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The ability to distinguish friends from foe is a widespread phenomenon among social animals. In ants,
recognition of intruders is important for the maintenance of colony integrity and survival. Intruders are
typically adult, but the acceptance of non-nestmate brood could result in severe fitness costs, depending
on the caste of the brood. Accepting non-nestmate worker brood may not carry a cost, as they should not
drain resources of the adoptive colony but may instead add to the workforce. Sexual brood, however,
would typically not contribute to colony performance, yet require resources, and should thus be rejected.
Here, we tested whether workers of the narrow-headed ant, Formica exsecta, which strongly discriminate
between adult nestmates and non-nestmates, also discriminate between nestmate and non-nestmate
pupae. Furthermore, we investigated whether the caste of the brood (workers/sexuals) affects
discrimination. We carried out analysis of surface chemicals to investigate whether the chemical distance
between colonies was associated with the propensity to accept non-nestmate pupae. We show that
worker pupae were retrieved irrespective of their origin, whereas nestmate sexual pupae were retrieved
at a slightly higher rate than non-nestmates. Our chemical data, however, suggest that both the repro-
ductive and the worker brood carry sufficient chemical information for discrimination, as they both
express colony signatures. However, this information is acted upon only in the case of sexual brood. Our
results thus suggest that workers selectively capitalize on the chemical information in agreement with
fitness predictions, albeit to a lower extent than during discrimination between adult individuals.
© 2018 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The ability to discriminate between friend and foe plays a crucial
role in the evolution and maintenance of eusocial societies.
Through efficient recognition, altruistic behaviours can be directed
towards related individuals and the colony and its resources pro-
tected from exploitation by unrelated intruders (d'Ettorre & Lenoir,
2011; Hepper, 1991). To this end, social insects have developed
precise discrimination abilities, and most species are able to
discriminate between adult nestmates and non-nestmates very
accurately (van Zweden & d'Ettorre, 2010). There is, however, an
essential difference between recognition and discrimination.
Recognition is the internal neural process of detecting and classi-
fying another individual as a member of the group (the perception
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component, Mateo, 2004). Discrimination relates to an action (e.g.
acceptance, aggression), based on the information perceived during
recognition (Liebert & Starks, 2004; action component, Reeve,
1989). Therefore, recognition does not necessarily imply action,
which can be context dependent (Bos, Guerrieri, & d'Ettorre, 2010;
Chapuisat, 2004; Downs & Ratnieks, 2000; Nehring, Evison,
Santorelli, d'Ettorre, & Hughes, 2011; Sturgis & Gordon, 2012).

Even though social insects are extremely good at discriminating
between adult group members and alien individuals, whether they
can, or even need to, distinguish between nestmate and non-
nestmate brood is less clear. Given that the immature stages of
social insects are immobile, they are not potential intruders of
colonies. Thus, the ability to distinguish between nestmate and
non-nestmate brood could be under less stringent selection. None
the less, the ability to discriminate against non-nestmate brood
may be favoured in species that are targeted by social parasites.
Social parasites, whether conspecific or heterospecific, enter the
nest and exploit colony resources to their own benefit (Schmid-
Hempel, 1995), thus severely reducing the fitness of the hosts
evier Ltd. All rights reserved.
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(Buschinger, 2009; d'Ettorre & Heinze, 2001; Topoff, 1990). By do-
ing so, social parasites manipulate the workers of their host in one
way or another, causing host workers to care for parasite brood at
the expense of the colony's own brood (Davies, Bourke, & de L
Brooke, 1989; Lenoir, d'Ettorre, Errard, & Hefetz, 2001). Thus, in
addition to discrimination against adult intruders, accurate
discrimination against non-nestmate brood may prevent a social
parasite from gaining foothold in the colony (Achenbach & Foitzik,
2009; Achenbach, Witte, & Foitzik, 2010; Johnson, Topoff, Vander
Meer, & Lavine, 2005). Social parasite pressure may hone precise
discrimination between species, which could also select for more
precise recognition abilities within species, as has been suggested
in the ant Formica fusca (Chernenko, Helanter€a, & Sundstr€om,
2011).

Evidence for discrimination against non-nestmate brood in so-
cial insects varies across species. Some species discriminate be-
tween nestmate and non-nestmate brood (Bonavita-Cougourdan,
Cl�ement, & Lange, 1987; F�en�eron & Jaisson, 1992; Helanter€a &
Sundstr€om, 2007; Klahn & Gamboa, 1983; Lenoir, 1984; Meunier,
Delaplace, & Chapuisat, 2010; Pirk, Neumann, & Hepburn, 2007;
Tan et al., 2009; Visscher, 1986), whereas others may readily
accept brood of unfamiliar origin (Crosland, 1988; Goodloe &
Topoff, 1987; Holzer, Kümmerli, Keller, & Chapuisat, 2006;
Maeder, Freitag, & Cherix, 2005; Tan et al., 2009). Furthermore,
some species can distinguish nestmate from non-nestmate brood,
but nevertheless adopt some non-nestmate brood (Souza, Della
Lucia, Errard, Richard, & Lima, 2006; Viana et al., 2001). Species-
specific differences in brood discrimination may be context
dependent, and thus reflect the evolutionary and ecological history
of the species.

Discrimination stringency should depend on the costs and
benefits of discrimination, and their fitness consequences (Reeve,
1989). Thus, worker brood from another colony may be accepted,
as they could contribute to the colony workforce, once eclosed
(Buschinger, Ehrhardt, & Winter, 1980; F�en�eron & Jaisson, 1995;
Isingrini, Lenoir, & Jaisson, 1985; Orivel, Errard, & Dejean, 1997).
Hence, they would not impose a cost but would contribute to the
workforce of the adoptive colony. Conversely, sexual brood would
usually not contribute to colony performance, but instead require
colony resources during maturation, yet provide no fitness returns
to the resident colony members (but see Nehring, Boomsma, &
d'Ettorre, 2012). Thus, non-nestmate sexual brood should not be
accepted. Despite these relatively straightforward fitness pre-
dictions for acceptance of worker versus sexual brood, the effect of
caste on the acceptance or rejection of brood remains largely un-
explored (Achenbach et al., 2010).

Nestmate recognition in social insects is based on a colony-
specific ‘chemical signature’, which consists of a characteristic
mixture of cuticular hydrocarbons (Lenoir, Fresneau, Errard, &
Hefetz, 1999). Most studies on recognition cues have been carried
out on adult individuals (van Zweden& d'Ettorre, 2010), but surface
chemistry has been proposed to be the most likely basis also for
brood recognition (Achenbach et al., 2010; Helanter€a & d'Ettorre,
2014; Souza et al., 2006; Viana et al., 2001). None the less, few
studies have combined behavioural assays on brood recognition
with chemical analysis (Achenbach et al., 2010; Johnson et al.,
2005; Souza et al., 2006).

Here, we tested whether workers of the ant Formica exsecta can
discriminate between nestmate and non-nestmate pupae. We also
investigated whether the caste of the brood (workers/sexuals) af-
fects discrimination. Thus, if the caste of the brood does not influ-
ence retrieval decisions, nestmate brood should be retrieved at a
faster rate than non-nestmate brood, irrespective of the caste of the
brood. Furthermore, non-nestmate sexual brood should be
retrieved at a slower rate than nestmate sexual brood, whereas no
such difference would be expected in the rate of retrieval of worker
brood. Finally, we carried out chemical analysis to reveal possible
differences between different castes and investigated whether the
chemical distance between colonies has an effect on the rates of
brood retrieval.

METHODS

Study Population

Our study population of the narrow-headed ant, F. exsecta, is in
the Hanko peninsula of southwestern Finland. This population has
been studied extensively with respect to demography, dispersal,
relatedness and inbreeding (Chapuisat, Sundstr€om, & Keller, 1997;
Haag-Liautard, Vitikiainen, Keller, & Sundstr€om, 2009; Sundstr€om,
Chapuisat, & Keller, 1996; Sundstr€om, Keller, & Chapuisat, 2003;
Vitikainen, Haag-Liautard, & Sundstr€om, 2011; Vitikainen, Haag-
Liautard, & Sundstr€om, 2015). In addition, nestmate recognition
and the surface chemistry of these ants have been studied inten-
sively (Martin & Drijfhout, 2009; Martin, Helanter€a, & Drijfhout,
2008a; Martin, Shemilt, & Drijfhout, 2012; Martin, Vitikainen,
Drijfhout, & Jackson, 2012; Martin, Vitikainen, Shemilt, Drijfhout,
& Sundstr€om, 2013). This species founds colonies by temporary
parasitism on Serviformica species (Collingwood,1979; Czechowski,
Radchenko, & Czechowska, 2002; Seifert, 2007), but may itself also
occasionally be targeted by social parasites, such as the mound-
building wood ants of the Formica s.str. group. Colonies can be
either monogyne (one reproductive queen) or polygyne (multiple
queens). Based on previous work (Sundstr€om et al., 1996) we chose
only colonies known to be monogyne for this study.

Experimental Set-up

We conducted two sets of tests with identical set-ups, to mea-
sure the propensity of workers to retrieve nestmate versus non-
nestmate worker pupae (set 1) and sexual pupae (set 2), respec-
tively. We collected workers (ca. 300 workers each colony) and
pupae from 20 colonies for each of the experiments (four of which
were used in both experiments), by collecting nest material from
inside the nest, and brought these to the laboratory. The collected
nest fragments were housed in boxes (25 � 15 cm and 10 cm
high), the walls of which were coated with Fluon and the bottoms
lined with peat as nest material. The ants were kept at room tem-
perature (ca. 21 �C), fed BhathkareWhitcomb diet (Bhatkar &
Whitcomb, 1970), and watered daily.

Behavioural Assays

Two days after collection, 20 nurse ants were chosen, based on
their proximity to the brood in the nestbox, and placed in small
experimental boxes (diameter 7 cm, height 5 cm; Fig. 1a) lined
with a thin layer of peat. In addition, five nestmate pupae
(depending on the set-up, worker or sexual pupae) were added, as
the lack of access to familiar brood may cause workers to decrease
their preference for nestmate brood (F�en�eron & Jaisson, 1995; Hare
& Alloway, 1987; Lenoir, 1981). The ants were left to habituate
overnight. The following day, each experimental nest was given the
choice between 10 nestmate and 10 non-nestmate pupae (either all
worker-destined [set 1] or all sexual [set 2]), with each colony
assigned as the donor of non-nestmate pupae for one recipient
colony. The pupae were marked with either a red or a blue marker
pen (YOKEN xylene-free, low-odour permanent marker) close to
the meconium, with the colours assigned randomly for each trial.
At the start of the trial the pupae were placed in a circle in an arena
(diameter 22 cm, height 5 cm), equidistant from the central
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Figure 1. The pupae retrieval set-up. (a) Side view of the set-up with a hole in the middle of the arena to allow access from the experimental nestbox. (b) Top view of the arena with
alternating nestmate and non-nestmate pupae placed in a circle (adapted from Rosengren & Cherix, 1981; Maeder et al., 2005).
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opening, and alternating between nestmate and non-nestmate
pupae (Fig. 1a and b). Once the pupae had been placed in their
respective positions, the arena was placed on top of the experi-
mental nestbox. A stick was placed in the central opening of the
arena, providing the ants access to the arena to retrieve the pupae
(Fig. 1a and b). Once the ants started to retrieve the pupae, the
origins (nestmate/non-nestmate) and the order of retrieval were
recorded. To avoid nonindependence of the data, and to measure
retrieval rate, instead of measuring whether all pupae would be
collected, only the first 10 of the 20 pupae retrieved were consid-
ered. The sex of the sexual pupae (set 2) was determined after the
experiment, based on morphological characteristics (shape of
mandibles and abdomen as well as eye size). We used 800 pupae in
total, 10 nestmate and 10 non-nestmate pupae in each of the 20
replicates in both set 1 and set 2.

Chemical Analysis of Surface Hydrocarbons

Additional adult workers, worker pupae and sexual pupae from
each colony were used for chemical analysis of their surface
chemistry (five of each caste, except in mixed-sex broods, where
three males and three females were used). The cocoons were
removed with clean sharp forceps under a Leica Wild MZ6/M3B
stereomicroscope (2.0�magnification), after which the pupal cases
(henceforth ‘cocoons’) and the developing individuals inside the
cocoons (henceforth ‘developing individuals’) were placed in
separate 2 ml glass vials (Sigma Aldrich, France).

To extract the surface chemicals, 120 ml of pentane (HPLC
grade) was added to the sample vials for 10 min, after which the
extract was transferred to a clean 200 ml glass insert (Sigma
Aldrich), and allowed to evaporate under a fume hood for 2 h. The
samples were then rediluted in 50 ml of pentane containing an
internal standard (5 ng/ml of n-C18), and 2 ml of the liquid was
injected into an Agilent 7890A gas chromatograph (capillary col-
umn: Agilent HP-5MS, 30 m � 25 mm � 0.25 mm; split-
splitless injector; carrying helium gas at 1 ml/min), coupled
with an Agilent 5975c mass spectrometer with 70 eV electron
impact ionization. The temperature program started from 70 �C to
200 �C at 30 �C/min, then from 200 �C to 320 �C at 4 �C/
min, finishing with a hold at 320 �C for 5 min. For every 10
samples, a solvent-only control was included to check for possible
contamination; all control runs were clean. The compounds were
identified based on the diagnostic ions in their mass spectra and the
retention times and were integrated using MSD Chemstation
(Agilent Technologies, Santa Clara, CA, U.S.A.). As they had similar
retention times, some compounds co-eluted into the same peak.
These peaks were deconvoluted and identified using the AMDIS 32
software (National Institute of Standards and Technology, Gai-
thersburg, MD, U.S.A.). The software was also used to detect and
subtract the background noise from small peaks.

Statistical Analyses

Behavioural data
Pupa retrieval was analysed separately for the two sets (worker

and sexual pupae) using a Cox proportional hazards model (‘coxph’
in R package survival, R Core Team, 2013), with the order of retrieval
of the pupae as the dependent variable and the origin of pupae
(nestmate/non-nestmate) as a factor. The pupal sex ratios varied in
the colonies used for the retrieval of sexual pupae. Therefore, we
analysed possible effects of colony sex ratio, using those produced
by both the donor and recipient colony as covariates for the sexual
pupae Cox proportional hazards model. A test for the proportional
hazards assumption (command ‘cox.zph’ in R package survival),
indicated that these assumptions were not violated (all
P ¼ 0.26e0.96). As only the first 10 of 20 retrieval events were
recorded, the remaining 10 pupae were entered as censored data.

Chemical data
We collected chemical data from seven groups: (1) worker co-

coons, (2) developing worker individuals, (3) queen cocoons, (4)
developing queen individuals, (5) male cocoons, (6) developing
male individuals and (7) adult workers. As no previous data were
available on surface compounds of pupae in this species, we
included in the analysis all compounds consistently present in at
least one group (Appendix Table A1). This differs from earlier
studies on adult F. exsecta workers (Martin et al., 2008a; Martin,
Helanter€a, & Drijfhout, 2008b; Martin, Helanter€a, & Drijfhout,
2011; Martin, Schemilt et al., 2012; Martin, Trontti, Schemilt,
Drijfhout, Butlin & Jackson, 2012; Martin, Vitikainen et al., 2012;
Martin, Vitikainen, Helanter€a, & Drijfhout, 2008; Martin et al.,
2013), which generally included only the main alkanes and al-
kenes. The areas of the chosen peaks were standardized by calcu-
lating the ln(Pi, /g(P)) (Aitchison,1986), where Pi is the area of a peak
and g(P) is the geometric mean of all the peak areas of the indi-
vidual. We then reduced the number of variables to be included in
the analyses by running a principal component analysis (PCA) on
the standardized peak areas, and retained the first seven principal
components (PCs), which together explained nearly 90% of the total
variance (Appendix Table A1).

To assess whether the cocoons and/or the developing in-
dividuals carry colony-dependent odour profiles, we ran a
permutationalMANOVA set to 1000 permutations.We included the
Euclidean distances for each of the brood categories, as well as the
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cocoons and the developing individuals, separately, and used the
PCs as response variables and colony as a factor. The analysis was
run using the command ‘Adonis’ in the R package vegan (Oksanen,
Blanchet, Kindt, Legendre, &Minchin, 2013). For queens and males,
we also included sex, and the interaction between colony and sex,
to test for sex-specific differences.

Finally, we tested whether the chemical distance between
nestmate workers and non-nestmate pupae was associated with
the propensity of workers to accept non-nestmate pupae. To ach-
ieve this, we first estimated the position of each colony in a
multidimensional space by calculating colony (chemical) averages
for each PC separately. These averages were calculated for each
group within a colony (workers, cocoons, developing individuals).
We then used these colony averages to calculate a chemical
Euclidean distance matrix between each colony pair of nestmate
workers, and non-nestmate pupae (with developing individuals
and cocoons separately), and finally ran a binomial generalized
linear model (GLM), to investigate whether the propensity to
accept non-nestmate pupae was affected by the chemical distance
between colonies. We used successes and failures in retrieval
(nestmate versus non-nestmate pupae) as a combined response
variable and the chemical distance as a covariate. We ran the
analysis using the chemical data for both cocoons and developing
individuals and tested the following assumptions: independence of
each data point, distribution of the residuals, variance structure and
the relationship between the response and the predictor, with none
of the assumptions violated. All data were analysed using R version
3.0.2 (R Core Team, 2013).

Ethical Note

We confirm that our methods adhere to the ASAB/ABS Guide-
lines for the Use of Animals in Research. No rules govern the
treatment of our study organism. To ensure colony survival, only a
small fraction of the worker ants and pupae were collected from
any colony, leaving the resident reproductive queen and the ma-
jority of workers untouched. Ants were housed in boxes with peat
as nest material, kept at room temperature, and fed and watered
daily. Individuals were treated carefully, and chemical extraction
was done after anaesthesia by freezing.

RESULTS

When offered the choice between nestmate and non-nestmate
sexual pupae (set 2), workers retrieved nestmate pupae at a higher
1

0.8

0.6

0.4

0 2 4 6 8 10
Retrie

Nestmate

95% CI

Non-nestmate

95% CI

HR = 0.68, P = 0.01
(a)

Pr
op

or
ti

on
 o

f 
p

u
p

ae
 l

ef
t

Figure 2. Proportions of nestmate and non-nestmate (a) sexual pupae and (b) worker pupae
indicated by the dotted lines and shaded areas.
rate than non-nestmate pupae, leaving a larger proportion of non-
nestmate pupae in the arena (Fig. 2a; Cox hazard ratio,
HR ¼ 0.68, P ¼ 0.01). However, when offered the same choice,
but with worker pupae, the workers showed no significant prefer-
ence for either category of pupa (set 1; Fig. 2b; HR ¼ 0.82, P ¼ 0.15).
The sex ratio of neither the recipient (nestmate: HR¼ 0.99, P¼ 0.86)
nor the donor colony (non-nestmate: HR ¼ 0.99, P ¼ 0.99) had a
significant effect on the retrieval of thepupae. Samples includedboth
female- andmale-biased sex ratios (range 0e1) with an average sex
ratio of 0.55 across the colonies.

The chemical profile of F. exsecta workers and pupae (both co-
coons and developing individuals) typically consisted of 32 hydro-
carbons encompassing alkanes, alkenes and methyl-branched
alkanes (Table A1). For pupae, both the cocoons and the developing
individuals of each caste (queens, males and workers) showed a
colony-specific chemical profile (Table A2). The surface hydrocar-
bons of queen andmale pupae differed significantly from each other,
with respect to both the cocoons and the developing individuals
(TableA3). The interactionbetween sex andcolony, however,wasnot
significant (Table A3). This suggests that queen andmale pupae have
specific odours, regardless of colony origin. (For percentages of each
of the compounds within groups, see Table A4.)

The rate at which non-nestmate sexual pupae were retrieved
decreased as the chemical distance between the retrieving workers
and the non-nestmate pupae offered increased (GLM: Z ¼ 1.926,
P ¼ 0.05; Fig. 3a). This only applied to the developing sexual in-
dividuals, not their cocoons (GLM: Z¼ 0.09, P¼ 0.92). There was no
association between the rate at which non-nestmate worker pupae
were retrieved and the chemical distance between the colonies
(developing individuals: GLM: Z ¼ 1.441, P ¼ 0.15; Fig. 3b; cocoons:
GLM: Z ¼ 0.95, P ¼ 0.952).

DISCUSSION

In agreement with our predictions, we found that workers of
F. exsecta retrieved worker pupae irrespective of their colony of
origin, whereas they preferentially retrieved nestmate sexual pu-
pae. This preference was not complete, as non-nestmate sexual
pupae were also retrieved, but it was statistically significant. We
also found that both the cocoons and the developing individuals of
worker, queen and male pupae carried colony-specific odours
(R2 ¼ 0.38e0.51 across castes), which suggests that these ants have
the information they need to discriminate between brood from
different origins, and that they act upon this information selectively
(Nehring et al., 2011).
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U. Pulliainen et al. / Animal Behaviour 140 (2018) 151e159 155
We found that non-nestmate worker pupae were readily
retrieved by workers, yet adult workers in this species are rejected
(Martin, Vitikainen et al., 2008, 2012). This suggests that rejection is
context dependent. Indeed, acceptance of worker pupae should not
impose fitness costs on the colony, but rather may be beneficial
(Buschinger et al., 1980; F�en�eron & Jaisson, 1995; Isingrini et al.,
1985; but see Achenbach & Foitzik, 2009). As demonstrated by
the case of slave-making ants (d'Ettorre & Heinze, 2001; Foitzik,
DeHeer, Hunjan, & Herbers, 2001; Topoff, 1990), adopting non-
nestmate brood of especially later developmental stages can
significantly promote the growth of the adopting colony. This is
because the adopted brood does not require resources for devel-
opment yetmay add significantly to theworkforce available. Colony
size is a major factor contributing to both worker and queen fitness
through increased survivorship, productivity and competition
(Haag-Liautard et al., 2009; Sundstr€om, 1995). We note, however,
that we do not knowwhether the non-nestmate pupae would have
been raised into adults or, for example, used as a food resource.

As predicted, when retrieving sexual pupae, workers showed a
preference for nestmates. None the less, non-nestmate sexual pu-
pae were also retrieved. With sexual pupae, the risks and possible
fitness costs are determined by both acceptance and rejection er-
rors (Downs & Ratnieks, 2000; Reeve, 1989). Accepting non-
nestmate sexual pupae (acceptance error) is likely to incur costs,
as these individuals do not usually contribute to the performance of
the adopting colony yet consume colony resources. Conversely,
rejecting nestmate sexual brood (rejection error) also incurs fitness
costs, as the sexual offspring represent the contributions made to
future generations. Thus, the fact that non-nestmate sexual brood
was also retrieved suggests that the selection pressure from non-
nestmate sexual brood is not pervasive, and that the acceptance
threshold is rather adjusted to minimize rejection errors. In natural
conditions invasion of sexual brood is probably not a major threat,
as the pupae are immobile, and would need transport between
nests. However, species that are subject to colony take-over by
social parasites, as is occasionally the case in F. exsecta, may have a
stricter acceptance threshold towards intruders (Chernenko et al.,
2011).

Earlier studies have shown that unrelated eggs of F. exsecta are
accepted, at least in multiqueen and multinest societies (Holzer
et al., 2006). Studies on other ants have shown that some species
discriminate against conspecifics of earlier brood stages, eggs and
larvae (Fouks, d'Ettorre, & Nehring, 2011; Helanter€a & Ratnieks,
2009; Helanter€a & Sundstr€om, 2007; Lenoir, 1981; Meunier et al.,
2010), while others show acceptance (Crosland, 1988; Haskins &
Haskins, 1950; Souza et al., 2006). Conspecific pupae have also
been shown to be either accepted (Haskins & Haskins, 1950;
Maeder et al., 2005; Souza et al., 2006) or rejected (Carlin &
Schwartz, 1989; Fouks et al., 2011). These discriminatory rules
may depend on a variety of factors and the studies cited above have
different conditions and set-ups; hence it is difficult to conclude a
general pattern of acceptance according to brood stage. However,
according to fitness predictions, discrimination against non-
nestmate brood may be stronger at earlier developmental stages,
as these would drain colony resources, compared to pupae, which
would not require additional colony resources for their develop-
ment. Our results provide support for the hypotheses that weak
selection has shaped the caste-specific differences in brood
acceptance and that the workers selectively capitalize on available
chemical information in agreement with expectations under
adaptive behavioural decisions.

Pupal sex ratios had no effect on retrieval, although female and
male pupae differed in their surface chemistry. Hence, the observed
retrieval patterns are unlikely to be influenced by the sex of the
pupae. However, we found that the greater the chemical distance
between the retrieving workers and the retrieved non-nestmate
pupae (the developing individual inside the cocoon), the lower
the proportion of non-nestmate sexual pupae retrieved. Such a
pattern did not emerge for the retrieval of worker pupae, yet both
worker and sexual brood contained significant variation in their
chemical profile that allows the extraction of information about
colony origin. This provides further support for conditional
discrimination, where both sexual and worker brood express
colony-specific signatures, but only in the case of sexual brood is
this information acted upon. Interestingly, we found no correlation
between retrieval rate and the chemical distance of retrieving
workers and cocoons (pupal case analysed alone), for either sexual
or worker brood.

Pupae have been shown to express colony-specific chemical
profiles (e.g. Richard, Poulsen, Drijfhout, Jones, & Boomsma, 2007),
and we found that both the developing individuals and the cocoons
of F. exsecta carried a colony-specific chemical signature. A study on
newly emerged callows in Formica truncorum (Johnson &
Sundstr€om, 2012) showed that these also carry a colony-specific
profile, whereas another study on callows in F. exsecta (Martin,
Trontti, et al., 2012) showed that the profiles diverged from those
of their natal colony following isolation. In our study, and in the
study by Johnson and Sundstr€om (2012), the pupae and the callows,
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respectively, were not kept in isolation before analysis, so their
chemical profiles would not have diverged from those of the natal
colony in the same manner.

Although both the cocoons and developing individuals had
colony-specific chemical profiles, only the chemical profiles of the
developing sexuals (not the cocoons) showed a positive correlation
with retrieval probability. This indicates that odours on the devel-
oping individual can be detected through the cocoon, a result
consistent with those in other species of ants and honeybees in
which workers are able to assess the health of brood through the
cocoon or cell cap, respectively (Pull et al., 2018; Rotherbuhler,
1964). Ants can also detect nestmate cues from a distance
without tactile contact (Brandstaetter, Endler,& Kleineidam, 2008),
so it should be possible to assess the odours through the cocoon.
We assume, however, that the odour profiles of both the cocoon
and the developing individual inside are detected, probably as a
blend.

As far as we know, the caste of the brood has not been consid-
ered in previous studies on conspecific brood recognition. Here, we
found evidence for some caste-specificity in the responses, a result
that echoes earlier results, which show caste-specific acceptance of
heterospecific pupae in the ants Temnothorax and Protomognathus
(Achenbach et al., 2010), and adult conspecifics in the ants Sol-
enopsis invicta (Vander Meer & Porter, 2001) and Pachycondyla
luteipes (Kikuchi, Tsuji, Ohnishi, & Le Breton, 2007). Caste-biased
acceptance of non-nestmate conspecifics is expected to be based
on inclusive fitness benefits, and our results agree with those cited
above to suggest that this is the case also within species.

The ability to distinguish between group members and alien
individuals is common among social animals, such as birds (Krause,
Krüger, Kohlmeier, & Caspers, 2012; Sharp, McGowan, Wood, &
Hatchwell, 2005; Wilkinson, Specht, & Huber, 2010) and mam-
mals (Boysen& Berntson, 1989; Mateo, 2003, 2010). It is even more
crucial for eusocial insect societies, as not only adults but also brood
is important for the maintenance of the colony's integrity and
survival. However, brood recognition appears to be context
dependent, with discriminatory rules depending on factors such as
brood stage (Lenoir, 1981), parasite pressure (Chernenko et al.,
2011), colony structure (Meunier, Del�emont, & Lucas, 2011) and
the presence of one or more queens (Helanter€a& Sundstr€om, 2007;
Sundstr€om, 1997). Here we have shown that the caste of the brood
can also affect discrimination. Recognition consists of different in-
ternal processes, while discrimination is the result of an interplay
between both perception and action, and we have shown that the
information, which is likely to be perceived, does not necessarily
translate into action. This confirms the importance of combining
chemical data with behavioural experiments to better understand
this complex process.
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APPENDIX
Table A1
Identification of the compounds found on pupae of F. exsecta as well as their contributions to the principal components (PC)

Peak no. Compound PC1 PC2 PC3 PC4 PC5 PC6 PC7

1 5.9-DiMeC17 �0.22 �0.12 �0.18 �0.04 �0.05 0.20 0.06
2 x.y-DiMeC17 �0.23 �0.13 �0.24 0.03 0.00 0.08 0.03
3 x.y-DiMeC17 �0.23 �0.14 �0.24 0.04 0.00 0.09 0.03
4 x.y-DiMeC19 �0.24 �0.10 �0.23 0.07 0.01 0.02 0.00
5 x.y-DiMeC19 �0.23 �0.12 �0.24 0.08 0.02 0.04 0.01
6 C21 �0.13 �0.01 0.13 0.24 �0.17 0.27 �0.50
7 x.y-DiMeC21 �0.24 �0.03 �0.18 0.14 �0.01 �0.08 0.01
8 x.y-DiMeC21 �0.23 �0.12 �0.23 0.10 0.04 0.01 0.00
9 C23:1 �0.16 0.20 0.02 �0.02 �0.39 �0.36 0.05
10 C23 �0.22 0.17 0.15 0.12 0.01 �0.09 �0.20
11 3-MeC23 �0.15 0.18 0.05 �0.11 �0.38 �0.18 0.09
12 C24:1 �0.18 0.23 0.03 0.01 �0.15 �0.26 �0.08
13 3.11-DiMeC23 �0.23 �0.10 �0.24 0.05 �0.03 �0.01 �0.01
14 C24 �0.25 0.03 0.04 0.12 0.14 �0.15 0.02
15 C25:1 �0.20 0.26 0.05 �0.05 �0.03 �0.10 �0.06
16 C25 �0.20 0.11 0.14 0.12 0.24 �0.25 0.04
17 3-MeC25 �0.19 0.12 0.08 �0.06 �0.27 0.06 0.23
18 C26:1 �0.16 0.23 0.09 �0.02 0.32 0.15 �0.17
19 C26 �0.11 �0.14 0.32 0.25 0.14 �0.12 0.30
20 C27:1 �0.17 0.24 0.10 �0.09 0.28 0.20 �0.08
21 C27 �0.13 �0.19 0.30 0.18 0.14 �0.10 0.20
22 5.13DiMe C27 þ 5.11DiMeC27 �0.21 0.13 0.17 �0.01 0.14 0.17 0.16
23 C28 �0.09 �0.31 0.24 �0.02 0.01 �0.06 0.11
24 C29:1 �0.17 0.22 0.13 �0.20 0.18 0.20 0.02
25 C29 �0.11 �0.31 0.16 �0.23 0.00 �0.08 �0.06
26 11-MeC29 �0.08 0.03 0.05 �0.33 �0.21 0.36 0.41
27 9-MeC29 �0.04 �0.10 0.23 0.24 �0.36 0.31 �0.29
28 7-MeC29 �0.06 �0.17 0.30 0.29 �0.20 0.16 0.08
29 5-MeC29 �0.05 �0.19 0.08 �0.32 0.02 �0.26 �0.37
30 C30 �0.13 �0.28 0.14 �0.22 0.05 �0.07 �0.06
31 C31:1 �0.16 0.03 0.13 �0.37 �0.08 0.17 �0.07
32 C31 �0.12 �0.26 0.08 �0.33 0.01 �0.08 �0.16
Variance (%) 37.5 18.7 12.8 7.2 5.4 3.7 2.9
Cumulative variance (%) 37.5 56.3 69.1 76.3 81.6 85.3 88.3

The internal standard peak (C18) was not included in the analyses.
Table A2
Permutational MANOVA calculating the chemical variance between colonies

df Sum of squares

Queens
Cocoons Colony 12 162.37

Residuals 31 133.16
Total 43 295.53

Developing individuals Colony 12 187.32
Residuals 31 225.81
Total 43 413.13

Males
Cocoons Colony 14 545.37

Residuals 41 594.74
Total 55 1140.12

Developing individuals Colony 13 401.06
Residuals 41 614.72
Total 54 1015.78

Workers
Cocoons Colony 19 562.12

Residuals 80 942.74
Total 99 1504.86

Developing individuals Colony 19 531.06
Residuals 77 866.38
Total 96 1397.44

The analysis was run using the command ‘Adonis’ in the R package vegan (pupae~sex)co
sequentially (first to last).
Mean square F R2 Pr(>F)

13.5308 3.1499 0.54941 0.002
4.2956 0.45059

1.00000
15.6099 2.143 0.45342 0.004
7.2841 0.54658

1.00000

38.955 2.6855 0.47835 0.004
14e506 0.52165

1.00000
30.851 2.0577 0.39483 0.013
14.993 0.60517

1.00000

29.585 2.5106 0.37353 0.001
11.748 0.62647

1.0000
27.951 2.4841 0.38003 0.001
11.252 0.61997

1.00000

lony, permutations ¼ 1000, method ¼ ‘Euclidean’). Permutation: free. Terms added



Table A3
Permutational MANOVA calculating the chemical variance between the sexes in sexuals, as well as the interaction of colony and sex

df Sum of squares Mean square F R2 Pr(>F)

Cocoons
Sex 1 92.64 92.645 9.1639 0.06062 0.004
Colony 18 641.35 35.631 3.5244 0.41965 0.001
Sex)colony 8 66.39 8.299 0.8209 0.04344 0.600
Residuals 72 727.91 10.110 0.47629
Total 99 1528.29 1.00000

Developing individuals
Sex 1 105.74 105.745 9.0581 0.06890 0.001
Colony 18 470.25 26.125 2.2379 0.30642 0.004
Sex)colony 7 118.13 16.875 1.4455 0.07697 0.157
Residuals 72 840.53 11.674 0.54770
Total 98 1534.65 1.0000

The analysis 'was run using the command ‘Adonis’ in the R package vegan (pupae~sex)colony, permutations ¼ 1000, method ¼ ‘Euclidean’). Permutation: free. Terms added
sequentially (first to last).

Table A4
Average percentage of each of the compounds of the chemical profile for each of the groups

Compound Queens Males Workers

Cocoons Developing
individuals

Cocoons Developing
individuals

Cocoons Developing
individuals

Adults

% SD % SD % SD % SD % SD % SD % SD

5.9-DiMeC17 0.37 0.17 0.27 0.13 0.48 0.32 0.32 0.47 1.47 0.81 1.09 0.39 0.25 0.18
x.y-DiMeC17 0.39 0.19 0.31 0.13 0.48 0.32 0.29 0.32 1.63 0.92 1.47 0.39 0.29 0.23
x.y-DiMeC17 0.78 0.38 0.65 0.26 0.95 0.64 0.62 0.61 3.23 1.87 2.96 0.75 0.58 0.43
x.y-DiMeC19 0.33 0.17 0.29 0.13 0.39 0.28 0.26 0.27 1.40 0.80 1.45 0.39 0.30 0.26
x.y-DiMeC19 0.66 0.35 0.61 0.26 0.78 0.54 0.56 0.54 2.77 1.58 2.80 0.76 0.56 0.47
C21 0.05 0.04 0.11 0.17 0.08 0.13 0.22 0.39 0.11 0.08 0.23 0.37 0.09 0.06
x.y-DiMeC21 0.23 0.12 0.25 0.10 0.27 0.18 0.23 0.21 0.94 0.51 1.05 0.32 0.29 0.26
x.y-DiMeC21 0.55 0.29 0.54 0.22 0.68 0.51 0.48 0.44 2.20 1.24 2.33 0.68 0.51 0.45
C23:1 0.82 0.72 0.04 0.08 0.82 0.89 0.22 0.46 3.86 4.35 0.58 1.40 4.78 5.28
C23 1.04 0.47 0.93 0.62 1.00 0.68 1.90 1.66 1.78 0.52 1.36 1.17 2.95 1.07
3-MeC23 0.03 0.06 0.00 0.01 0.03 0.08 0.02 0.06 0.16 0.20 0.01 0.07 0.12 0.19
C24:1 0.05 0.06 0.00 0.00 0.04 0.07 0.01 0.02 0.17 0.21 0.01 0.04 0.36 0.27
3.11-DiMeC23 0.39 0.23 0.32 0.14 0.46 0.36 0.27 0.29 1.59 0.94 1.54 0.54 0.30 0.27
C24 0.51 0.16 0.48 0.13 0.73 1.07 0.57 0.22 1.24 0.51 1.22 0.29 0.75 0.29
C25:1 3.43 2.54 0.11 0.21 3.27 3.40 0.69 1.69 10.75 7.72 1.06 1.70 17.09 5.73
C25 7.22 1.48 8.95 3.39 6.54 2.14 11.32 4.11 11.72 3.01 10.04 2.69 19.77 6.81
3-MeC25 0.10 0.08 0.07 0.03 0.08 0.10 0.10 0.08 0.22 0.17 0.05 0.07 0.11 0.12
C26:1 0.10 0.15 0.00 0.00 0.07 0.12 0.02 0.06 0.16 0.17 0.01 0.04 0.65 0.38
C26 0.51 0.27 2.11 0.78 0.90 1.38 2.23 0.68 0.38 0.18 0.85 0.21 0.65 0.31
C27:1 6.20 6.78 0.12 0.20 5.31 5.80 0.73 1.66 12.12 8.33 1.13 2.28 23.78 9.83
C27 17.00 2.86 44.74 4.03 18.46 4.72 40.90 6.54 12.24 3.83 29.65 3.83 14.28 5.53
5.13-DiMeC27

þ5.11-DiMeC27

0.20 0.09 0.30 0.12 0.25 0.27 0.41 0.17 0.54 0.37 0.27 0.10 0.44 0.15

C28 2.12 0.48 3.45 0.51 2.56 0.81 2.88 0.63 0.84 0.41 2.39 0.48 0.28 0.14
C29:1 1.94 2.07 0.03 0.07 2.09 5.01 0.18 0.31 2.45 1.72 0.13 0.53 4.44 2.14
C29 44.74 8.88 28.88 6.01 44.60 11.95 27.44 6.81 20.99 7.90 31.28 4.67 4.28 1.71
11-MeC29 0.70 0.65 0.00 0.00 0.60 0.74 0.09 0.35 0.57 1.53 0.04 0.26 0.26 0.85
9-MeC29 0.30 0.29 0.77 1.26 0.31 0.54 0.99 1.37 0.16 0.30 0.12 0.36 0.04 0.11
7-MeC29 0.95 0.63 3.37 1.45 0.92 0.88 3.86 1.92 0.76 0.58 1.53 0.93 0.29 0.32
5-MeC29 0.44 0.25 0.00 0.02 0.46 0.49 0.07 0.20 0.07 0.22 0.09 0.26 0.02 0.06
C30 0.50 0.24 0.29 0.13 0.53 0.59 0.22 0.11 0.16 0.16 0.18 0.21 0.04 0.06
C31:1 1.76 1.17 0.16 0.21 1.30 1.40 0.36 0.40 1.04 0.63 0.47 0.62 0.84 0.57
C31 5.59 1.74 1.85 0.98 4.56 2.25 1.54 0.63 2.29 1.05 2.60 1.10 0.60 0.31
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