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Abstract
Nest architecture is a fundamental character shaping immune strategies of social insects. The arboreal ant Temnothorax unifasciatus
nests in cavities such as oak galls where the entire colony lives in a unique small chamber. In these conditions, physiological and
behavioural strategies likely prevail over compartmentalisation and are presumably tuned with colony size. We designed two exper-
iments to study chemical and behavioural immune strategies against the entomopathogenic fungusMetarhizium anisopliae in colonies
of different sizes. First, we compared spore germination and length of germinal tubes inside artificial nests, designed to impede the
contact between the ants and the fungus, in colonies of different size. In the absence of direct contact, Temnothorax unifasciatus
colonies inhibit fungal growth inside their nests, presumably through volatile compounds. The analysis revealed a positive correlation
between fungistatic activity and colony size, indicating that workers of smaller colonies do not invest a higher per capita effort in
producing such substances compared to larger colonies. Second, we performed a removal experiment of contaminated and non-
contaminated items introduced inside the nests of colonies of different size. Small colonies challenged with contaminated fibres
showed an increased removal of all the items (both contaminated and non-contaminated) compared to small colonies challenged with
non-contaminated fibres only. Conversely, larger colonies moved items regardless of the presence of the spores inside the nest. Colony
size qualitatively affected removal of waste items showing a pathogen elicited reaction in small colonies to optimise the reduced
workforce, while the removal behaviour in larger colonies revealed to be expressed constitutively.
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Introduction

Social insect colonies are faced with several consequences of
sociality. Crowded nests, high rates of social interactions, and

high relatedness among individuals increase the risk that path-
ogens spread among colony members (Schmid-Hempel
1998). To cope with these risks, social insects show individual
immunity and a large array of behavioural, physiological, and
organisational strategies, collectively known as social immu-
nity (Cremer et al., 2007). Many ants build their nests with
complex architectures that, together with the structure of the
interaction network and division of labour, constitute the
organisational component of the social immunity (Baracchi
and Cini 2014; Stroeymeyt et al. 2014; Tranter and Hughes
2016). Many ant species show a much simpler nest architec-
ture. In extreme cases, this is represented by a single chamber
of a few cubic centimetres hosting all colony members. In
these conditions, compartmentalisation is expected to play a
secondary role and ants should mostly rely on physiological
and behavioural responses to cope with parasites.

Colony size has a positive relationship with general colony
efficiency (Hölldobler and Wilson 1990; Bourke et al. 1995;
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Luque et al. 2013; Colin et al. 2017). Social insects often
employ self-organisation algorithms in collective behaviours
requiring communication, task allocation, and consensus-
building. Models predict that an efficient actuation of these
algorithms can be strongly favoured in large groups
(Anderson and Ratnieks 1999; Gautrais et al. 2002).
Moreover, colonies of different size often use alternative strat-
egies to solve the same problems (Dornhaus and Franks 2006)
also in response to infection risk (Leclerc and Detrain 2018).
Individuals can qualitatively change their behaviour depend-
ing on colony size (Jeanne and Bouwma 2002; Leclerc and
Detrain 2018). Small colonies are expected to be more risk-
averse and more likely to adopt behavioural strategies to op-
timise the efficiency of individuals compared to large colonies
(Herbers 1981). Compared with solitary species, social insects
heavily invest in antimicrobial compounds to reduce microbi-
al growth (Stow et al. 2007; Hoggard et al. 2011; Wang et al.
2015; Penick et al. 2018), and many ant species have glands
used mainly for this task (Yek and Mueller 2011). Across ant
species, investment in the production of antimicrobials seems
to be independent of colony size (Penick et al. 2018).
However, among conspecific colonies, large colonies are ex-
pected to rely on antimicrobial production, due to a low cost
per individual, while smaller colonies could invest more re-
sources on behavioural responses, due to the high per-capita
costs of producing sufficient quantities of antimicrobials
(Karlik et al. 2016).

Temnothorax unifasciatus ants nest among rocks and under
stones and they also frequently occur under bark, in hollow
plant stems (Czechowski et al. 2002) and in other wooden tree
structures like cynipid oak galls (Espadaler and Nieves-
Aldrey 1983; Mackay 2000). The colonies are usually
established in a single cavity where all the individuals live in
close contact . In these condi t ions, s t ra tegies of
compartmentalisation and worker relocation to peripheral
tasks as quarantine methods are presumably unaffordable
(Heinze and Walter 2010). Instead, Temnothorax unifasciatus
exhibits several behavioural strategies to cope with the spread
of infections among nestmates of the obligate-killer pathogen
Metarhizium anisopliae. These include social withdrawal of
dying workers (Heinze and Walter 2010), the removal of in-
fected corpses and items (Colin et al. 2017) and brood reallo-
cation in nests exposed to pathogens (Karlik et al. 2016).
Some of these strategies have also been shown to be depen-
dent on colony size (Colin et al. 2017).

We used Temnothorax unifasciatus as a model to investi-
gate the integration between physiological and behavioural
strategies adopted in coping with parasites in an ant species
with extremely reduced compartmentalisation. In particular,
we tested whether Temnothorax unifasciatus displays waste
removal toward items contaminated by the entomopathogenic
fungus Metarhizium anisopliae and production of antimicro-
bial compounds to reduce the growth of the same pathogen.

Furthermore, we evaluated the effect of colony size in the
expression of distinct strategies and in determining the differ-
ent effort invested by the workforce.

Material and methods

Study species and laboratory conditions

In spring 2017 and 2018, we collected colonies of
Themonthorax unifasciatus in oak galls generated by cynipids
of the genus Andricus spp. (mainly A. quercustozae). In the
lab, we opened the galls and relocated the colonies to artificial
nests composed of two rounded plastic containers organised in
an upper colony chamber (2 cm Ø) and a lower peripheral one
(5 cm Ø), containing ad libitum water, sugar and proteins
(finely chopped dry dog food). We connected the two cham-
bers by a hole (2–3 mm Ø). All colonies contained the queen,
the brood and a number of workers ranging from about ten to a
maximum of approximately two hundred. We kept the colo-
nies in a thermostatic room (20–25 °C temperature, 80%
humidity).

Waste management experiment

Colonies spent at least three days in laboratory conditions
before the beginning of the experiment. To study the manage-
ment of pathogen-contaminated material, we introduced dif-
ferently treated nylon fibres (2-mm length, 0.3 mm Ø) in the
upper colony chamber. As a pathogen, we used commercial
spores (Met52© Monsanto) of the entomopathogenic fungus
Metarhizium anisopliae. To verify the virulence of
Metarhizium anisopliae spores against ants, we refreshed the
spores on ants as described in Bordoni et al. (2018). We rinsed
some foundresses of Crematogaster scutellaris in a suspen-
sion of the commercial product. After the death of the ants, we
collected the fungal spores by washing the ant bodies showing
growth of mycelium in Triton solution (0.01% in distilled
water). The conidiospore suspension was plated on Maltose
Extract Agar (MEA, OXOID) in Petri dishes and incubated at
30 °C for some days. Conidia from individual colonies were
recognised as belonging toMetarhizium anisopliae under mi-
croscope according to their morphology and then collected in
Triton solution. Dilutions of spore suspension were plated on
Malt Extract Agar (MEA, Oxoid) and incubated at 30 °C. The
number of colony-forming units (CFU) were counted to de-
termine the spore viable titre (CFU/ml). We then used a final
spore suspension in a concentration of 108 CFU/ml. To distin-
guish treatments during the observations, we used fibres with
different colours (blue, red, black, brown and grey). Once
sterilised, we subjected experimental nylon fibres to two treat-
ments in groups of 200: (i) immersion in 1 ml of the
Metarhizium anisopliae spore suspension (contaminated
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fibres) and (ii) immersion in 1 ml of the water and Triton
solution (0.01%) (non-contaminated fibres). We dried con-
taminated and non-contaminated fibres by evaporation for
48 h. To discern if ants managed differently exposed, non-
contaminated fibres and non-contaminated fibres co-
occurring in the nest with exposed ones, we introduced 20
fibres to upper colony chambers in two different combina-
tions: (i) 10 contaminated fibres of one colour and 10 non-
contaminated fibres of another colour or (ii) 10 non-
contaminated fibres of one colour and 10 non-contaminated
fibres of another colour. This resulted in three kinds of fibres
involved in different experiments: (i) contaminated fibres (m
fibres), (ii) non-contaminated fibres co-occurring with con-
taminated fibres (cm fibres) and (iii) non-contaminated fibres
only (cc fibres).

We tested a total number of 54 Temnothorax unifasciatus
colonies in two different experimental trials (24 colonies for
the first trial, 30 different colonies for the second). We record-
ed the dimension of the colonies (1, n < 50 workers, small; 2,
50 < n < 100 medium; 3, n > 100 large) and allocated fibres of
each colour to distinct fibre treatments in different colonies.
Using different colours allowed us to check the number of
fibres belonging to distinct treatments moved from the upper
colony chamber to peripheral ones after 1, 2, 4, 6 and 24 h.

Fungal growth inhibition experiment

To test whether Temnothorax unifasciatus affects microbio-
logical growth in the nest environment, we designed specific
artificial nests. These nests allowed the growth of
Metarhizium anisopliae in the nest environment without any
physical contact with ants (Fig. 3a). Artificial nests were com-
posed of a single plastic container (2 cm Ø), divided in an
upper and a lower chamber (0.5 cm and 1.8 cm height, respec-
tively) by a nylon net (300 μm mesh). We sterilised all nest
components with alcohol and UV light (30-min exposure).

Colonies used for this experiment spent 1 day of adaptation
in these experimental structures before the beginning of the
treatment. The lower chamber hosted either the whole ant
colony (experimental group) or nothing (control group), while
in the upper chamber, we placed fungal spores. We applied a
thin layer of 10 μl of Maltose Extract Agar on a glass cover
slide where we plated the spores (1μl of suspension of 4 × 108

CFU/ml of Metarhizium anisopliae spores in 0.01% Triton
solution). We made a hole of 1 cm of diameter on the ceiling
of the upper chamber (see Fig. 3a for nest structure) and ap-
plied the cover slide over the hole by orienting the fungus up-
side-down, facing the colony and exposing it to the air of the
colony. We fixed the slide with Parafilm® and let the spores
grow in experimental and control nests in controlled condi-
tions (20–25 °C temperature, 90% humidity) for 24 h. After
24 h, we collected the slides and took two photographs of the
central area of the structure by a camera connected to a

microscope (× 600 magnification) were at least 10 spores
occurred. We carried out the experiment in two sessions for
a total of 40 (20+20) colonies of ants and 40 (20+20) controls.

The photographs were analysed by an experimenter who was
unaware of the experimental group assignment of the images.
This experimenter took two measurements. First, he counted
germinated spores and non-germinated spores in each picture
(Fig. S1 in supplementary figures as an example). He excluded
from the count the spores which could not be attributed to either
group (e.g. in areas out of focus, in the presence of optical arte-
facts or in the occurrence of clustered spores).We then calculated
the germination ratio between number of germinated spores and
total spores. Second, to evaluate the length of the germinal tubes,
we examined from each picture a maximum of 10 randomly
chosen germinated spores. By using ImageJ, we measured the
length in pixels by using a segmented line (usually 1–6 seg-
ments). For each photo, we calculated the average length be-
tweenmeasured spores.We scored the dimension of each colony
as in the waste management experiment above (small = 1, me-
dium = 2, large = 3), while we attributed size equal to zero to
empty control nests. We replicated the experiment on further 40
artificial nests, and pictures were taken after 48 h (Fig. S1 in
supplementary figures).

Statistical analyses

The count variable of moved fibres showed a negative bino-
mial distribution. For this reason, we applied the
“glmmadmb” function of the “glmmADMB” R package to
fit a generalised linear mixed model (GLMM). As predictor
variables, we used (i) treatment of the fibres (m, cm, cc); (ii)
time of observation (1, 2, 4, 6, 24 h); (iii) colour of the fibres;
(iv) size of the colony as an ordered variable among small,
medium and large; and (iv) the interaction between time, treat-
ment and colony size. We used colony ID for data collected at
different times as a random factor. We used type III sum of
squares as returned by the “Anova” function of the “car” R
package. We calculated Tukey post hoc tests among main
effects, estimated marginal means and their standard errors
with the “emmeans” function of the “emmeans” package. In
the presence of significant interactions between variables, the
influence of the main effects cannot be interpreted. For this
reason, in case of significant interactions, we ran individual
glmmADMB models for individual classes of colony (time,
size, treatment) and compared their efficiency of fibre removal
using Tukey post hoc tests. The germination ratio and the
square root transformed average length of germination tubes
were normally distributed, and we included them as a re-
sponse variables in two GLMMs (“glmmPQL“ function of
the MASS library) using size as an ordered predictor (which
also included the zero value for controls) and replicate as a
random factor. Scripts and original data are available in
Appendix S1.
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Results

Waste management experiment

The mixed linear model comparing the removal of differ-
ent kinds of fibres carried out by 54 colonies of different
size returned a significant effect for colour, treatment,
colony size and for the interaction between size and treat-
ment (Table 1). Among colours, the overall significant
effect was due to higher removal of blue fibres compared
to the other colours, while the other comparisons did not
show significant effects (Fig. 1, Table 2). The significant
interaction between colony size and treatment (Table 1)
made it impossible to assess the influence of the two de-
terminants independently. For this reason, we ran three
separated models for colony of different size by compar-
ing the effect of colours, time and treatment. Among the
three GLMMs, treatment showed a significant effect only
among small colonies (Chisq = 8.642, P = 0.013), and
post hoc comparisons showed that in small colonies cc
fibres were removed less frequently than cm and m fibres
(Table 2 and Fig. 2). In the individual GLMMs using
single treatments (cc, cm, m), a significant effect for size
occurred in cc and m fibres. Pairwise comparisons
showed that cc fibres were removed less frequently by
small colonies compared to medium and large ones and
m fibres were removed less frequently by small compared
to large colonies (Fig. 2, Table 2). These results showed
that the significant interaction between size and treatment
was produced by small colonies differentially moving cm
and m fibres more than cc fibres, while medium and large
colonies expressed a similar effort in moving the three
kinds of fibres (Fig. 2).

Fungal growth inhibition experiment

The GLMMs comparing the germination ratio and average
length of germination tubes revealed that colony size signifi-
cantly affected both germination rate (Chisq = 16.477, df = 3,
P < 0.001) and the average length of germination tubes (Chisq
= 56.949, df = 3, P < 0.001). Post hoc tests for germinating
ratios revealed differing patterns. Small colonies did not differ
when compared to empty nests (estimate = 0.129, SE = 0.065,
df = 72, t-ratio = 1.996, P = 0.199), while medium colonies
showed a trend (estimate = 0.142, SE = 0.056, df = 72, t-ratio
= 2.540, P = 0.062) and large colonies showed a significant
difference (estimate = 0.181, SE = 0.053, df = 72, t-ratio =
3.416, P = 0.005) (Fig. 3b).

Post hoc tests revealed that tubes were longer in empty
nests than in all ant nests (control vs small: estimate = 2.035,
SE = 0.740, df = 72, t-ratio = 3.117, P = 0.014; control vs
medium: estimate = 3.158, SE = 0.640, df = 72, t-ratio =
4.935, P < 0.001; control vs large: estimate = 3.893, SE =
0.608, df = 72, t-ratio = 6.402, P < 0.001), while no significant
differences emerged among ant nests (Fig. 3c). Fungal growth
advanced very rapidly after 24 h, and examination of

Table 1 ANOVA table (type III sum of squares) for a generalised linear
mixed model comparing the number of fibres moved by Temnothorax
unifasciatus against fibre colour (Colour), time of check from the
beginning of the experiment (Time), treatment with Metarhizium
anisopliae and ant colony size (Size) for the 54 tested colonies

Variable df Chisq P

Colour 3 336.507 < 0.0001

Time 1 3.825 0.0504

Treatment 2 8.127 0.0172

Size 2 11.947 0.0025

Time × treatment 2 5.406 0.0670

Time × size 2 1.677 0.4324

Treatment × size 4 13.141 0.0106

Treatment × size × time 4 3.716 0.4458

Fig. 1 Estimated marginal means (circles) with standard error bars ob-
tained from a generalised linear mixed model of the number of fibres of
different colours removed by Temnothorax unifasciatus. Asterisks indi-
cate P values obtained after post hoc comparisons (*0.050 > P > 0.010;
**0.010 > P > 0.001; ***P < 0.001)
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germination and tube length was impossible after 48 h in both
control and experimental nests (Fig. S2 in supplementary
figures)

Discussion

In our experiments, Temnothorax unifasciatus exhibited dif-
ferent immune strategies in dealing with the occurrence of
entomopathogenic Metarhizium anisopliae spores inside
nests. The growth of this fungus was inhibited in ant colonies
in terms of both germination ratios and length of germinal
tubes and, as predicted, such inhibition was stronger in large
colonies when compared to small ones. In parallel, only small
colonies tested with contaminated fibres showed an increased
removal of all fibre types (both contaminated and non-
contaminated) compared to colonies presented with non-
contaminated fibres. Interestingly, a differential removal of
fibres of different colours was also observed, possibly due to
differential detectability of blue fibres by the ants. This could
occur as a result of different UV reflection of the blue fibres
compared to natural objects. Leaves and soil reflect light dom-
inated by green and yellow light, and typically lack an intense
UV light component (Menzel, 1979). This did not significant-
ly impact the results of the experiments as blue fibres were
attributed to both control and exposed groups in different ex-
perimental trials.

Inhibition of microorganism growth has been described in
several social insects, mainly through the application of

antimicrobial substances on the surfaces of nests. In many
cases, these substances form part of the nest structure. These
substances can be represented by resins collected in the envi-
ronment, exhibited by many ant (Brühl 2003; Christe et al.
2003; Chapuisat et al. 2007) and bee species (Ghisalberti
1979; Velikova et al. 2000; Simone et al. 2009), chemical com-
pounds such as naphthalene (Chen et al. 1998) and faeces, as
used by some termites (Rosengaus et al. 1998). Antimicrobial
substances are also produced by exocrine glands, and, in ants,
the metapleural gland plays a fundamental role in their produc-
tion (Schluns and Crozier 2009). Alternatively, in the fire ant
Solenopsis invicta, venom alkaloids have been shown to pro-
duce antimycotic activity against the entomopathogenic fungi
Beauveria bassiana,Metarhizium anisopliae andPaecilomyces
fumosoroseus (Storey et al. 1991). Sting secretion of the com-
mon acrobat ant Crematogaster scutellaris also has antimicro-
bial activity against Gram-positive and Gram-negative bacteria
and the entomopathogenic fungi Beauveria bassiana and
Metarhizium anisopliae (Perito et al. 2018). The use of volatile
secretion can be highly efficient, mostly in a very restricted nest.
In fact, whereas non-volatile compounds work passively and
require direct contact with the pathogen to be effective, the
fumigation of the entire nest with volatile compounds can large-
ly increase the effectiveness of target substances (Chen et al.
1998). For example, Storey et al. (1991) hypothesised that fire
ants can diffuse venom alkaloids as an aerosol, which was later
demonstrated by Wang and collaborators (Wang et al. 2015),
who showed that fire ants inhibited the germination and the
growth of the fungus Beauveria bassiana by fumigating their

Table 2 Tukey post hoc comparisons for removal by Temnothorax
unifasciatus among fibres of different colours in the full generalised
linear mixed model; among fibres of different treatments in small
colonies (m: fibres contaminated by Metharhizium anisopliae; cm: non-
contaminated occurring together with contaminated fibres; cc: non-

contaminated fibres); among colonies of different size for cc and m fibres.
Other generalised linear mixed models for individual sizes (medium and
large) did not show a significant effect for treatment, and the generalised
linear mixed model for cm fibres did not show a significant effect for
colony size

Model Contrast Estimate SE z ratio P value

Colours (full model) blue-gray 1.147 0.302 3.795 0.0009

blue-brown 1.404 0.156 8.98 < 0.0001

brown-red 0.971 0.301 3.223 0.0069

gray-brown 0.257 0.426 0.603 0.9310

gray-red − 0.175 0.213 − 0.822 0.8441

brown-red − 0.433 0.427 − 1.014 0.7412

Treatment (size, small) cc-cm − 2.383 0.818 − 2.912 0.0100

cc-m − 1.982 0.811 − 2.443 0.0387

cm-m 0.402 0.579 0.694 0.7667

Size (treatment, cc) 1-2 − 2.615 0.514 − 5.091 < 0.0001

1-3 − 1.996 0.354 − 5.633 < 0.0001

2-3 0.619 0.452 1.369 0.3573

Size (treatment, m) 1-2 − 0.403 0.338 − 1.192 0.4581

1-3 − 0.794 0.309 − 2.568 0.0276

2-3 − 0.391 0.333 − 1.175 0.4680
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nest. This study represented the first evidence for the use of
antimicrobial volatiles in ants; although the experiment in-
volved attests of a constant number of ants, thus precluding
measurements of the potential effects of colony size. In addi-
tion, ants were removed from their nests during the experiment
and this could have altered their responses. We carried out
experiments on whole colonies with a period of habituation in
artificial nests, reducing the effects of stress on the experiment.
Interestingly, the fungistatic activity of venom alkaloids of fire
ant is temporary in Beauveria bassiana and Metarhizium
anisopliae, and the inhibition of germination rate and tube
growth is only significant in the first 24 h (Storey et al. 1991).
We also observed that the efficacy of nest fumigation by
Temnothorax unifasciatus against Metarhizium anisopliae is
limited to the first 24 h. Since our experimental nests were
not sealed, we can conclude that reduced fungal growth was
not due to high concentrations of carbon dioxide and low con-
centration of oxygen. Besides, the effect was no longer detect-
able after 48 hours (supplementary materials). The peculiar
simplified natural nest of Temnothorax ants, with its unique
chamber that hosts the whole colony, is therefore likely to offer
a suitable environment to maximise the effectiveness of fumi-
gation with antimicrobial volatiles. In our experiments colony
size showed a positive correlation with fungal growth inhibi-
tion, and we found no evidence suggesting increased per-capita
production of antimycotic substances in small colonies. This
observation is in line with the proposals by Karlik and collab-
orators (Karlik et al. 2016) that smaller colonies should be
unable to sustain the increased per-capita cost of producing a
sufficient quantity of antimicrobials and that they should rely

Fig. 3 The experimental nests
used for estimation of reduction
of fungal growth (a); 1, glass
cover slide; 2, agar solution with
Metarhizium anisopliae spores; 3,
upper chamber; 4, nylon net; 5,
lower colony chamber; C, control
(empty) nests; S-M-L: small, me-
dium and large colonies.
Estimated marginal means
(circles) and standard error bars
obtained after running a general-
ised linear mixed model of ger-
mination ratio of Metarhizium
anisopliae spores (b) and of
length of germination tubes (c) in
empty nests (C) and in small (S),
medium (M) and large (L) colo-
nies. Asterisks indicate P values
obtained after Tukey post hoc
comparisons (*0.050 > P > 0.010;
**0.010 > P > 0.001; ***P <
0.001)

Fig. 2 Estimated marginal means (circles) with standard error bars of
fibres moved by Temnnothorax unifasciatus and belonging to different
treatments (m: fibres contaminated byMetharhizium anisopliae; cm: non-
contaminated occurring together with contaminated fibres; cc: non-
contaminated fibres) and moved by individual from colonies of different
size (S = small, red line; M = medium, green line; L = large, blue line).
Asterisks indicate P values obtained after Tukey post hoc comparisons
from individual analyses of size and treatments (*0.050 > P > 0.010;
**0.010 > P > 0.001; ***P < 0.001)
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more on behavioural responses in immune defence. Future
studies are necessary to understand which substances are in-
volved in the fungistatic effect. It is also unknown whether
the immune defence is expressed continuously or elicited by
the occurrence of the pathogen inside the nest.

Removal and disposal of waste material is a virtually ubiq-
uitous behaviour in ants, in particular when potentially con-
taminated items occur in the nest (Hölldobler and Wilson
1990; Diez et al. 2012; Leclerc and Detrain 2018). Removal
of contaminated items is so essential that ants have evolved
different behavioural strategies to optimise this task. Many of
these have been found to depend on colony size. Large colo-
nies ofMyrmica rubra react faster to items contaminated with
Metarhizium brunneum and are more efficient in active re-
moval from the nest in comparison to smaller colonies
(Leclerc and Detrain 2018). On the other hand, a consistent
fraction of small colonies display the alternative strategy of
evacuating the entire nest, sanitising it and reintegrating the
colony (Leclerc and Detrain 2018).

Removal of waste material is expected to be a particularly
urgent task in small Temnothorax nests. Accordingly, we
found that medium and large colonies removed contaminated
and non-contaminated items with the same efficiency, while
workers of small colonies removed fewer fibres from the nest
when contaminated fibres did not occur. This alternative strat-
egy suggests that smaller colonies need to optimise their re-
duced workforce compared to medium and larger colonies,
resulting in non-contaminated items being disregarded in the
absence of infection risk. Optimisation of workforce has been
found to occur in Temnothorax ants. Dornhaus and collabora-
tors (2008) observed that, during colony emigration, small
colonies of Temnothorax albipennis dedicated a small fraction
of workers to item transportation. This restricted workforce
transported a higher number of items per-capita and showed
higher overall efficiency in transport (more items carried per-
capita/time). The manner in which individuals in colonies of
differing sizes can exhibit varying behavioural strategies is
still unclear and largely depends on the context. Dornhaus
and Franks (2006) provided three possible mechanisms: (i)
self-organisation may result in different collective patterns if
fewer nestmates participate in them, like in the establishment
and maintenance of pheromone trails; (ii) individuals could
assess the size of their colony and adjust their behaviour ac-
cordingly, as it occurs in the decrease of per-capita defensive
effort with the increase of colony size in Polybia occidentalis
(London and Jeanne 2003); (iii) correlation between a trait and
the colony size may not be due to direct causation and colony
size is correlated with other factors determining the observed
pattern. Further studies will help to elucidate the mechanisms
involved.

Due to their peculiar ecology, nesting habit and social
structure, Temnothorax ants exhibit several behavioural strat-
egies to deal with pathogens (Heinze and Walter 2010; Karlik

et al. 2016). Our experiments confirmed that behavioural and
chemical immune strategies can be combined to contrast path-
ogen establishment and transmission inside the reduced di-
mensions of the nests. Temnothorax unifasciatus also showed
strong plasticity in optimising behavioural strategies to re-
move infected items, and this was dependent on the number
of workers present. This plasticity is likely to have a funda-
mental role during colony growth and development, especial-
ly in the first phase of colony growth following foundation by
queens. At this stage, the colony is small, and the reduced
workforce must be optimised to maintain colony health in an
environment showing a high risk of infection.
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