for the ecological success of ants. Moreover, ex-
tirpating “gaster-tip” pheromones using paint droplets has
revealed new plasticity in behavior as exhibited by the
manipulated ants. For these reasons, we believe further
work using this manipulation could help elucidate further
fundamental mechanisms underlying collective behavior
in ants.
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