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Abstract. Preliminary results of the validation of original
methods to study the division of labor in ant groups of different
sizes during the brood transport to the shelter using the model
species Formica aquilonia (Yarrow, 1955) are presented. Task
performance depended on group size: when brood:worker
ratio was about 4 or greater, the highest proportion (86 %) of
successful tests was in groups of 10 and 30 individuals, 58
% in pairs of individuals, and 29 % in single workers. The
following behavioral roles of inner-nest workers were identi-
fied: transporting the brood to the shelter (17 (14, 25) % of
the group), brood care inside the shelter (47 (40; 70) %) and
outside the shelter (20 (0; 39) %), and no contact with the
brood (9 (3; 13) %). Brood transport was performed mainly
(92-100 %) by a small number of highly active carriers (11
(7; 25) % of the group). Task efficiency (% brood transferred
to the shelter) is assumed to be similar in group (59 (50; 78))
and pairwise (70 (45; 100)) tests. Pairwise tests may be used
to analyze the effects of the behavioral role and experience of
workers on their task performance. Social signals (jerking mo-
tor displays) may influence the decision to transport the brood.
In the context of brood care tasks, the proposed methods were
quite sensitive to variations in individual and group behavior
of ants and effective for estimating the role of key individuals
and communication in collective decision making.

Peziome. TlpencraBineHsl npenBapUTEIbHBIE PE3YIbTATHI
anpoOaluy OPUTHHAJIBHBIX METOIOB M3YUSHUS Pa3/ielIeHUs
Tpy/a B rpymnax pabounx MypaBbEB pa3HOU YUCIEHHOCTH IPH
MepeHoce PacIiofa B yKphITHE Ha MOJEIbHOM Buae Formica
aquilonia (Yarrow, 1955). BeimonHeHue 3aaadd 3aBHCENO
OT pa3Mepa TPYIIIbL: IPU COOTHOIIEHHH PACIUION : paboune
OKOJI0 4 ¥ BBIIIIE 0SS YCTISIIHBIX TECTOB ObLIa MAKCHMAalIbHA
(86 %) y rpymn u3 10 u 30 ocobeit, 58 % y mapsl ocobeit u
29 % y onMHOYHBIX pabo4nX. BeineneHs! creayromnme TakTHKA
MOBEICHHSI BHYTPUTHE3I0BbIX pabouux 0co0eii: TpaHCIOPTH-
poBka pacruiozia B ykpeitue (17 (14, 25) % rpynmsr), 3a6ota
3a pacIuIofioM BHYTpH YKpBITHA (47 (40; 70) %) 1 BHE yKPBITHS
(20 (0; 39) %), orcyTcTBHE KOHTAKTOB C pacmioaoM (9 (3; 13) %).
3aaua Mo TPaHCIIOPTHPOBKE pactuiozia B ocHOBHOM (92—100 %)
BBIMOJHSIACH MaJbIM YHCIIOM IMEPEHOCYUKOB C BBICOKOM
aktuBHOCTHIO (11 (7; 25) % rpynmsl). EcTe ocHOBaHMS mona-
rarb, 4To 3 PEeKTHBHOCTb BBHINOMHEHHs 3a1a4n (% mepeHe-
CEHHOTO B YKPBITHE pacIuiofa) OblIa CXOAHOM B IPYIIIOBOM

(59 (505 78)) u maprOM (70 (45; 100)) Tecrax. [Tapuble TecTHI
MOTYT NPUMEHATHCA AJI aHAJIM3a BIMSHUS MOBEICHYECKON
TaKTHKH ¥ ONbITAa paO00OYMX Ha BHINOJIHEHHE MMH 3a1a4n. Ha
HPHUHATHE PELICHUS O TPAHCHOPTUPOBKE PACILIONa MOTYT
OKa3bIBaTh BIMSHUE COLMAIIbHBIC CUTHAIIBI (CEPUHU OBICTPBIX
BBIN/I0B). B KoHTEKCTE 33124 110 YXO/y 32 pacIlIonoM Ipe-
JlaraeMble METOIbI OKa3aJIMCh JOCTATOYHO YYBCTBUTEIBHBIMU
K pa3iu4usM B WHIMBHIYaJIbHOM M TPYIIIOBOM IOBEICHUU
MypaBbeB ¥ 3P(EKTUBHBIMU Ul OLIEHKH POJH KIJIIOYEBBIX
oco0ei 1 KOMMYHHKAIIMU B KOJUIEKTUBHOM PELICHUH 3a/IauH.

Introduction

The social organization of ant colonies is based on
a division of labor, including task specialization among
groups of workers and task switching depending on the
frequency of contacts with nestmates and other stimuli
[Holldobler, Wilson, 1990; Gordon, 2019]. Individual
contributions to task performance vary widely at the
colony level, with some workers performing a dispropor-
tionate amount of the task («elite workers» [Robson, Tra-
niello, 1999]) and other individuals remaining inactive
[Dornhaus et al., 2008]. Task performance may depend
on the group composition, experience and personality
traits of workers, and their mode of communication
and recruitment [Ravary et al., 2007; Carere et al.,
2018; Reznikova, 2021]. Most studies have focused on
foraging tasks, where collective success depends on the
information transfer from scouts to foragers [Reznikova,
2020]. The mechanisms involved in performing inner-
nest tasks remain less understood.

When nest chambers containing brood are damaged,
ants carry the brood to temporary shelters that protect
them from adverse environmental conditions. The per-
formance of this task by ants has been studied mainly
at the colony level, but less frequently at the group or
individual levels [Meudec, 1973; Szczuka et al., 2014].
Group performance in brood transport may depend on
group size and the task specialization of workers [Lenoir,
1981; Szczuka et al., 2014]. Individuals in groups may
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Fig. 1. Experimental setups for studying the organization of brood
transport and care in group (10 workers, 40 pupae) and pairwise (2 work-
ers, 10 pupae) tests.

Puc. 1. OxcriepuMeHTaABHbIE yCTAHOBKH AASL U3y CHHS OPraHHU3ALUN
TPAHCIIOPTHPOBKH H YXOA2 32 PacnaopoM B rpymmosbix (10 paGounx,
40 xyxoaox) 1 napHsix (2 pabounx, 10 kyKkoaoK) TecTax.

differ in their behavioral tactics for interacting with the
brood [Golovachev et al., 2022]. Nevertheless, task
partitioning and the organization of brood retrieval in
ants are still poorly understood.

In this study of brood transport in Formica aquilonia,
the following research questions and methods to address
them were raised: (1) Can the brood hiding task be
observed in small groups of workers? (2) Do inner-nest
workers differ in their behavioral roles in performing
the task? (3) Do social signals influence the individual
performance of this task?

Materials and methods

The F. aquilonia colony of 3000-4000 individuals
with a queen and brood was collected from an anthill
in a mixed forest in Novosibirsk Academgorodok
(N54.83522, E83.10263). Ants were kept in artificial
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nests (20x15x2 cm) in plastic arenas (80x50x20 cm) with
access to water and 20 % sugar solution. The preferred
location of worker activity (nest or arena) was recorded.
The inner-nest workers were individually marked with
nitro dyes. Fully pigmented workers active inside the
nest were selected.

A previous study on red wood ants showed successful
brood transport in groups of at least 20 workers [Szczuka
etal., 2014]. The low success rate in smaller groups could
be related to the low brood:worker ratio (0.25-2.5) and
the high acclimatization time of isolated groups (30 min-
utes) [Szczuka et al., 2014]. Therefore, we increased the
brood:worker ratio to about 4 in group tests, 5 in pairwise
tests, and 10 in individual tests. The acclimatization time
of ants in the test arena before brood introduction was re-
duced to 5 minutes. Together with the shelter design (Fig.
1) and inner-nest worker selection methods, these new
conditions allowed us to observe complete sequences of
brood transport and care by groups of less than 20 workers
and even by individual red wood ants.

Group tests. Experiments were performed in two
variants: 10 workers with 40 pupae (brood:worker ra-
tio = 4; n = 3) and 30 workers with 110 pupae (brood :
worker ratio = 3.7; n=4). Individuals were selected from
inner-nest workers who participated in brood transport
in experiments where pupae were offered near the nest
entrance. A group of ants was placed in a round test
arena (d = 9 cm for tests with 10 workers and d =15 cm
for tests with 30 workers) with a shaded shelter in the
center (d =5 cm, h = 1 cm, four entrances 0.5x1 cm)
and pupae evenly distributed on the lighted part of the
test arena (Fig. 1). The duration of the video recording
did not exceed 60 minutes.

Individual and pairwise tests. To examine the role of
the social environment on task performance, the most
active workers in brood transport («active carriersy)
were tested individually (n = 7) and paired (n = 19)
with inner-nest workers that did not participate in brood
transport («inactive workersy) in experiments with pupae
offered near the nest entrance. For individual tests, active
carriers were selected based on the high level of brood
transport in previous group tests. For pairwise tests, other
individuals from active carriers were selected based on
(i) the high level of brood transport in previous group
tests (n = 7) or (ii) experiments with pupae offered near
the nest entrance without group test experience (n = 12).
In both cases, active carriers were selected from indi-
viduals who transported more than three pupae to the
shelter or nest chamber. Individual and pairwise tests
were performed in round test arenas (d =5 cm, h=1 cm),
half of which were illuminated and the other half were
shaded shelters (h = 0.5 cm). On the illuminated part
of the test arena, 10 pupae were evenly distributed, and
1 or 2 marked ants were placed (Fig. 1). The duration
of the video recording was not more than 15 minutes
for individual trials and not more than 30 minutes for
pairwise trials.

In all tests, the shaded shelter had light-blocking
side walls where the ants preferred to place brood. A
red translucent coating (0.1 mm polyester film) on the
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top was used to record ant behavior inside the shelter
(Fig. 1). After testing, the arenas were treated with etha-
nol to eliminate the influence of chemical cues.

Actotal of 33 observations (7 group tests, 19 pairwise
tests, and 7 individual tests) with a total duration of 10
hours were performed.

Tests in which at least one worker transferred at
least one pupa to the shelter were considered success-
ful. The success rate was measured as the percentage
of successful tests. Task efficiency in successful tests
was measured as the proportion of pupae transferred to
the shelter out of the total number of pupae. Statistical
data processing was performed in SPSS 22.0 (Chicago,
USA). Fisher exact test with Bonferroni correction was
used to compare success rate between different tests. Due
to the preliminary nature of the study, an a priori power
analysis was performed on the success rate data using
G*Power 3.1.9.7 [Faul et al., 2007] to estimate the re-
quired sample size to reach 80 % power (alpha =0.025,
beta = 0.20). Fisher exact test was used to compare
frequency of behavior in response to social display
between different tests. Mann-Whitney test was used to
compare task efficiency, number of brood transported,
and number of social displays between different tests.
Wilcoxon signed ranks test was used to compare number
of brood transported by different ants in a pairwise test.
Spearman’s correlation was used to assess relationships
between behavioral variables. Medians [25 %; 75 %]
are presented.

The present work is registered in ZooBank
(www.zoobank.org) under LSID urn:lsid:zoobank.
org:pub:FB0699C1-2BC5-43B3-AB44-
SE81CFDOSAIA

Results

Group tests. Due to the limited sample size of suc-
cessful tests (n =2 for groups of 10 individuals, n =4 for
groups of 30 individuals) and the approximately equal
brood:worker ratios (4 and 3.7, respectively), further
analysis of group tests was performed on the pooled
sample (n = 6). In the group tests, red wood ants showed
high success rates in hiding the brood; 6 out of 7 groups
(86 %) transported pupae to the shelter.

One of four tactics prevailed in worker behavior:
(1) brood transport from the lighted arena to the shelter,
including brood clustering there (17 (14, 25) % of group
size); (2) brood care under the shelter, including immobil-
ity near the brood, antennal touching, and clustering of the
brood (47 (40; 70) %); (3) brood care outside the shelter
(20 (0; 39) %); (4) walking or standing on the lighted arena
without contact with the brood (9 (3; 13) %).

The majority of brood transport (92—-100 % of pupae
in the shelter) was performed by 1 to 6 workers (11 (7;
25) % of workers in the group). These highly active work-
ers carried 9-33 pupae to the shelter (21 (11; 28)), which
was several times higher than the number of pupae per
ant (about 4.0).

Task efficiency as a percentage of transported brood
(Fig. 2) tended to increase with the percentages of brood
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carriers in the group (r =0.70, p = 0.13), including highly
active carriers (r=0.66, p = 0.15) and nurses inside the
shelter (r=0.73, p = 0.10). Task efficiency significantly
decreased with the percentage of nurses outside the
shelter (r=-0.88, p = 0.02).

Individual and pairwise tests. Individual tests of
highly active workers (n = 7) showed a lower success
rate of brood transport at the tendency level compared
to group tests (29 % and 86 %, respectively; p = 0.10,
Fisher’s exact test with Bonferroni correction), whereas
the success rate in pairwise tests (11 out of 19 tests,
58 %) was similar to that in individual and group tests
(p > 0.025, Fisher’s exact test with Bonferroni correc-
tion). Power analysis indicated that sample sizes should
be increased to n = 13 for group versus individual
comparisons or n = 53-62 for pairwise versus group/
individual comparisons to achieve a significant effect
on the success rate.

In successful tests of pairs and groups of workers,
task efficiency was found to be similar and made up
about 60—70 % (Mann-Whitney test, p > 0.05; Fig. 2).
In two successful individual tests, workers transported
10 % and 80 % of the brood. In successful pairwise tests,
task efficiency tended to be higher when only the active
carrier performed the task (n = 6) than in tests (n = 5)
where both the active carrier and the inactive worker
transported pupae into the shelter (90 (68; 100) and 40
(35; 75), respectively; Mann-Whitney test, p = 0.096).
Overall, active carriers transported significantly more
pupae into the shelter than inactive workers (6 (1; 10)
vs. 0 (0; 3); Wilcoxon signed ranks test, p < 0.05). The
method of selecting active carriers for pairwise tests did
not affect the success rate (57 vs. 58 %; Fisher’s exact
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Fig. 2. Brood transport efficiency in successful group (n = 6) and pair
(n = 11) tests. PfOPOftiOn Ofbro()d transpol‘tcd to thc Shcltcr by Fﬂrmi[ﬂ
aquiloniaYarrow workers out of the total number of brood. Mann-Whitney
test: ns — p > 0.05.

Puc. 2. PesyAbTaTHBHOCTD IEPEHOCA PACIIAOAA B YCIICIIHBIX IPYIIIOBBIX
(n=6) umapubix (n = 11) TecTax. AoAs TPaHCIIOPTHPOBAHHOTO pabodnMU
Formica aquilonia Yarrow B yKpBITHE PAacIIAOAA OT OOILEro KOAHYECTBA
pacmaopa. Kpurepuit Mauna-Yutau: ns — p > 0,05.
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Figs 3—4. Brood transport performance by recipient ants to social signals (jerking motor displays). 3 — in group and pairwise tests; 4 — during

stimulation by active carriers or inactive workers in pairwise tests. Numbers in the graph indicate sample sizes. Fisher’s exact test: ns — p > 0.05.

PHC. 3—4 BBIHOAHCHHC HCPCHOCa paanoAa MyPaBI)HMI/[ B OTBCT HAa COJHMAABHBIC CUTHAABI (CCPI/[I/I 6bICprIX BI)IHS.AOB). 3 — B I‘pyHHOBbIX " HaPHI)IX
TCCTaX; 4 — TP CTUMYASIJUH aKTUBHBIMU IICPEHOCIYUKAMH HAM HCAKTUBHBIMH pa6oanu B ITAPHBIX TECTAX. HOMCP&MP{ Ha AparpaMMe yKasaHbl pa3sMepbl

BbI6OpoK. Tounsnit kpurepuit Puuiepa: ns — p > 0,05.

test, p > 0.05), but it did affect individual task efficiency.
Carriers with previous experience in group tests trans-
ferred more pupae to the shelter than carriers without
such experience (10 (8; 10) and 3 (1; 6), respectively;
Mann-Whitney test, p < 0.05).

Social signals. Workers interacted with each other
through antennal touching, antennal contact, and food
exchange. The ants demonstrated jerks and lunges with
open mandibles toward the nestmate and placed their
forelegs on the nestmate’s body. This jerking motor
display resulted in the recipient ant transporting one or
more pupae to the shelter («task completed), or picking
up/transporting the pupae within the lighted arena («task
performance started and not completed»), or touching/
ignoring the pupae («task performance not started»).

The display was observed significantly more fre-
quently in 6 successful group tests than in 11 success-
ful pairwise tests (7 (5; 11) and 1 (0; 4), respectively;
Mann-Whitney test, p<0.01). The jerking motor display
initiated complete or uncomplete performance of brood
hiding by the recipient worker at the tendency level
more often in pairwise tests than in group tests (52 vs.
28 %, respectively; Fisher’s exact test, p=0.063; Fig. 3).
In pairwise tests, whether the active carrier or inactive
worker showed this display did not affect the frequency
of'the recipient ant’s behavioral responses (Fisher’s exact
test, p>0.05; Fig. 4).

Discussion

A key task in maintaining ant colony structure is
brood care, including feeding, grooming and maintain-
ing nest conditions [Holldobler, Wilson, 1990]. The
original experimental setup allowed us to determine
the threshold group size required for brood transfer
to a suitable environment. We simulated the situation
of nest chamber destruction with pupae exposure and
observed the movement of pupae to a temporary shelter
by F. aquilonia workers. Ants were shown to success-
fully relocate their brood in pairs of workers for the first

time. Task partitioning among inner-nest workers was
first demonstrated in red wood ants. The majority of
individuals are inactive brood carers, while the minority
of the group (11 %) are active brood carriers. Workers
were able to recruit other individuals to carry brood in
pairs and groups, although communication only slightly
contributed in task completion. Overall, the proposed
methods are suitable for evaluating the role of key in-
dividuals, experience, and communication in collective
decision making during brood relocation.

Using a controlled number of workers with known
behavioral characteristics, we generated the need to hide
the brood in a safe place outside the nest. A shelter with
dark walls and a red translucent cover proved to be a suf-
ficient stimulus for ants to hide the brood from the first
minutes of the experiment. This shelter design allowed
us to distinguish individual ant markings and observe
worker-brood and worker-worker interactions both in
the test arena and inside the shelter (Fig. 1).

In our study of F. aquilonia, brood relocation was
not only performed by the majority of groups (86 %
success rate) consisting of 10 and 30 inner-nest work-
ers, but also by 58 % of worker pairs, and even by rare
(29 %) highly active individuals. When comparing the
success rate between individual and group tests, power
analysis revealed a more pronounced effect size. This
may indicate that social influence plays an important
role in brood transport task performance. The minimum
group size of two individuals required for brood reloca-
tion was first demonstrated in ants.

Our data is consistent with the known effect of group
size on ant collective behavior [Dornhaus et al., 2012].
Brood transport to a shelter was expressed in groups
of at least 20 workers in red wood ants [Szczuka et al.,
2014] and 5 workers in Myrmica rubra (Linnaeus, 1758)
[Golovachev et al., 2022]. More successful performance
of the brood carrying task may be associated with a
higher brood:worker ratio. This ratio was 3.7-4.0 for
groups of F. aquilonia workers, 5 for 2 workers, and 10
for 1 worker, whereas in the experiments of Szczuka
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et al. [2014] on F. polyctena Forster, 1850 this ratio
was several times lower: 0.25-0.5 for 10-20 workers,
1 for 5 workers, and 5 for 1 worker. In M. rubra (Lin-
naeus, 1758), brood:worker ratio was 3.6, and groups
of 5 workers transferred all the brood to the shelter in
55 % of trials [Golovachev et al., 2022]. Apparently, a
high brood : worker ratio (about 4 or more) allows us
to observe brood transport in ant groups of small size.

The pairwise experimental design can be applied
to analyze the effects of learning, specialization, and
social environment on task performance by using dif-
ferent combinations of workers (young and old; naive
and experienced; nurses and foragers, etc.). According
to our preliminary data, workers’ performance in brood
relocation is influenced by their behavioral role and ex-
perience. In pairwise tests, the active carriers transferred
more brood to the shelter than inactive workers (appar-
ently brood carriers). Among active carriers, the number
of brood transported was higher for those with previous
successful experience in group tests. This confirms the
important role of individual experience in the division
of labour [Ravary et al., 2007].

The organization of brood relocation by a group of
inner-nest workers of F. aquilonia was expressed as task
partitioning with sequential performance of tasks by dif-
ferent numbers of workers: brood care outside (47 % of
group), brood transport to the shelter (17 %), and brood
care inside the shelter (20 %). The task efficiency of the
ant group tended to increase with the number of workers
transporting and caring for the brood inside the shelter
and decreased with the number of workers caring for
the brood outside. The task partitioning we observed in
red wood ants is somewhat similar to the distribution of
behavioral tactics in M. rubra groups, where about 20 %
of workers care for brood outside, 22 % transport brood,
26 % care for brood inside the shelter, and 28 % switch
between tasks [Golovachev et al., 2022].

It may be easier to manipulate worker composition in
isolated groups than in entire ant colonies. This approach
makes it possible to study the flexibility of task parti-
tioning, the role of specialization and self-organization
in brood relocation. For example, one would expect be-
havioral changes in less active individuals by excluding
«elites», a subgroup of highly active individuals (11 %
of the group in F. aquilonia) who perform the majority
of the work (98 % in F. aquilonia) and whose presence
is required to complete the task [Robson, Traniello,
1999]. The number of «elite» brood carriers varies
from 4 % of workers in Lasius niger (Linnaeus, 1758)
[Lenoir, 1981] and 8 % in Camponotus fellah (Dalla
Torre, 1893) [Mersch et al., 2018] to 11 % in Formica
sanguinea (Latreille, 1798) [Moglich, Holldobler, 1974]
and 18-34 % of workers in M. rubra [ Abraham, Pasteels,
1980]. The duration of such specialization can vary from
5 days to 3 months [Robson, Traniello, 1999]. Although
the phenomenon of «elite» brood carriers has long been
described, the resilience of the division of labor depen-
dent on the activity of a small number of individuals
remains poorly understood [Robson, Traniello, 1999;
Dornhaus et al., 2008].
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Recruitment may increase the efficiency of nestmate
transport during nest migration in ants [Dornhaus et al.,
2008; Stroeymeyt et al., 2011], but the advantages of
communication during brood relocation are less apparent
[Mersch et al., 2018]. In C. fellah (Dalla Torre, 1893) colo-
nies, brood transport following changes in environmental
conditions was performed by a small minority of workers
who relied on private information and did not commu-
nicate or recruit other workers [Mersch et al., 2018]. In
contrast, we first found that ant workers can recruit other
nestmates to transfer brood to preferable conditions. The
F. aquilonia workers used a jerking motor display in
recruitment. This display in red wood ants is considered
anon-specific signal that is displayed in a variety of situ-
ations. For example, similar alerting invitation signals
given by returning foragers inside the nest may play a
decisive role in food recruitment [Rosengren, Fortelius,
1987]. However, this communication had a limited effect
when F. aquilonia workers relocated the brood (Figs 3—4).
In only a third or fewer cases did workers receiving this
display transfer the pupae to the shelter. This may be be-
cause most workers received information about the shelter
during the pre-experimental adaptation period.

In summary, the proposed original methods for
studying the organization of brood transport to the
shelter were quite sensitive to variations in individual
and group behavior of ants and effective for estimat-
ing the role of key individuals and communication in
collective decision making. In perspective, these brood
transport tests can be used to examine the proximate
mechanisms of individual variation in inner-nest
worker behavior and the ultimate consequences for
the division of labor and adaptation of ant colonies to
environmental disturbance.
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