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Abstract Animals gather noisy information about the world
and then process it to trigger appropriate behavioural re-
sponses. To identify the best action to take, both the costs
and benefits associated with each action should be taken into
account. Social insects are known to be good at solving such
trade-offs, since they rely on the ‘wisdom of the crowd’. In
other words, by pooling the decisions of many individuals,
they can reach an optimal collective decision. However, this
process can lead to the assumption that adaptive flexibility in
decision-making resides entirely at the colony level, whereas
decision-making by individuals is constrained by their limited
cognitive capacities. Here, we show that ant colonies are able
to respond flexibly and adaptively to their environment when
making decisions and that this feature is accomplished by
individuals also showing such flexibility. We presented
Temnothorax albipennis colonies with the opportunity to
move to a better home and measured how emigration dynam-
ics were affected by varying the value of both current and
target nests. Colonies take less time to commit to a new nest
when the value difference between current and target nest is
bigger, i.e. greater benefit. Furthermore, this is accomplished
by individuals manipulating their recruitment speed either by
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moving faster or recruiting sooner. This observation indicates
that, regardless of the degree of difficulty of the choice, an
individual that has sufficient time and information can make
good decisions that will ultimately confer its group the ability
to solve more complicated dilemmas.
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Introduction

In their natural environment, animals must decide the best
action to take in a variety of circumstances to maximize their
fitness (Pelé and Sueur 2013). Whether they are looking for
food, a mate or a new home, animals invest both time and
energy to assess their environment accurately and to make
appropriate commitments (Mori and Nakata 2008).
However, behaviour might benefit the animal in one way
and be costly in another (McNamara and Houston 1996). In
ants, for example, a higher-quality nest site is likely to confer
higher fitness, but individuals must decide if this benefit out-
weighs the costs and risks of abandoning their current home
and moving to a new one (Dornhaus et al. 2004). Ants are able
to reach a consensus regarding when and where to emigrate by
combining the information of many individual ants (Franks
et al. 2002). There are many examples of consensus decision-
making in animal groups, which compared to lone individ-
uals, reduce errors and increase the chances of finding the best
overall solution (Conradt and Roper 2005, 2007; Sumpter and
Pratt 2009). However, studies of animal collective behaviour,
particularly in social insects, often assume that groups are
composed of individuals with only the most basic cognitive
capabilities (Deneubourg and Goss 1989; Dornhaus and
Franks 2008; Sasaki and Pratt 2011). Here, we challenge this
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view by showing that when deciding whether to emigrate to a
superior nest, ants flexibly and adaptively change their collec-
tive behaviour due to adaptive changes occurring at the indi-
vidual level.

Ant colonies are a powerful model to analyse collective
choice mechanisms. They facilitate observation of their com-
ponent parts as well as the collective outcome. This feature
allows analysis not only of the final choice but also of the
process by which members of the group contribute to the
decision. Furthermore, ants are unrivalled subjects for behav-
ioural experiments in carefully controlled environments (Pratt
et al. 2002; Franks et al. 2003a, b). Field observations have
shown that in various species of the genus Temnothorax, mi-
nor disturbances easily induce a colony to abandon their home
and move to a new cavity (Moglich 1978).

Emigrations can be divided into three distinctive phases
(Fig. 1): (a) scouts discover and assess potential nest sites;
(b) these informed scouts teach the location of the new nest
to other ants by a one-to-one recruitment process called tan-
dem running (Franks and Richardson 2006); and (c) once a
quorum of nestmates is present in the new nest, individual ants
switch to faster recruitment by swiftly carrying their
nestmates, including the queen and brood, to the target nest
(Pratt et al. 2002; Holldobler and Wilson 2009). This quorum
is reached by individuals deciding independently that a nest is
suitable, and this is the moment when the colony has reached a
collective decision (Pratt et al. 2002).

Temnothorax albipennis colonies will also ‘move-to-im-
prove’, emigrating to a new nest even when their current nest
remains undisturbed (Dombhaus et al. 2004). This behaviour
occurs only when the target nest represents a sufficient in-
crease in quality over their current nest. During an emigration
in the wild, the risk of predation is increased, and the majority
of'the colony members, the queen and all the brood items have
to be physically carried to the new nest. The colony should
therefore only move if the improvement in nest quality com-
pensates for the costs and risks of emigrating (Pratt et al. 2002;
Dornhaus et al. 2004). Previous studies have revealed the
characteristics 7. albipennis seeks in a nest site. Colonies typ-
ically prefer narrow entrances, high ceilings and dark nests
(Franks et al. 2003b). Moreover, they appear to weight each
of these attributes differently and so will, for example, prefer a
dark nest to one with a high ceiling and high ceilings to narrow
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entrances (Franks et al. 2003b). Ultimately, the value of each
nest will be the combination of the value of its attributes
(Franks et al. 2003b).

Several studies have shown that 7 albipennis ants adjust
their search effort in accordance with their current housing
conditions, indicating that they decide how much to invest
in information gathering depending on how much they can
potentially benefit from finding a new home (Stroeymeyt
et al. 2011; Doran et al. 2013). In the current paper, by main-
taining constant costs whilst varying the benefit, we manipu-
late the benefit-to-cost ratio and investigate how this affects
search effort. Furthermore, we also investigate how the differ-
ent emigration stages are affected by this benefit increase and
how this is underpinned by individual behaviour.

Methods

Experiments were carried out with 12 colonies collected in
October 2012 from Dorset, UK. Colonies were cultured and
fed according to standard procedures (Sendova-Franks and
Franks 1993). Colony size ranged between 67 and 220; nine
of the colonies each had one queen, and the remaining three
colonies had no queen.

Experiments

Each experiment began when a new target nest was added to
the Petri dish containing the focal colony, so that they could
either decide to emigrate to the target nest or remain in the
current nest (Fig. 2a). Four different nest types were used:
‘Poor’, ‘Satisfactory’, ‘Medium’ and ‘Good’; however, the
current nest was always light, and the target nest always dark
(Fig. 2b). Ten different types of ‘move-to-improve’ emigra-
tions were performed (Table 1); in all these cases, the target
nest was of higher quality than the current nest, to ensure that
there was some benefit to be gained (but also costs incurred)
by moving. We used a modified Latin-square design so that
each colony faced five of the ten different treatments in a
randomized sequence (raw data file). Colonies were allowed
to settle into their testing nest for 1 week before experiments.
Each experiment ran for 24 h. During the first 6 h, the number
of ants in the arena and in the target nest was counted every
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Fig. 1 Emigration phases. In the searching phase, individuals leave their
current nest to search for a better home. Once an ant finds a target nests
and decides to recruit another nestmate to assess it, the recruitment phase
begins. In this phase, informed ants teach the way to a naive ant to a target
nest. The naive ant will assess the target nest and potentially become a
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Moving phase

recruiter. The population in the target nest starts increasing until it reaches
a quorum threshold. At this point, the moving phase begins, and all the
remaining individuals (ants, brood or queen) are physically carried to the
new nest
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a) Experimental design
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Fig. 2 Experimental design. a Diagram of the arena; dotted line
represents the position of ‘Poor’ and ‘Poor (dark)’ nests which were
different to those of the other nest qualities to account for the different
shapes of such nests and to ensure that the distance between the current
nest entrance and target nest entrance was the same for all emigration

15 min, and several components of the dynamics of the emi-
grations were timed: target nest discovery, first tandem run,
first and last transport of a nestmate and carry of last brood

Table 1 Emigration

types Current nest (light) Target nest (dark)

Poor Poor

Poor Satisfactory
Poor Medium
Poor Good
Satisfactory Satisfactory
Satisfactory Medium
Satisfactory Good
Medium Medium
Medium Good
Good Good

These are all ‘move-to-improve’ emigra-
tions, and since Temnothorax albipennis
ants will not move to a lower-quality nest
(Dornhaus et al. 2004), not every combi-
nation is possible. Current nests were al-
ways light, and target nests always dark
in order to increase the chances of emigra-
tion occurring

b) Poor f) Poor (dark)

v
\

C) Satisfactory g) Satisfactory (dark)

9
»

d) Medium h) Medium (dark)

¥
»

e) Good 1) Good (dark)

Y
9

types. b—e Different current nests tested. All the current nests were light.
f-i Different target nests tested. All the target nests were kept dark by
placing a red filter cover on top. Nest quality characteristics were taken
from Doran et al. (2013)

item. The number of ants in the arena and target nest was also
recorded at the time of these events. The total number of
tandem runs was counted for each emigration type. Each col-
ony was tested only once a week to prevent improvement in
emigration due to experience (Langridge et al. 2007, 2008).
After each experiment, colonies were forced to move into their
next testing nest. This was accomplished by removing the top
glass slide of their current nest and placing the bottom slide
containing the colony on top of the new ‘current nest’ to which
colonies quickly emigrate (always within 1 or 2 h). Colonies
were fed 1 day before testing, and food and water were always
kept in the same location in the arena (Fig. 2a).

Statistical analysis

We analysed the effect of treatment on the behaviour of colo-
nies with Fisher’s exact test in SPSS (v21) (IBM Corp. 2012).

The effect of current nest value on the number of ants
outside was analysed with a generalized linear mixed model
by using the function glmer with a Poisson response and log
link from the Ime4 package and lmerTest for p value estima-
tion of R v3.2.1 (R Development Core Team 2015). The re-
sponse variable was the number of ants, and the predictors
were current nest value (fixed factor) and colony (random
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factor with variation around the intercept). We compared this
model with a simpler model that did not include the fixed
factor and ran an analysis of variance using the ANOVA func-
tion to check for significant differences between the two
models.

We analysed the effect of both current nest and target nest
value (treatment) on total emigration time, time of target nest
discovery, time of first tandem run, time between first tandem
run and first carry, time between the first and last carry, num-
ber of tandem runs and quorum (number of ants in the target
nest at time of first carry event). In all cases, we ran a linear
mixed model using the function lmer from the Ime4 package
and ImerTest for p value estimation of R v3.2.1 (R
Development Core Team 2015). The response variable was
the log of, either time, number of tandem runs or number of
ants. The predictors were treatment (fixed factor) and colony
(random factor with variation around the intercept). Again, for
all cases, we compared these models with a simpler model that
did not include the fixed factor and ran an ANOVA to check
for significant differences between the two models.

We ran all the models with polynomial contrast in order to
assess the significance of a linear, quadratic and cubic trend.
This was appropriate because the categorical factor, nest val-
ue, is ordinal (i.e. the nest values have an inherent order).
Furthermore, we also ran the models with a treatment contrast
to assess differences between the treatments so that we could
have pairwise comparisons, always correcting for the number
of comparisons with Bonferroni corrections.

Results

Over the course of 5 weeks, a total of 60 emigrations were
conducted. Of these, 41 occurred within the observation peri-
od (first 6 h), 6 occurred overnight, 4 colonies split between
the current and target nests and 9 did not emigrate at all. These
results were not distributed equally, Fisher’s exact test showed
a significant association between treatment and whether emi-
grations were successful or not (F=35.008 and p=0.001). The
majority of non-emigrations occurred when the current and
the target nest were of the same structural type, differing only
in that the target nest was darker (fig S1). These emigrations
are the ones with the biggest difference between expected and
observed counts in the different behaviours and hence the ones
that most contribute to this result (supplementary material
section a).

The number of ants in the arena decreased significantly
with increasing quality of the current nest, in the absence of
a target nest (p<0.001,=0.527,=0.403 for a linear, quadratic
and cubic trend, respectively, with the inclusion of treat-
ment contributing significantly to the model, p<0.001;
supplementary material section b and fig S2). All 60
trials were counted for this section. Thus, in accordance with
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previous findings, a smaller effort is put into searching for a
new nest when the colony’s current nest is of high quality
(Stroeymeyt et al. 2011; Doran et al. 2013).

Colonies emigrate faster when the benefit of moving is
greater

We analysed the effect of varying the value of current nests or
target nests on total emigration time for 33 cases where emi-
grations were successfully complete (raw data). Emigrations
were considered complete at the moment the last brood item
was placed inside the target nest.

The influence of the current nest value was assessed by
comparing the total emigration time to a Good (dark) target
nest from the four different types of current nests (Fig. 3a).
Low-quality nests are expected to be valued less. Decreasing
the current nest quality significantly decreased total emigra-
tion time linearly (p<0.001, quadratic and cubic trends were
not significant p=0.558 and 0.441, respectively), with the
inclusion of treatment in the model having a highly significant
effect (p<0.001, Fig. 3a, supplementary material section c);
furthermore, pairwise comparisons showed that emigration
times from current nests that were Poor were significantly
different in comparison to emigrations from Good and
Medium current nests. Total emigration times between
Satisfactory, Medium and Good current nests and the Good
target nests were not significantly different from each other
(Fig. 3a (capital letters) and supplementary material section c).

The influence of target nest value was assessed by compar-
ing total emigration time from a Poor (light) current nest to the
four different types of target nests. High-quality nests should
be more attractive to the ants, and indeed, there was a signif-
icant linear decrease in total emigration time with target nest
value increase (p=0.0121, quadratic and cubic trends were not
significant p=0.6153 and 0.6966, respectively) with the inclu-
sion of treatment in the model having a significant effect (p=
0.01139, Fig. 3b, supplementary information section d). Here,
there were no significant differences between the emigration
times except between those associated with Good (dark) target
nests and Satisfactory target nests (Fig. 3b, supplementary
material section d). Overall, emigration times were influenced
much more by varying current nest values (Fig. 3b) than vary-
ing target nest values (Fig. 3a), and in both cases, the easier the
decision, i.e. the bigger the value difference between current
and target nests, the faster were colonies in reaching a consen-
sus and moving.

Individuals recruit faster when the decision is easier

Although both the current nest and target nest value affected
the overall emigration time, the different phases of the emi-
gration were not affected equally. The time it took colonies to
find the target nest and start recruiting was not affected
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Fig. 3 Current nest devaluation and target nest attraction. a Effect of
decreasing current nest value on total emigration time; all emigrations
were to ‘Good (dark)’ target nests. b Effect of attraction to the target

significantly neither by varying current nest value (p=0.6302,
Fig. 4a) nor varying target nest value (p=0.0719, Fig. 4b). In
contrast, the recruitment phase duration significantly de-
creased both when the current nest value decreased
(»<0.001,=0.767,=0.178 for a linear, quadratic and cubic
trend, respectively, with the addiction of treatment to the mod-
el having a significant effect, p<0.001) and when the target
nest value increased (p=0.0189, 0.405, 0.9717 for a linear,
quadratic and cubic trend, respectively, with the addiction of
treatment in the model also having a significant effect,
»<0.001). Colonies committed more quickly to the target nest
when the quality difference was large and so easier to distin-
guish between the two nests. This is the phase of the emigra-
tion in which individual ants are being recruited to the target
nest, assessing it and deciding whether it is a suitable nest or
not. Furthermore, the time between the first and the last trans-
port event showed a significant linear decrease with current
nest value decrease (p=0.0107, 0.2523, 0.7127 for a linear,
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nest on total emigration time; all emigrations were from ‘Poor (light)’
current nests. Capital letters represent significant differences between
the different treatments after a Bonferroni correction

quadratic and cubic trend); however, the effect of adding treat-
ment to the model was marginally non-significant (p=
0.05191, Fig. 4e). This phase of the emigration was signifi-
cantly shorter when the quality of the target nest increased
(adding treatment to the model had a significant effect, p=
0.01225, with a significant linear trend, p<0.001,=0.864,=
0.590 for linear, quadratic and cubic trend, respectively,
Fig. 4f).

Although the speed of recruitment was influenced by the
value of both current and target nests, other aspects of the
emigration were not. The total number of tandem runs did
not change significantly with a change in the quality of the
current nest, or the target nest as in both cases adding treat-
ment to the model showed no significant differences (p=
0.3098 and 0.7955, respectively, fig S3a and S4a) and neither
did the quorum threshold (p=0.3235 and 0.6016, respectively,
fig S3b and S4b). All these analyses were made for colonies
that showed the behaviour being analysed; namely, 37 cases
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Fig. 4 Emigration dynamics for
current next value decrease and
target nest value increase (Fig. 3).
a, b Time taken for colonies to
find and assess the target nest. ¢, d
Time between the first
recruitment by tandem run until
the first carrying behaviour. e, f
Duration of recruitment by
carrying. Capital letters represent
significant differences between
the different treatments after a
Bonferroni correction

for time of first tandem run and 33 for time between first
tandem run and first carry, time between first and last carry,
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number of tandem runs and quorum threshold. Detailed re-
sults can be found in supplementary material (section ¢ and d).
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Because both the quorum size and the number of tandem
runs remained constant, the acceleration in recruitment cannot
be attributed to a larger number of recruits. Instead, the de-
crease in emigration times can be explained by two different
scenarios: (1) both tandem running and carrying were per-
formed faster, due to individuals being more motivated to
emigrate; and/or (2) individuals decided to start recruiting
sooner, so that the same number of tandem runs and carrying
events occurred in a shorter time period. Both of these scenar-
ios involve individual ants flexibly adjusting their behaviour
to their current situation by recruiting faster and/or sooner.

Discussion

The current study shows that colonies adjust their recruitment
times, i.e. the period between the first tandem run and the
achievement of a quorum, and the period between the first
and last carry event (Fig. 1), predominantly to the value of
the final payoff (value difference between current and target
nest). Furthermore, we also show that this collective behav-
iour is accomplished by individuals flexibly adjusting their
behaviour.

Behaviour should be favoured by natural selection
whenever the benefits of performing the action outweigh
the costs (Davies et al. 2012). Several studies have shown
that colonies of 7. albipennis make nest-site choices in a
way that is consistent with the axioms stipulated by eco-
nomical rationality (Franks et al. 2003b; Edwards and Pratt
2009). However, it has also been reported that although
colonies appear to make rational decisions, this can emerge
from the behaviour of many irrational individuals. Sasaki
and Pratt (2011) showed that isolated individual ants be-
have irrationally, in the sense that they change their prefer-
ence between two nest sites in the presence of a third
option that is asymmetrically dominated, i.e. inferior to
one of the two nest sites in all attributes, and inferior to
the other in some attributes but superior in others (Mark
and Marley 2006; Sasaki and Pratt 2011). However, to
quote Sasaki and Pratt (2011), ‘Collective choice can only
limit these errors if it allows individuals to show qualita-
tively different behaviors in the social context than they do
when alone’. In sum, this means that individual ants sepa-
rated from their colonies are bound to behave very differ-
ently than in a group. Social insect colonies function as one
adaptive unit, and arguably, a lone individual may not be-
have rationally because it is in a stressful state (Seeley
1997; Schuck-Paim et al. 2004; Gardner and Grafen
2009). Although selection in such systems acts primarily
at the colony level (Gardner and Grafen 2009), the current
study provides evidence that, under relaxed time con-
straints, individuals can also make decisions adaptively
and thus significantly improve the power of the collective.

Previous work shows evidence of individual ants adjusting
their behaviour depending on the value of their current nest by
increasing their acceptance rate in response to a greater need
of finding a new home, i.e. a greater benefit to be gained from
finding a suitable target nest (Sumpter and Pratt 2009); here,
we show that individuals also decrease their recruiting speed
when the benefit from moving is greater.

This is revealed by three observations: (a) reduced emigra-
tion times are not caused solely by an increase in the number
of scouts, since there were differences in total emigration time
even when comparing emigration times from the same current
nest value, which is the cause of the variation observed in the
number of ants outside; (b) the time it takes a colony to make a
decision and emigrate is affected by the benefit-to-cost ratio;
and (c) both the number of tandem runs and the magnitude of
quorum thresholds remain constant across all types of emigra-
tions. The quorum signifies that many ants have concluded
independently that the target nest is a suitable one (Pratt et al.
2002), whilst the number of tandem runs influences the num-
ber of individuals with an active role in the emigration
(Planqué et al. 2007). This means that the change in emigra-
tion time reflects changes in the time it takes individuals to
make their own assessments and decisions. Even though we
did not record the behaviour of individual ants marked or
isolated from their colonies, we were able to show that the
same number of informed individuals performed the same
job at different speeds.

The study of collective cognition in animals is a growing
field, embracing ever more species and several levels of com-
plexity (Couzin 2007). Many studies have shown that individ-
uals, by reacting to one another, may confer on the group an
enhanced ability to extract and act upon information in a noisy
environment (Sumpter and Pratt 2009; Couzin 2009; Marshall
et al. 2009). Arguably, flexibility in individual decision-
making does not necessarily mean an increase in cognitive
capacities. Sumpter and Pratt (2009) showed how individuals
are able to adjust their responses depending on their speed vs
accuracy needs, using the same underlying behavioural algo-
rithm. Simple rules can often explain the behaviour of indi-
viduals but might not represent their full capabilities, and we
might be constrained by what we are able to observe experi-
mentally and explore through the use of mathematical model-
ling. For these reasons, we caution against underestimating the
sophistication of the individual.

In a ‘move-to-improve’ scenario, the ants have no need to
rush into a decision, and in this case, the colony’s integrity is
kept, since we do not physically separate individuals, allowing
for rationality to emerge without the need of the power of the
collective. The present findings, together with the study by
Sasaki and Pratt (2011), highlight the remarkable ability of
social insects to respond to challenges in their natural environ-
ment. Unquestionably, collectives can accomplish more than
their individual components (Sasaki and Pratt 2012).
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However, there is a pressing need to recognize the cognitive
abilities of the individuals that contribute to the collective. We
hope this study will ignite further research into collective an-
imal behaviour with an appreciation of sophistication and
complexity not only at the group level but also at the individ-
ual level.
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