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Abstract 

 
Social interaction networks of insect colonies facilitate efficient information exchange and 
demonstrate adaptive changes to mitigate disease transmission. While circadian rhythms 
influence individual behaviour, their role in shaping colony-level defences against pathogens 
remains unexplored. Here, we investigate whether social networks of the black garden ant, 
Lasius niger, exhibit circadian rhythms and how these rhythms influence disease vulnerability 
when colonies are exposed to a pathogen during the day or the night. 

We first establish baseline daily variations in activity and network dynamics in pathogen-free 
colonies, revealing constitutive daily fluctuations in disease susceptibility. Subsequently, we 
examine pathogen-induced changes in sanitary care and network dynamics by exposing 
foragers to a natural pathogen (Metarhizium brunneum) during either the day or the night. 
Individual pathogen loads were measured after a nine-hour post-exposure period to evaluate 
transmission outcomes. 

Our results demonstrate that diurnal ant colonies maintain robust circadian patterns in network 
properties while flexibly adapting to pathogen exposure. Ants upregulate sanitary care 
irrespective of exposure timing, prioritising the protection of the valuable colony centre 
consisting of nurses and the queen. These findings underscore the robustness and adaptability 
of ant colonies in balancing circadian rhythms with effective social immune responses. 
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1 Introduction 

 

In social insects, various ecological and behavioural factors – such as high relatedness, dense 
populations, microbe-rich environments, and frequent physical contact – increase the risk of 
colony-wide infections (Cremer et al., 2007; Schmid-Hempel, 2017; Shykoff & Schmid-
Hempel, 1991). To counter this risk, social insects have evolved effective strategies to prevent 
epidemics, including a colony-level immune defence known as social immunity (Cremer et al., 
2007).  

Social immunity is often likened to the immune system of multicellular organisms, with both 
providing similar layers of defence: border defence, soma defence and germline defence 
(Cremer & Sixt, 2009). In social insect colonies, these defences prevent pathogen entry, protect 
sterile workers, and safeguard the brood and reproductive queen, thereby ensuring colony 
fitness (Cremer et al., 2018). Social immunity includes organisational, behavioural, and 
physiological measures that mitigate the risks from their social and ecological environment 
(Cremer et al., 2007; Cremer et al., 2018; Evans & Spivak, 2010; Liu, Zhao, et al., 2019; 
Simone-Finstrom, 2017).  

 

Organisational immune defences 

Social interaction networks in insect colonies are not random but highly structured, with 
interactions following simple rules that give rise to sophisticated group-level properties 
(Charbonneau et al., 2013; Mersch et al., 2013). This social organisation plays a critical role in 
influencing disease propagation within the colony (Cremer et al., 2007; Naug & Camazine, 
2002; Naug & Smith, 2007; Stroeymeyt et al., 2014; Stroeymeyt et al., 2018). 

Organisational immunity operates on both structural and dynamic levels. Structurally, spatial 
fidelity in the nest and division of labour create distinct task groups, such as less mature nurses, 
and more mature foragers (Mersch, 2016; Richardson et al., 2021). Nurses typically remain in 
the nest to tend the brood, while foragers venture outside to gather resources for the colony 
(Kay et al., 2024). As a form of architectural immunity, ants may also alter the structure of 
their nest in response to pathogens introduced by exposed workers to reduce disease spread 
(Leckie et al., 2024). Dynamically, individual activity levels and contact rates further influence 
transmission pathways, either inhibiting or enhancing disease spread (Barthélemy et al., 2005; 
Blonder & Dornhaus, 2011; Lehue & Detrain, 2019; Pinter-Wollman et al., 2011; Quevillon et 
al., 2015; Stroeymeyt et al., 2014). 

Importantly, social network dynamics are also plastic, adjusting in response to pathogen 
exposure. For example, when exposed to pathogenic fungi, colonies of the black garden ant 
Lasius niger altered their network properties to further inhibit transmission compared to 
pathogen-free conditions (Stroeymeyt et al., 2018). Specifically, originating from pathogen- 
foragers, the spread is largely contained within the forager task group. In contrast, nurses and 
the queen show a lower pathogen burden, highlighting the colony’s ability to limit transmission 
to vulnerable individuals (Stroeymeyt et al., 2018). This demonstrates that organisational 
immunity can function both prophylactically and reactively, with structural and dynamic 
adjustments reinforcing disease resistance. 
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Behavioural immune defences 

A key element of behavioural immune defences is allogrooming, a sanitary care behaviour in 
which nest mates remove particles from each other’s cuticles (Rosengaus et al., 1998). In 
addition to allogrooming, some ants also engage in chemical disinfection, such as spraying 
antimicrobial poison (Pull, Metzler, et al., 2018; Tragust et al., 2013). These behaviours can be 
performed prophylactically to prevent contamination or in direct response to a pathogen to 
eliminate the threat or remove infections from within the colony. When a colony member 
becomes contaminated, naïve nest mates intensify their sanitary care behaviours to prevent the 
disease from establishing (Bos et al., 2012; Okuno et al., 2012; Qiu et al., 2014; Walker & 
Hughes, 2009). The contaminated individual increases self-grooming but reduces 
allogrooming (Casillas-Pérez et al., 2023; Theis et al., 2015). If prevention fails, ants take 
drastic measures, such as workers destroying infected pupae (Pull, Ugelvig, et al., 2018) or 
queens cannibalising infected larvae (Bizzell & Pull, 2024), to stop the infection from 
spreading. 

 

Physiological immune defences 

Sanitary care behaviours, while beneficial, can inadvertently lead to pathogen transmission 
among previously naïve nest mates (Theis et al., 2015), which may result in low-level 
infections. These infections often do not cause disease but can trigger protective physiological 
immune defences, such as immunisation against future exposure to the same pathogen (Konrad 
et al., 2012; Ugelvig & Cremer, 2007). However, it can also increase susceptibility to 
superinfections by other pathogens (Konrad et al., 2018). 

 

Activity rhythms 

The activity rates of social insects are not constant but follow rhythms that operate at both 
individual and colony levels. These rhythms are influenced by various factors and can vary 
between task groups. 

Circadian rhythms, which oscillate over a 24-hour period, are regulated by endogenous 
(internal) and exogenous (external) components. Endogenous circadian rhythms persist in the 
absence of external synchronising cues, or zeitgebers, such as light or temperature (Aschoff, 
1960; Dunlap et al., 2004). In social insects, these endogenous rhythms can differ between 
individuals within a colony, particularly between different task groups (e.g. nurses or foragers). 
For instance, nurses exhibit fewer genes with daily oscillating patterns compared to foragers, 
who show endogenous daily rhythms in gene expression (Das & Bekker, 2022; Ingram et al., 
2009; Tomioka & Matsumoto, 2015). Similar clock genes are found across ants and bees, 
suggesting a shared circadian clock that may contribute to task-group differences (Ingram et 
al., 2012).  

In Camponotus compressus ants, foragers exhibit endogenous circadian rhythms under 
constant darkness, while other workers are arrhythmic (Sharma et al., 2004). The same study 
also demonstrated the importance of exogenous zeitgebers: under light-dark cycles, previously 
arrhythmic workers adopt nocturnal (active during the night) or diurnal (active during the day) 
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patterns or stay arrhythmic. This highlights how rhythms result from both internal and external 
inputs, varying across individuals within a colony.  

While light is a dominant zeitgeber for fruit flies (Schlichting & Helfrich-Förster, 2015), 
temperature and social context are equally important for social insects living in dark nests 
(Bloch et al., 2013; Cros et al., 1997; Fujioka et al., 2019, 2021; Lone & Sharma, 2011; Siehler 
et al., 2021). For example, some nurses that display endogenous circadian rhythms in isolation, 
become arrhythmic in a social context or when caring for brood that require constant attention, 
such as larvae reliant on around-the-clock feeding and sanitary care (Fujioka et al., 2017; 
Mildner & Roces, 2017). 

Within the colony, nurses exhibit less pronounced daily rhythms, whereas foragers often 
display more distinct activity patterns. Both task groups, however, are highly flexible and adapt 
to various environmental and social cues. 

Foraging preferences in ants can change in response to factors such as rain or predation risk 
(Dolai et al., 2024), food availability (Mildner & Roces, 2017), light conditions (Lei et al., 
2019), and climate (Villalta et al., 2020). L. niger foragers – the species in this study – exhibit 
considerable variability in their activity. They prefer humid and cool weather, with peak 
activity at night and dawn in some cases (Depa, 2024), while in others, they adopt diurnal 
foraging patterns in spring and showing no clear preference during summer (Yamauchi & 
Hayashida, 1970). 

This variability in foraging activity may have important implications for pathogen 
transmission. Foraging increases the likelihood of encountering pathogens, which can 
subsequently be passed on to others (Kurze et al., 2020). As a result, foragers’ activity rhythms 
potentially create periods of heightened contamination risk for the colony during their preferred 
foraging times. 

 

Colony rhythms 

Driven by workers’ activity, the colony also exhibits rhythms that can alter colony network 
properties, potentially affecting pathogen transmission. While the effect of activity cycles on 
transmission has often been studied without pathogens, simulations highlight the relevance of 
interaction networks structured in space and time for disease spread (Quevillon et al., 2015; 
Richardson & Gorochowski, 2015).  

For instance, simulations across short-term activity cycles (~ 20 minutes) in diurnal 
Leptothorax ants suggest that periodic reductions in interaction rates inhibit transmission by 
allowing outdated information to be “forgotten” (Cole, 1991; Richardson et al., 2017). 
However, this inhibitory effect diminishes for agents with decay rates exceeding the duration 
of the cycles, such as many pathogens. Therefore, short-term burst of activity are unlikely to 
function as a form of organisational immunity. 

While social network structures with two main communities are highly conserved across ant 
species (Kay et al., 2024), it remains unclear how organisational immunity – or sanitary care 
responses – may be influenced by daily rhythms.  
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Notably, Stroeymeyt et al. (2018) observed pathogen-induced organisational immunity in L. 
niger colonies over a full 24-hour day-night cycle, comparing post-treatment periods to their 
respective pre-treatment baselines. By including time of day as a random factor, they accounted 
for daily activity rhythms and detected pathogen-induced changes. However, this raises an 
intriguing question that underpins the current study: how do daily activity rhythms influence a 
colony’s social defences and susceptibility to disease?  

 

Study aim 

For this reason, we studied whether circadian rhythms influence disease susceptibility in ant 
colonies and how social defences respond to pathogen contamination at different times of day. 
Using automated marker-based tracking of L. niger colonies, we employed a new “Behavioural 
Inference Tool” to automatically identify allogrooming interactions directly from the tracking 
data (Wanderlingh, 2024). To characterise the colony’s network properties, we analysed 
aggregated, weighted contact networks and performed transmission simulations using time-
ordered networks, given the critical role of interaction sequences in disease spread (Petter 
Holme & Saramäki, 2012; Mersch, 2016; Stroeymeyt et al., 2018). 

Our study first characterises daily rhythms in worker activity and network dynamics in 
pathogen-free colonies to establish constitutive baseline variations in disease susceptibility 
throughout the day. Next, we explore pathogen-induced changes in sanitary care and network 
dynamics by exposing foragers to a natural pathogen (Metarhizium brunneum) either during 
the day or at night, while keeping pathogen dose consistent across exposure times. Finally, we 
assess the impact of these induced changes on pathogen transmission by measuring individual 
pathogen loads after a nine-hour post-exposure period. Colonies were maintained under 12-
hour light-dark cycles with higher daytime temperatures to mimic natural activity rhythms 
driven by external zeitgebers. 

During the more active phase, faster detection of pathogens and increased allogrooming may 
strengthen social defences, while during the less active phase, pathogens may be more easily 
overlooked. Nevertheless, ants likely possess mechanisms to intensify activity in response to 
disturbances, even during resting periods. 

Pathogen transmission during less active phases could increase due to higher worker numbers 
inside the nest (Naug, 2009; Pie et al., 2004) and reduced separation of task groups, with fewer 
interactions to reinforce the community structure (Mersch et al., 2013; Richardson et al., 2021). 
Conversely, transmission could decrease due to fewer active individuals, slowing down 
interaction rates (Richardson et al., 2017), and reducing foraging activity, which limits food 
exchange between foragers and nurses (Charbonneau et al., 2013; Quevillon et al., 2015). 

This duality underscores the complex relationship between activity rhythms, network 
dynamics, and disease transmission. If activity levels vary between day and night, network 
properties may shift accordingly. Yet, immunity must remain effective throughout the day, 
prompting us to investigate how colonies balance these demands. 
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2 Methods 

2.1 Model organisms  

 
Ant host Lasius niger 

The black garden ant, Lasius niger, belonging to the Formicinae subfamily, is distributed across 
the Holarctic realm, encompassing biogeographic regions with varying climates, vegetation 
and altitudes (Arnan et al., 2017). L. niger is one of the most prevalent native ant species in 
Europe and is highly territorial, aggressively defending its monodomic (single) nests against 
neighbouring colonies (Arnan et al., 2017; Czechowski, 1984; Sommer & Hölldobler, 1995). 
Nuptial flights take place annually when the alates (winged virgin queens and males) emerge 
synchronously from their parental nests. After mating, typically with a single mate (Boomsma 
& van der Have, 1998), the males die, while the queens shed their wings, burrow into the 
ground, and begin founding a new colony independently, without worker assistance. During 
this initial phase, the queen will not forage but rather metabolise her wing muscles, fat body 
and even parts of her brain (Janet, 1907; Julian & Gronenberg, 2002). Although co-founding 
by multiple foundresses can occur, the queens will eventually fight until only one remains 
(monogyny), which usually happens after the first workers emerge (Fig. 1A) (Aron et al., 2009; 
Sommer & Hölldobler, 1995). At that stage, the workers – who are sterile – take over the brood 
care, nest maintenance, and foraging, allowing the colony to grow to an average size of 10,000 
workers (Arnan et al., 2017). Colonies thrive on the sugar-rich honeydew produced by aphids, 
which L. niger foragers protect from predators in a mutualistic relationship (Depa, 2024). The 
workers can live for a few years, while the queen may reach an age of 20 years or more (Kramer 
et al., 2016). However, once the queen dies, the colony will eventually perish, as its fitness 
ultimately depends on her reproductive capabilities.  

Newly mated queens can be easily collected in large numbers just after their nuptial flight and 
reared in the laboratory, making L. niger a suitable study organism for studying individual and 
colony-wide behaviours related to social immunity (Bizzell & Pull, 2024; Brütsch et al., 2017; 
Casillas-Pérez et al., 2022; Pull & Cremer, 2017; Stroeymeyt et al., 2018). The colonies used 
in this study were initiated from newly mated queens collected in Bristol, England, in July 
2021. The Ant Epidemiology Lab (AEL) at the University of Bristol led by Dr. Nathalie 
Stroeymeyt kindly provided them for this experiment.  

 

Fungal pathogen Metarhizium brunneum 

The generalist entomopathogenic fungus Metarhizium brunneum, formerly known as M. 
anisopliae but since classified as a sister species (Bischoff et al., 2009), is ubiquitous in the soil 
and a natural pathogen of L. niger (Cremer et al., 2018; Keller et al., 2003; Pull et al., 2013). It 
is known to kill a wide range of insects on all continents except Antarctica and has been utilised 
in the biocontrol of insect pests (Roberts & St Leger, 2004). As a pathogen, Metarhizium is an 
obligate killer, relying on killing its host to complete its reproductive cycle. Its conidiospores 
(hereafter “spores”) can easily be picked up by insects from the environment (Kurze et al., 
2020). Once the spores adhere to the host’s cuticle, they swell and germinate. At this stage, the 
individual is considered contaminated but behavioural interventions such as self- or 
allogrooming can still influence the course of the infection. These behaviours aid in removing 
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infectious spores, reducing the number of infective particles capable of penetrating the host. 
This is crucial, as the likelihood of developing disease increases with the infection dose 
(Hughes et al., 2002). After approximately 12 to 48 hours, a specialised structure called an 
“appressorium” forms, ensuring that the spores attach firmly to the insect cuticle and 
preventing their removal by grooming (Hänel, 1982; Vestergaard et al., 1995). This allows the 
fungus to penetrate the host’s body surface. From this point onward, the infection establishes 
itself, and the host transitions from being contaminated to being infected. If the host’s immune 
defences become overwhelmed, blastospores (sexual spores) are released into the 
haemolymph, where they metabolise sugars and produce toxins in the still living insect. 
Additionally, hyphae and hyphal bodies develop, releasing more toxins that can induce death 
as soon as 48 hours after contamination (Hänel, 1982). These toxins contain destruxins, which 
suppress the immune response and have a cytotoxic effect (Pedras et al., 2002; Roberts & St 
Leger, 2004). Notably, M. brunneum blastospores do not trigger a detectable individual 
immune response in L. niger (Masson et al., 2024). The mycelium continues to grow, with 
hyphae invading the fat body and other tissues until they eventually burst through the cuticle 
from the inside, producing conidiochains all over the cadaver (Fig. 1B) that are packed with 
infectious spores (Hänel, 1982). Host death typically occurs between two to eight days; 
however mortality depends on factors such as exposure dose, humidity and the composition of 
the insect’s cuticle (Grizanova et al., 2019; Hänel, 1982; Hughes et al., 2002). 

While group-living enhances the survival chances of the fungus-contaminated individuals, 
close social interactions and shared environments help the transfer of spores to naïve nest mates 
(Hughes et al., 2002; Kurze et al., 2020). When low numbers of spores are transferred, they 
can immunise nest mates against future encounters with Metarhizium. However, the transfer of 
high spores numbers increases the risk of mortality (Konrad et al., 2012; Kurze et al., 2020; 
Liu, Wang, et al., 2019). 

 

 

 
 

Fig. 1: Host-pathogen system. (A) Lasius niger queen with larvae and workers, and (B) Metarhizium brunneum 
outgrowth on a sporulating queen cadaver (white hyphae and green spores). Photographs © Florian Strahodinsky  
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2.2 Experimental set-up  

 
General experimental design  

To assess the effect of a circadian rhythm on organisational immunity in ant colonies, we 
employed individual behavioural tracking of L. niger colonies both before (“pre-exposure”) 
and after (“post-exposure”) introducing foragers treated either with infectious M. brunneum 
spores, or with a non-infectious control solution (Triton X-100). To compare the transmission 
of pathogenic spores between day and night networks, we introduced the treated foragers either 
at the start of the day or the start of the night. The experiment concluded after a nine-hour post-
exposure period, ensuring observations remained in the same circadian phase (see “Time line”; 
Table 1). 

All colonies were size-standardised to approximately 100 workers (see “Set-up of experimental 
colonies”), and each ant was tagged with a unique barcode marker (see “Individual tagging”). 
The colonies were then transferred to the experimental arena, which consisted of a covered nest 
area and an open foraging space with access to water and 20 % sugar solution (see 
“Experimental arena”). The arena was placed inside the insulated tracking system (as outlined 
in Wanderlingh 2024), where temperature and light intensity were controlled in a 12-hour 
day/night cycle (see “Tracking system”; Table 2). Using the images from the tracking system, 
the position and orientation of the barcode markers were recorded in real time at eight frames 
per second, allowing for construction of proximity networks (see “Tracking data processing”). 

First, we aimed to establish whether the organisation of the colony network follows a circadian 
rhythm, and second, how this may influence pathogen transmission within the colony. 

To address the first question, colonies experienced one undisturbed day/night cycle during the 
pre-exposure period, with half of the colonies starting at the beginning of the day (“day-
colonies”) and the other half at the beginning of the night (“night-colonies”). This setup 
allowed us to identify constitutive individual and colony-wide network characteristics for both 
daytime and night-time periods. 

To address the second question, we collected approximately 5 % of the workers from the 
foraging space at the end of the pre-exposure period. These foragers were treated with either a 
suspension of M. brunneum spores or the control solution, with half of the colonies assigned to 
the “pathogen” group and the other half to the “control” group (see “Pathogen exposure”; Table 
3). The post-exposure period began when the inoculated foragers were returned to their 
colonies (Npathogen.day = 12 colonies; Ncontrol.day = 12; Npathogen.night = 12;  Ncontrol.night = 11; initial 
sample size but see “Colony exclusion”). Nine hours later, the state of pathogen transmission 
was conserved by gently placing the experimental arena in a polystyrene foam box filled with 
dry ice (-78.6 °C) to snap-freeze all the ants in place. Each ant in the pathogen group was then 
individually sampled to determine their pathogen load using quantitative real-time PCR (see 
“Molecular analysis”). The samples were stored at -70 °C. 

The experiment was conducted during a research stay at the Ant Epidemiology Lab (AEL) of 
our collaboration partner, Dr. Nathalie Stroeymeyt, at the University of Bristol, England, from 
October to December 2022. During a subsequent visit in June and July 2023, I performed the 
pre-processing of the tracking data and started the post-processing. Molecular analysis was 
performed in the Social Immunity Lab at ISTA, Klosterneuburg, Austria.  
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Time line 

The experiment spanned eight weeks, during four of which Rebecca Kennard, MSc student in 
the AEL in Bristol, assisted in applying barcode markers to 16 colonies (four colonies per 
week). The experiments lasted six or seven days, depending on whether tracking and forager 
exposure began during the day (“day-colony”) or the night (“night-colony”) (Table1). 

For each round of experiments, one day-colony and one night-colony were tagged on the same 
day (Day1). If an ant had lost its tag, it was reapplied the following day before the entire colony 
was transferred into the experimental arena and placed into the tracking system (Day 2). The 
colonies were then left undisturbed for the next two days to acclimate to the new conditions 
(Days 3 & 4). On the following day (Day 5), the pre-exposure period began at 9:30 a.m. GMT 
for the day-colonies and at 9:30 p.m. GMT for the night-colonies, lasting nine hours until 6:30 
a.m. or 6:30 p.m. GMT on Day 6, respectively. During the three-hour interval between the pre- 
and post-periods, foragers were collected from the foraging space, treated with the fungal 
suspension or control solution, and returned to their colonies five minutes before the post-
exposure tracking started (Day 6). Nine hours later – at 6:30 p.m. for the day-colonies and 6:30 
a.m. GMT the next day (Day 7) for the night-colonies – the post-exposure period ended, and 
the colonies were snap-frozen on dry ice. This procedure was repeated with another two 
colonies (one day-, one night-) on two consecutive days, resulting in a total of four colonies 
processed each week. In the weeks R. Kennard assisted with the tagging, eight colonies could 
be processed. 

 
 
Table 1: Experimental time-line. Each experimental round included one day-colony and one night-colony. Two 
experimental rounds were conducted per week, with four rounds completed during weeks when R. Kennard 
assisted with the tagging. 

Day day-colony night-colony 

1 Tagging (morning) Tagging (afternoon) 

2 Re-tagging & move into tracking systems 

(evening) 

Re-tagging & move into tracking systems 

(evening) 

3 Acclimation Acclimation 

4 Acclimation Acclimation 

5 9:30 a.m.  

Start “pre-exposure” period  

9:30 p.m.  

Start “pre-exposure” period  

6 6:30 – 9:25 a.m. 

Forager collection & exposure  

 

9:30 a.m. 

Beginning “post-exposure” period 

 

6:30 p.m. 

End “post-exposure” period 

6:30 – 9:25 p.m. 

Forager collection & exposure  

 

9:30 p.m. 

Beginning “post-exposure” period 

7  6:30 a.m.  

End “post-exposure” period 
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Set-up of experimental colonies 

Four and a half weeks before each replicate’s Day 1, the colonies were standardised to a size 
of 105 workers. The queen and larvae remained in the colony. At that time, the colonies were 
15 months old, and the average worker size was 2.95 mm. Colonies were reared on a 20 % 
sugar solution provided ad libitum and fed weekly with Drosophila hydei fruit flies in a 
climate-controlled room, maintained at 25 °C with 65 % relative humidity and a 12-hour 
day/night light cycle.  

 

Individual tagging 

On Day 1 of the experiment, ants were tagged with unique fiducial markers that allowed us to 
track the position of each individual within the colony. These markers are two-dimensional 
barcodes printed on polycarbonate-sheet squares, designed to encode small data payloads of 4 
to 12 bits (Tag library: “AprilTag 41H12 Standard Family”) (Olson, 2011; Wang & Olson, 
2016). The tag squares measured 0.76 mm per side for the workers and 1.52 mm for queens. 
Previous studies have shown that the tags’ weight does not impair the ant movement or 
behaviour (Mersch et al., 2013; Stroeymeyt et al., 2018). Under CO2 anaesthesia, the tags were 
affixed to the ants’ mesoma (thorax) using a tiny droplet of glue (Pattex Power Easy Gel). After 
a 10-minute recovery period in isolation, the ants were placed in a simple temporary nest 
overnight with water provided ad libitum. The next day, any tags that had fallen off were 
reapplied, though the incident rate was very low. 

 

Experimental arena 

On Day 2 of the experiment, colonies were transferred to experimental arenas, which were 
designed by Adriano Wanderlingh, PhD student in the AEL in Bristol, for his own previous 
tracking experiments (Wanderlingh, 2024). The arenas, laser-cut from transparent acrylic, had 
two compartments: the nest and the foraging space, connected by a 6 x 3 x 3 mm (L x W x H) 
tunnel (Fig. 2A). The square nest area (59.76 x 59.76 x 6 mm) had a plastered floor, which was 
watered once with 530 µL at the start of the acclimation phase. The nest was covered with an 
infrared transmitting glass filter (Schott RG715), blocking light with wavelengths shorter than 
715 nm. This created a relatively dark environment compared to the uncovered foraging space, 
while still allowing for the tracking of the barcode markers.  

The foraging space, measuring 90 x 60 x 40 mm (L x W x H), had an open top and an acrylic 
floor, providing access to water and 20 % sugar solution ad libitum via two cotton-stoppered 
containers placed underneath. A thin layer of Fluon® (AGC Chemicals) was applied to prevent 
ants from climbing the arena walls. After transferring the colonies to the nest area at 4 °C, the 
experimental arenas were placed into the tracking system for the acclimation phase (Fig. 2B). 
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Fig. 2: Experimental arena and tracking system. (A) Layout of the experimental arena and (B) the arena placed 
in the tracking system.  
 
 

Tracking system 

On Days 3 & 4 of the experiment, the colonies acclimated to the conditions of the Formicidae 
Tracker (FORT) system, developed at the University of Lausanne, Switzerland (CERN Open 
Hardware Licence, Version 1.2). Each system was equipped with four panels of 16 warm white 
light-emitting diodes (LEDs), four panels of four UV light LEDs, a heating element, a mist 
maker, and a fan, all enclosed in a polystyrene box (Fig. 2B). This setup allowed us to control 
the climatic conditions and to simulate day-night cycles. Since the foraging behaviour of L. 
niger seems to be highly influenced by temperature and light intensity (Yamauchi & 
Hayashida, 1970), we reduced both during the night, with a 30-minute transition period starting 
at 8 a.m. and 8 p.m. GMT (Table 2). Humidity levels remained constant throughout the 
experiment.  

On Day 5, the tracking of the pre-exposure period began, recording the colonies’ constitutive 
network properties under the shifting day and night conditions. 

To track the ants by their individual barcode marker, each tracking system featured a high-
resolution monochrome camera (Flare 48M30-MCX) equipped with an enlarging lens (Apo-
Rodagon-N 2.8/50) and a near-infrared longpass filter (MidOpt LP800/40.5). Additional 
infrared LEDs emitted light flashes synchronised with the camera trigger, which captured 
images at eight frames per second with a 7920 x 6004 pixel resolution. A feature detection 
algorithm analysed the images in real time, recording the position and orientation of the 
barcode markers. This information, along with a time stamp, constituted the tracking data for 
each individual. An MPEG-4 video of the captured images (8 fps) was saved with a 1424 x 
1088 pixel resolution. 



 

11 
 

Table 2: Abiotic conditions in the tracking systems. Temperature, visible light, and UV light intensity were 
reduced during the night, while humidity remained constant. Transitions started at 8 a.m. and 8 p.m. and lasted 30 
minutes each. 

Conditions Day (8 a.m. - 8 p.m.) Night (8 p.m. – 8 a.m.) 

Temperature [°C] 26 22 

Visible light [%] 10 1 

UV light [%] 10 0 

Relative humidity [%] 60 60 

 
 
 
Pathogen exposure 

On Day 6 of the experiment, we aimed to collect five workers per colony from the foraging 
space. This number varied slightly between colonies (range: 3-5, mean: 4.7) due to occasional 
instances where fewer foragers appeared in the foraging space during the collection window. 
Foragers were gently collected using a brush and treated with either the fungal suspension or 
the control solution before being returned to the colony for the post-exposure period. The 
fungus treatment consisted of a M. brunneum suspension (strain MA275, KVL 03-143, which 
had been kindly provided by Joergen Eilenberg and Nicolai V. Meyling, University of 
Copenhagen, Denmark) in 0.05 % autoclaved Triton™ X-100 (Sigma) at a concentration of 
109 spores per mL (Table 3). As a sham control, workers from half of the colonies were exposed 
to 0.05 % Triton X-100 alone.  

The fungus was retrieved from long-term storage at -80 °C and cultured on Sabouraud dextrose 
agar (SDA) plates at 23 °C until sporulation. Spores were harvested and suspended in 0.05 % 
Triton X-100. The spore germination rate was verified to exceed 90 %, and fresh cultures were 
prepared every four weeks. Aliquots were stored at 4 °C until further use. 

After collecting the workers, their individual IDs (from the barcode marker) were recorded in 
the FORT system. The workers were briefly cooled on ice for 40 to 60 seconds. A 0.3 µL 
droplet of the treatment (fungus or control) was then pipetted onto their gaster (abdomen). For 
the fungal treatment, this equated to an application dose of approximately 300,000 spores, of 
which 30,000 to 45,000 would typically adhere to the ants’ cuticle (Stroeymeyt et al., 2018). 
The ants were allowed 20 minutes to recover in isolation in a 30 mm Ø petri dish on filter paper 
before being returned to their respective foraging spaces. Fungus-exposed ants were infectious 
to the rest of the colony. The nine-hour post-exposure period allowed pathogen to spread and 
nest mates to respond with behavioural interventions such as self- or allogrooming. However, 
within the period of the experiment, there would not be enough time for the spores to germinate 
and infect their hosts. At the end of the post-exposure period, the colonies were snap-frozen on 
dry ice. 

Colonies tagged on the same day received the same treatment, either both the fungal suspension 
or both the control solution (Table 3). The assignment of colonies to the fungus or control 
group alternated weekly, but was otherwise random. 
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Table 3: Treatment groups. The foragers were exposed to either the pathogen or control treatment 20 min before 
being returned to their colony, either at 9:30 a.m. for the day-colonies or 9:30 p.m. for the night-colonies.  
 

Exposure 

group 

Return of 

treated workers 

Treatment group Exposure treatment Applied 

volume 

[µL] 

Control 

Day  

(9:30 a.m.) 

Control Day 

 0.05 % Triton X-100 0.3 
Night 

(9:30 p.m.) 

Control Night 

Pathogen 

Day  

(9:30 a.m.) 

Pathogen Day 

1 x 109 spores/mL in 

0.05 % Triton X-100 
0.3 

Night 

(9:30 p.m.) 

Pathogen Night 

 
 
 
Colony exclusion 

Due to some colonies rejecting the nest area and moving the queen (N = 3 colonies), or part of 
the brood (N = 3 colonies) into the foraging space, we excluded these replicates from the data 
analysis. This resulted in a finial samples size of 9 “control day” colonies, 11 “control night” 
colonies, 10 “pathogen day” colonies, and 11 “pathogen night” colonies. 

 

 
 

2.3 Molecular analysis 

 
To quantify each colony member’s pathogen contamination, we determined the fungal spore 
load of each individual from a subset of pathogen-treated colonies (Npathogen.day = 7; Npathogen.night 
= 6). 

 

DNA extraction 

The ants’ ID was recorded using the “Manual Tag Scanner for the FORmicidae Tracker” 
(https://github.com/formicidae-tracker/tag-scanner) before they were individually sampled 
into 1.2 mL collection microtubes (Qiagen, 96-well plate). Ants were homogenised using a 
TissueLyser II (Qiagen; 2 * 2 min at 30 Hz) with a mixture of one 2.8 mm ceramic bead 
(Qiagen), five 1 mm zirconia beads (BioSpec Products), 100 mg of 425 - 600 µm acid washed 
glass beads (Sigma-Aldrich) and 50 µL distilled water. The DNA extraction was performed 
using the Qiagen DNeasy 96 Blood & Tissue Kit following the manufacturer’s instructions, 
with a final elution volume of 50 µL. To determine the baseline detection threshold of the 
fungus and to rule out cross contaminations during the experiment, we also extracted the DNA 
of eight workers from each control treated colony (Ncontrol.day = 9; Ncontrol.night = 11). This resulted 
in 1340 samples. 
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Quantitative real-time PCR (qPCR) protocol 

Quantitative real-time PCR (qPCR) targeting the ITS2 rRNA gene region of M. brunneum was 
performed using the primers Met-ITS2-F (5’-CCCTGTGGACTTGGTGTTG-3’) and Met-
ITS2-R (5’-GCTCCTGTTGCGAGTGTTTT-3’) (Giehr et al., 2017) to quantify fungal DNA. 
The reactions were set up in 10 μL volumes in a 384-well PCR microplate (Axygen). Each well 
contained 8 µL master mix and 2 μL of extracted DNA. The mastermix was prepared manually, 
while aliquoting the mix into the 384-well plate and adding DNA were done using a Beckman 
Coulter Biomek i5 liquid handling workstation (the program was written by Volodymyr 
Shubchynsky, Vienna BioCenter Core Facilities GmbH, Austria).  

Master mix composition (per reaction): 

- 5 µL KAPA SYBR® FAST qPCR Master Mix (Kapa Biosystems) 
- 0.15 µL of each primer (10 µM; final concentration 3 pmol; Sigma-Aldrich) 
- 2.7 µL ddH2O 

 

The qPCR was performed using a LightCycler® 480 (Roche). Amplification specificity was 
verified by melting curve analysis at the end of each run.  

Thermal cycling conditions: 

- Initial denaturation: 95 °C for 3 minutes 
- 40 cycles: 95 °C for 3 seconds, 64 °C for 30 seconds 
- 95 °C for 10 seconds 
- Melt curve: 65 °C to 95 °C in 0.5 °C increments for 5 seconds 

 

Each plate included a negative control (water instead of DNA) and a standard curve consisting 
of five standards (1×10-1, 1×10-2, 1×10-3, 1×10-4, and 5×10-5 ng/μL) of fungal DNA, quantified 
using a NanoDrop spectrophotometer (Thermo Scientific). Samples and standards were run in 
triplicates. The detection threshold was determined to be 5×10-5 ng/μL, below that a reliable 
quantification was not possible. 

 

We set the following quality criteria: 

1. The negative control must lie below the detection threshold, corresponding to the lowest 
standard. 

2. PCR efficiency must be between 90 and 110 %. 
3. The difference between the three replicates must not exceed 0.5 – if only one replicate 

did not match, it was excluded. If all three did not match, the sample was rerun. 
4. The concentration of the samples must lie within the range of the standard curve. 
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2.4 Tracking data processing 

 
The processing of the marker-based tracking data followed the methods outlined in Mersch et. 
al. (2013), Stroeymeyt et al. (2018), and the doctoral thesis of Wanderlingh (2024). Data 
analysis scripts, originally created by N. Stroeymeyt, T. O. Richardson and A. A. Wanderlingh, 
were adapted for this experiment with their guidance. Detailed analysis pipeline and scripts are 
available on the following GitHub repositories:  

https://github.com/lindasartoris/circadian_rhythm 

https://github.com/AdrianoWanderlingh/Ant_Tracking 

 

Data processing  

First, we created metadata files combining manual and automated steps. These files included 
details such as marker orientation, mortality, the identity of treated foragers, and queen 
identification. Because network analysis requires constant colony sizes over time, ants that 
could not be consistently tracked throughout the entire experiment – primarily due to mortality 
– had to be excluded from the analysis. This affected 3.3 % of the ants. Ants' bodies were 
modelled using two-dimensional capsules, centred based on the position and orientation of the 
barcode markers (Fig. 3) (Wanderlingh, 2024). 

Using these capsules, we extracted ant-ant interactions (based on proximity), ant trajectories, 
and colony metadata from the marker-based tracking data. Based on the circadian phases 
(daytime and night-time), interactions were grouped by three exposure periods: pre1, pre2 and 
post (Table 4). Worker task groups were defined as follows: ants spending at least 1 % of their 
time in the foraging space were defined as foragers, while all others were defined as nurses 
(Stroeymeyt et al. 2018). 

Finally, the proximity interaction network was analysed in three-hour intervals across day (9:30 
a.m. – 6:30 p.m.), and night (9:30 p.m. – 6:30 a.m.). We calculated the network properties and 
summarised individual-level interactions. 
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Fig. 3: Two-dimensional interaction capsules. Representation of the two-dimensional capsules used for 
detecting interaction between ants based on proximity. Each ant is modeled with two parts: a larger shaded green 
shape representing the body and a smaller schaded blue shape at the front representing the head. An interaction is 
inferred when the blue head capsule of one ant overlaps with the capsule of another. Capsule of a queen (A) and 
of workers (B). 
 

 

 
Table 4: Circadian phases of day-colonies and night-colonies during exposure periods. Pre1 and pre2 
represent two periods in the pre-exposure period. Post refers to the single period in the post-exposure period. 
Circadian phases correspond to the experimental conditions aligning with either daytime or night-time. 
 

Exposure period Circadian phase of day-colonies Circadian phase of night-colonies 

pre1 day night  

pre2 night day 

post day night 

 

 

Network properties 

Time-aggregated, weighted contact networks were constructed in three-hour intervals across 
day and night periods. Nodes represent individuals, edges denote interactions, and edge weights 
reflect the total interaction duration (Stroeymeyt et al., 2018; Wanderlingh, 2024). Network 
analyses were performed using the R package igraph, focussing on the following properties for 
their potential roles in transmission dynamics: density (Barthélemy et al., 2005), mean degree 
centrality (hereafter “degree”) (Lloyd-Smith et al., 2005; Volz et al., 2011), efficiency (Latora 
& Marchiori, 2001), diameter (Richardson & Gorochowski, 2015), modularity (Sah et al., 
2017; Volz et al., 2011), clustering (Danon et al., 2012; Volz et al., 2011), and task assortativity 
(Stroeymeyt et al., 2018) (Box 1 provides descriptions). Modularity, a measure of community 
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structure, was calculated using Louvain’s method (Blondel et al., 2008), while task assortativity 
was based on Newman’s method (Newman, 2002, 2003). 

 

Simulated transmission 

Using the observed time-ordered contact sequences from our tracking data, we simulated 
pathogen transmission with treated foragers as the infection seeds during the nine-hour daytime 
and night-time period. The simulations captured both the pathogen-free (constitutive) 
transmission dynamics during the pre-exposure period (pre1 and pre2) and exposure-induced 
transmission dynamics during the post-exposure period (post), for both the control and 
pathogen treated colonies (control-induced and pathogen-induced, respectively). Transmission 
dynamics were modelled on a temporal Susceptible-Infectious epidemiological framework 
adapted for fungal spore transmission by Stroeymeyt et al. (2018): the total pathogen load in 
the colony was kept constant (no replication), and pathogen transmission from one ant to 
another was determined by the current load of the infectious individual. The infectious 
individuals were assigned an initial load of 1, while susceptible individuals started with a load 
of 0. The contact sequences were then processed in chronological order. The transmission rate 
(r) followed an r-K logistic equation, where r represents the growth rate per second. 
Transmission was averaged over 500 simulations for each contact sequence to ensure robust 
results (Stroeymeyt et al., 2018). 
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Allogrooming detection 

The Behavioural Inference Tool, a machine-learning approach developed by Wanderlingh 
(2024), enabled the automated detection of allogrooming events. This tool infers grooming 
interactions by analysing the proximity and movement characteristics of two-dimensional 
capsules that model the ant’s body and head (Fig. 4). While similar to the method used for 
detecting ant-ant interactions in proximity networks, it incorporates slightly different shaped 
capsules and adjusted interaction definition parameters, such as a minimum duration threshold 
of six seconds (Wanderlingh, 2024). In Wanderlingh (2024), the tool was trained on manually 
annotated behavioural data and detected allogrooming between workers with a precision of 
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71.6 % and sensitivity of 74.6 %. Grooming interactions with the queen are not considered by 
the tool. 

Because the tool was developed on a slightly different experimental set-up – featuring the same 
host-pathogen system, nest design, and tracking systems, but different colony sizes – we are 
currently evaluating its generalisability to our data set. To this end, student intern Luisa Fiebig 
manually annotated 200 allogrooming events (occurring in the first 10 minutes post-exposure), 
focusing on one treated and one untreated forager per colony (N =37 colonies). All performed 
and received allogrooming events were documented. These annotations will later be evaluated 
by N. Stroeymeyt to assess the tool’s precision and sensitivity within our experimental 
conditions. 

 

 
Fig. 4: Two-dimensional grooming capsules. Representation of the two-dimensional capsule used for inferring 
allogrooming interactions between workers. Each worker is modeled with two parts: a larger shaded blue shape 
representing the body and a smaller schaded green shape at the front representing the head. The shape of the 
capsules used for allogrooming slightly differ from those used to infer general interactions. 
 
 
 

2.5 Statistical analysis 

 
General 

To examine the overall effects of day-night cycles, task groups, and exposure treatments, we 
performed full-null model comparisons using likelihood ratio tests (B. M. Bolker et al., 2009). 
For models including one interaction term, we compared full models to reduced models without  
the interaction. If the interaction was non-significant, the effect of the main predictors was 
estimated from the reduced models. If a model included multiple interaction terms, non-
significant interactions were removed, starting with the three-way interaction, followed by all 
two-way interactions. When response variables contained multiple measurements per colony, 
colony ID was included as a random effect to account for dependent data. Colony size ranged 
from 90 to 114 workers per colony (mean: 103.6). 

All analyses were conducted in R version 4.2.3 (R Core Team, 2023). The following packages 
were utilised: car (Fox & Weisberg, 2019), dplyr (Wickham et al., 2023), effectsize (Ben-
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Shachar et al., 2020), emmeans (Lenth, 2023), glmmTMB (B. Bolker, 2019), influence.ME 
(Nieuwenhuis et al., 2012), lme4 (Bates et al., 2015), multcomp (Hothorn et al., 2008) and 
r2glmm (Jaeger, 2017). Response variables were transformed where necessary (log, square 
root, or BoxCox transformations) to meet model assumptions. In case a transformation or 
model was not able to handle zero-values, we added the smallest non-zero value from the data 
set divided by the square root of two before applying transformations.  

For Gaussian models, the normality and homogeneity of residuals were assessed visually. For 
non-Gaussian models, overdispersion was checked. The absence of collinearity among 
predictors was verified using Variance Inflation Factor (VIF) values, and model stability was 
assessed using DFbetas to detect influential cases.  

All reported p-values are both-sided. Post-hoc comparisons were performed using Tukey’s 
method, with p-values adjusted using the Benjamini-Hochberg (BH) corrections (Benjamini & 
Hochberg, 1995) to control the false discovery rate at 5 %. Effect sizes are reported as partial 
eta-squared (η²) for Gaussian models and odds ratio for non-Gaussian models.  

The reported p-values from the full-null model comparison are uncorrected unless stated 
otherwise. When applying the BH corrections for multiple comparisons within the same 
dataset, the results remained unchanged. 

  

Individual behaviours 

Individual behaviours were aggregated per task group within each colony (N = 1360 foragers, 
N = 2706 nurses, N = 41 colonies). The effect of circadian phase (day/night) during the pre-
exposure period was analysed separately for foragers and nurses, with colony size included as 
a fixed effect to control for its potential effect.  

To estimate the effect of circadian phase on the time foragers spend outside the nest, a 
generalised linear mixed model (GLMM) with beta error distribution and logit link function 
was used. Differences in time active, speed while active, and distance travelled were estimated 
using Gaussian GLMMs. 

For the nine-hour post exposure-period, we tested which individuals had more contact with 
pathogen-treated foragers. A Gaussian GLMM was fitted, with task group (untreated foragers 
and nurses) and circadian phase (day/night) as main effects, including their interaction (N = 
649 untreated foragers, N = 1322 nurses, N = 10 day-colonies, N = 11 night-colonies).  

 

Colony networks 

For the per-exposure period, colony network properties were aggregated across the three three-
hour intervals during daytime and night-time, respectively. The main predictor was circadian 
phase (day/night), and colony size was included as a control predictor. Since colonies began 
the experiment either at the start of the day (N = 19 day-colonies) or the night (N = 22 night-
colonies), we also controlled for period (pre1/pre2), i.e. during which period the colonies 
experienced daytime and night-time. 
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For the post-exposure period, we first assessed the effect of exposure treatment 
(control/pathogen) on network properties by comparing the same circadian phase (day/night) 
across pre- and post-exposure periods (pre1/post). We examined the first three-hour interval to 
assess the immediate effect of exposure and the third three-hour period to evaluate longer-term 
effects. The model was fitted with the interactions between exposure treatment, exposure 
period, and circadian phase, while controlling for colony size. Additionally, we calculated the 
delta changes for each colony during the first, second and third three-hour intervals and 
analysed the slope to capture temporal changes in the network. This model included the 
interactions between exposure treatment, circadian phase, and time hours post, while 
controlling for colony size. “Time hours post” referred to the starting times of the three-hour 
intervals in the network analysis (0, 3 and 6 hours post-exposure). Colonies were exposed either 
at the start of the day (Ncontrol = 9; Npathogen = 10) or the night (Ncontrol = 11; Npathogen = 11). For 
the slope analysis, one replicate had to be excluded due to model assumption violations and 
instability (final Ncontrol.night = 10).  

Finally, we estimated the effect of exposure treatment on day-night differences within each 
colony (pre2/post). Analyses were conducted separately for control and pathogen exposed 
colonies. Colonies exposed during the day were compared to their pre-exposure night phase, 
while colonies exposed during the night were compared to their pre-exposure day phase. This 
approach allowed us to determine whether pre-existing day-night differences persisted post-
exposure. 

 

Transmission simulations 

To examine the effect of circadian phase and exposure treatment on simulated transmission 
rates, we fitted Gaussian GL(M)Ms. Simulated transmission in the constitutive pre-exposure 
period also originated from the same foragers later exposed during the experiment.  

For the pre-exposure period, circadian phase was the main predictor, while starting period and 
colony size were included as control predictors (N = 41 colonies). For the post-exposure period, 
the effect of circadian phase was analysed separately for control- and pathogen exposed 
colonies (Ncontrol = 20, Npathogen = 21), with colony size as the sole control predictor. 

To evaluate simulated pathogen loads, we added task group (foragers, nurses and queens) as a 
main predictor and included the interaction between task group and circadian phase (N = 1360 
foragers, N = 2706 nurses, N = 41 queens, N = 41 colonies). Similar to transmission rate, 
pathogen loads during post-exposure were analysed separately for control- and pathogen 
exposed colonies. 

 

Allogrooming 

To estimate the changes in allogrooming induced by the exposure treatments, a negative 
binomial GLMM with Poisson error distribution was fitted. The response variable was the 
number of allogrooming events received by treated foragers per colony (N = 187 treated 
foragers, N = 41 colonies). Allogrooming events were aggregated into 15-minute time windows 
across the first three hours post-exposure. Post-exposure allogrooming levels (post) were 
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compared to pre-exposure levels of the same circadian phase (pre1), with time of day (starting 
times of the 15-minute time windows) included as a random effect.  

In pathogen-exposed colonies, the rate of allogrooming performed by untreated foragers and 
nurses towards the treated foragers during the nine-hour post-exposure period was analysed. 
The response variable was the aggregated allogrooming events performed by each task group 
per colony, with circadian phase, task group, and their interaction included as main predictors.  

The effect on proportion of allogrooming occurring in the foraging space during the nine-hour 
post-exposure period was tested using a GLM with beta error distribution and logit link 
function. This rate was aggregated at the colony level, with circadian phase, exposure 
treatment, and their interaction included as main predictors. 

 

qPCR pathogen loads 

To evaluate pathogen spread at the end of the nine-hour post-exposure period, we measured 
individual fungal loads in a subset of colonies (final samples size: N = 7 day-colonies with a 
total of 699 ants, N = 6 night-colonies with a total of 476 ants). Ants that could not be match 
to the tracking data file, e.g. because they had lost their tag or had already been excluded from 
the tracking data for other reasons, were not considered in the pathogen load analysis (N = 47 
ants). 

For the statistical analysis, we set the threshold for considering the ants to carry a detectable 
load, at a fungal DNA concentration higher than that of control individuals (6.5×10-5 ng/μL, 
which was just above the technical detection threshold of 5×10-5 ng/μL). 

The probability of exposure (presence/absence of a detectable fungal load) across task groups 
(N = 251 foragers, N = 809 nurses), was assessed using a GLMM with binomial error 
distribution. Main effects included circadian phase, task group, and their interaction. 

Pathogen loads of contaminated individuals were analysed using a GLMM. Circadian phase 
and task group were included as main predictors along with their interaction to evaluate 
differences in fungal loads. 

 

Data visualisation 

Data visualisation was conducted in R using the packages cowplot (Wilke, 2020), DescTools 
(Signorelli, 2024), and ggplot2 (Wickham, 2016). In most cases, replicate medians and the 95 
% confidence intervals (CIs) of the median were plotted, along with the underlying data points. 
To represent changes induced by exposure, pre-exposure values were subtracted from post-
exposure values within each colony, where values greater than zero indicated an increase post-
exposure. Similarly, day-night differences after exposure were visualised by subtracting night 
values from the day values within a colony, where values greater than zero indicated higher 
values during the day. 
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3 Results 

 
Contributions to the experimental work, molecular analysis, and data analysis 

Experimental work 

 Experimental setup: 100 % own 

 Applying barcode-markers with R. Kennard: 75 % own 

 Worker exposure & sampling: 100 % own 

Molecular analysis 

 DNA extractions: 100 % own 

 qPCR method establishment with A. V. Grasse: 50 % own 

 qPCR quantification of fungal loads with A. V. Grasse: 80 % own 

 Fungal load analysis: 10 % A. V. Grasse & F. B. Abbasi, 90 % own 

Data analysis 

Tracking data processing, with the support of N. Stroeymeyt, T. O. Richardson, and A. 
A. Wanderlingh who developed and shared the analysis pipeline: 100 % own 

Data curation: 100 % own 

Statistical data analysis: 100 % own 

 
 

3.1 Constitutive circadian patterns in ant behaviour and colony 

networks 

 
First, we examined the undisturbed, constitutive circadian patterns of individual behaviour and 
colony network properties across all 41 colonies. 

 

Foragers and nurses show a diurnal circadian activity pattern 

To understand how our experimental day (26° C, lights on) and night (22° C, lights off) 
conditions influenced the activity of foragers and nurses, we analysed their behaviour during 
both circadian phases (N = 1360 foragers, N = 2706 nurses, N = 41 colonies). Foragers spent 
more time in the foraging space during the day (GLMM, day-night differences p < 0.001; Table 
S1), although they did not fully retreat to the nest at night. Notably, both foragers and nurses 
showed a diurnal circadian pattern in their proportion of time being active, speed while active, 
and average distance travelled (Fig. 5A-C; GLMM, day-night differences: foragers all p-values 
< 0.001; Table S2a; nurses all p-values < 0.001; Table S2b), i.e. both task groups were overall 
more active during the day.  
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Fig. 5: Diurnal circadian activity patterns. Foragers and nurses exhibit diurnal activity patterns, being more 
active during the day: (A) the proportion of time individuals were active, (B) the speed at which they travelled 
while active, and (C) the average distance travelled during a three-hour interval (GLMM; Table S2a-b). Black 
bars represent the group medians, while boxes indicate the 95 % confidence intervals (CIs). Significant differences 
between day and night are denoted by *** (two-sided p < 0.001). Sample sizes: N = 1360 foragers, N = 2706 
nurses, across 41 colonies. 
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Colony interaction networks show a circadian pattern 

We assessed how these behavioural patterns affected colony network dynamics (N = 41 
colonies), revealing consistent day-night differences across six network properties (Fig. 6; 
GLMM, see Table S3 for detailed statistics); exemplified by network density for each colony 
(Fig.2A-B). During daytime, colonies had a higher network density (Fig. 6C; day-night 
differences p < 0.001) and degree (Fig. 6D; p < 0.001), meaning a greater proportion of 
potential connections were realised, and each individual connected with more partners on 
average. Similarly, clustering, or the tendency to form fully-connected cliques, was higher 
during daytime (Fig. 6E; p < 0.001), while modularity, reflecting the network’s 
compartmentalisation, decreased (Fig. 6F; p < 0.001). Connection efficiency between two 
individuals was higher during the day (Fig. 6G; p = 0.010), accompanied by a lower network 
diameter – the longest direct pathway between two individuals – during daytime (Fig. 6H; p = 
0.009). Task assortativity – tendency to associate within own task group – showed no circadian 
pattern (p = 0.806). Interestingly, transmission-enhancing network properties were all elevated 
during daytime (density, degree & efficiency), whereas transmission-inhibiting properties were 
elevated during the night (diameter & modularity). This pattern was confirmed by a higher 
simulated transmission rate through the network (Fig. S1A; GLMM, day-night differences p < 
0.001; Table S4), and a higher simulated pathogen load for the foragers during the day (Fig. 
S1B; GLMM, task group × circadian phase, p = 0.017; Table S5). Notably, the predicted loads 
for nurses and queens did not differ between day and night, and were significantly lower than 
those of foragers. 
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Fig. 6: Circadian network patterns. During the pre-exposure period (pre1 & pre2), colonies exhibited daily 
rhythms in their network properties, leading to distinct circadian patterns. Despite substantial variation between 
colonies, the amplitude of day-night differences was consistent, as demonstrated here for network density. Similar 
patterns were observed for both (A) day-colonies, where tracking began at the beginning of the day, and (B) night-
colonies, where tracking began at the beginning of the night. Each dot in (A) and (B) represents the aggregated 
network density of the colony for a three-hour interval, with three intervals during the day and three during the 
night. Grey lines connect dots from the same colony (Nday.colonies = 19, Nnight.colonies = 22). Network properties 
significantly differed between day and night (GLMM, Table S4), with (C) density, (D) degree, (E) clustering, and 
(G) efficiency being higher during the day, while (F) modularity and (H) diameter were higher at night. In (C) - 
(H), black bars represent medians, and boxes show the 95 % CIs (pooled for day- and night-colonies, N = 41). 
Significant day-night differences are denoted by ** (p < 0.01) and *** (p < 0.001). 
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3.2 Effect of exposure on circadian patterns in ant behaviour and 

colony networks 

  
Next, we investigated how exposing a subset of foragers to infectious fungal spores affected 
individual ant behaviour and colony-level circadian patterns. Our aim was to understand how 
these rhythms may influence or interact with the colony’s response to an incoming disease 
threat and the subsequent spread of infectious spores throughout the colony. Twenty-four hours 
after the start of their constitutive day-night cycle, we exposed approximately five foragers per 
colony to either the pathogen treatment (N = 21 colonies, 10 of which exposed during the day 
and 11 during the night) or the control treatment (N = 20 colonies, 9 of which exposed during 
the day and 11 during the night). Colonies were observed for an additional nine hours during 
the post-exposure period.  

Exposure to Metarhizium is known to trigger an immediate increase in allogrooming by colony 
members (Bos et al., 2012; Okuno et al., 2012; Qiu et al., 2014; Walker & Hughes, 2009). In 
small groups of Lasius neglectus, a close relative of L. niger, where this has been studied in 
detail, allogrooming activity typically peaks in the first 10 – 20 minutes post exposure before 
it returns to baseline within one and a half hours (Casillas-Pérez et al., 2023). Consequently, 
collapsing the full nine-hour post-exposure period into a single analysis may obscure potential 
dynamic timelines driven by early effects that are prominent immediately after exposure but 
diminish over time. To address this, we analysed the first three-hour window of the pre- and 
post-exposure periods to capture the immediate dynamics of the sanitary care response 
following treatment. All allogrooming events received by treated foragers were aggregated into 
15-minute intervals, resulting in 12 time windows per colony over three hours (Fig. 7). 

 

Forager treatment increases sanitary care 

Exposure of foragers to either pathogen (N = 95 foragers) or control (N = 92 foragers) 
treatments led to an increase in the allogrooming they received compared to the pre-exposure 
period. Allogrooming events were particularly concentrated in the first 30 minutes following 
exposure, with a significant increase compared to the same period before exposure. This effect 
was more pronounced following daytime exposure (Fig. 7; GLMM, change from pre to post × 
circadian phase, p = 0.023; Table S6a). The allogrooming response during this initial 30-minute 
period was independent of exposure type (p = 0.178; Table S6a). 

To align with the time windows used in the network property analysis, we also looked at 
allogrooming dynamics during the first three hours of the post-exposure period. Over this 
longer time frame, the increase in allogrooming events remained significantly higher than in 
the pre-exposure period. Interestingly, while the initial effect of exposure timing (daytime or 
night-time) diminished, a stronger response emerged in pathogen-treated colonies (Fig. 7; 
GLMM, change from pre to post × exposure type, p = 0.018; Table S6b).  
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Fig. 7: Early induced changes in allogrooming. The plot shows exposure-induced changes during the first three 
hours of the post-exposure period. Allogrooming events received by the treated foragers were aggregated per 
colony over 15-minute time windows, separately for colonies treated during the day or night, exposed to either 
control or pathogen treatment (Npathogen.day = 10, Npathogen.night = 11, Ncontrol.day = 9, Ncontrol.night = 11). Across the three-
hour interval, allogrooming occurred significantly more frequent post exposure with a greater increase in 
pathogen-treated colonies (GLMM, p = 0.018, Table S6b). Each point represents the ∆ change in events per 
colony, bars represent the median, and boxes indicate 95 % CIs, based on 41 colonies (187 treated foragers in 
total). ∆ changes were calculated by subtracting pre1-values from post-values within each colony, with the zero 
line indicating no induced changes. 
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Since 60 % of all post-exposure allogrooming events towards treated foragers occurred within 
the first three hours (Fig. 8), we next assessed whether these dynamic changes in sanitary care 
were reflected in the colony’s network properties. Given that grooming interactions were 
defined as interactions lasting at least six seconds, and our network property analysis was 
weighted by interaction duration, these early effects may influence network structure. 
Additionally, we tested how the network properties changed over time, and how robust 
constitutive circadian patterns were after exposure. 

 

 
 
Fig. 8: Induced changes in allogrooming. The plot shows exposure-induced changes during the first, second and 
third three-hour post-exposure windows, separately for colonies treated during the day or night, exposed to either 
control or pathogen treatment (Npathogen.day = 10, Npathogen.night = 11, Ncontrol.day = 9, Ncontrol.night = 11). Allogrooming 
events received by the treated foragers were aggregated per colony over three-hour time windows, with 60 % of 
all post-exposure allogrooming events occurring during the first three hours. Each point represents the ∆ change 
in events per colony, bars represent the median, and boxes indicate 95 % CIs, based on 41 colonies (187 treated 
foragers in total). ∆ changes were calculated by subtracting pre1-values from post-values within each colony, with 
the zero line indicating no induced changes. 
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Colony networks respond dynamically to sanitary care but show a robust circadian pattern 

To examine how forager exposure and the transient increase in allogrooming affected network 
properties, we analysed these properties across the first, second, and third three-hour intervals 
of the post-exposure period (Fig. 9A-F pathogen exposed; Fig. S2A-F control-exposed).  

During the first three hours post exposure, network density and degree significantly increased 
from pre to post exposure (Fig. 9A-B and Fig. S2A-B; GLMM, changes pre to post: density p 
= 0.003, degree p = 0.003; Table S7a), independent of treatment type or timing (all model 
interactions were non-significant; Table S7a). Network clustering, modularity, efficiency, and 
diameter did not show significant changes during this period (Fig. 9C-G and Fig. S2C-G; 
GLMM; Table S7a). This suggests that when allogrooming was high, the ants established more 
connections within the network and, on average, interacted with a greater number of different 
partners. 

To assess whether the network properties changed over time, we calculated the slope of delta-
changes across the three three-hour intervals. Over the nine-hour post-exposure period, 
network density, degree, clustering, and efficiency significantly decreased with time (Fig. 9A-
C, E and Fig. S2A-C, E; GLMM, delta slope: density p < 0.001, degree p < 0.001, clustering p 
< 0.001, efficiency p = 0.001; Table S8). In contrast, network modularity significantly 
increased with time (Fig. 9D and Fig. S2D; GLMM, delta slope: modularity p < 0.001; Table 
S8). These changes were independent of exposure timing or type (all interactions were non-
significant; Table S8). 

 

Next, we tested whether these temporal changes resulted in significant differences in exposure-
induced network properties by the end of the experiment, i.e., during the third three-hour post-
exposure interval. Among the network properties that had decreased over time, density, degree, 
and clustering were significantly lower in the third post-exposure interval compared to the same 
time in the pre-exposure period (Fig. 9A-C and Fig. S2A-C; GLMM, changes pre to post: 
density p = 0.36, degree p = 0.043, clustering p = 0.002; Table S7b). These effects were 
independent of exposure timing or type (all interactions were non-significant; Table S7b). 
However, the temporal changes in modularity and efficiency did not lead to significant 
differences by the end of the experiment when compared to the corresponding pre-exposure 
period.  

 

These dynamic timelines highlight the impact of allogrooming on colony network properties: 
while the first three hours were characterised by increased sanitary care, the later transmission 
phase (starting from the second interval) showed a shift in the opposite direction. 
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Fig. 9: Timeline of induced changes in network properties following pathogen exposure. The plot shows 
pathogen-induced changes during the first, second and third three-hour post-exposure intervals, separately for 
day- and night-colonies, in (A) network density, (B) degree, (C) clustering, (D) modularity, (E) efficiency, and 
(F) diameter. ∆ changes were calculated by subtracting pre1-values from post-values within each colony and 
interval, with the zero line indicating no induced changes. Bars represent the median, and boxes indicate 95 % 
CIs (Npathogen.day = 10 colonies, Npathogen.night = 11 colonies). 
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Next, we assessed the robustness of the circadian network pattern observed in its undisturbed, 
constitutive state (Fig. 6) by analysing its response to the exposure of approximately five 
foragers to either the control or pathogen treatment. Half of the colonies were exposed at the 
start of the day (Ncontrol = 9, Npathogen = 10), while the other half were exposed at the start of the 
night (Ncontrol = 11, Npathogen = 11). To evaluate the impact of exposure timing on day-night 
differences in network properties within each colony, we compared colonies exposed during 
daytime to their pre-exposure night phase and colonies exposed during night-time to their pre-
exposure day phase (day minus night; Fig. 10A-B). This approach enabled us to determine 
whether pre-existing day-night differences in network properties were maintained post-
exposure. 

We examined the effect of exposure timing of pathogen (Fig. 10) and control treatments (Fig. 
S3) on day-night differences in network properties separately. For the pathogen-exposed 
colonies, we additionally assessed how post-exposure day and night networks influenced both 
predicted and realised pathogen transmission. For the control-exposed colonies, only simulated 
pathogen transmission could be evaluated. 

 

We found the same circadian patterns in colony networks following pathogen exposure as we 
did in the constitutive networks (Fig. 6) for network density, degree and clustering (higher 
during the day, Fig. 10C-E) as well as modularity (lower during the day, Fig. 10F). This was 
independent of whether pathogen-exposed foragers were introduced during the day or night 
(GLMM, daytime exposure, day-night differences: density p < 0.001, degree p < 0.001, 
clustering p < 0.001, modularity p < 0.001, Npathogen.day = 10 colonies; Table S9a; night-time 
exposure, day-night differences: density p < 0.001, degree p < 0.001, clustering p < 0.001, 
modularity p < 0.001, Npathogen.night = 11 colonies; Table S9b). The same circadian patterns were 
also present in control-exposed colonies (Fig. S3C-F; GLMM, daytime exposure, day-night 
differences: density p < 0.001, degree p < 0.001, clustering p < 0.001, modularity p < 0.001, 
Ncontrol.day = 9 colonies; Table S9c; night-time exposure, day-night differences: density p < 
0.001, degree p < 0.001, clustering p < 0.001, modularity p = 0.002, Ncontrol.night = 11 colonies; 
Table S9d). 

 

Though we did not directly test for it, an interesting pattern emerged for network density, 
degree, clustering and diameter following pathogen exposure (Fig. 10C-H): daytime exposure 
tended to amplify existing day-night differences, whereas night-time exposure appeared to 
diminish them. This pattern was not consistently observed after control exposure (Fig. S3C-
H). 

Day-night differences in network efficiency were no longer present when forager exposure 
occurred at night. Pre-exposure, efficiency was higher during daytime (Fig. 6G). However, 
previous day-night differences disappeared following night-time exposure (Fig. 10G; daytime 
exposure, day-night difference p = 0.011; Table S9a; night-time exposure, day-night difference 
p = 0.611; Table S9b). 

For network diameter which was constitutively lower during the day (Fig. 6H), day-night 
differences became more pronounced following daytime exposure, while they disappeared 
following night-time exposure. This pattern held for both pathogen (Fig. 10H; daytime 



 

32 
 

exposure, day-night differences p = 0.003; Table S9a; night-time exposure, day-night 
differences p = 0.052; Table S9b) and control exposure (Fig. S3H; daytime exposure, day-night 
differences p = 0.009; Table S9c; night-time exposure, day-night differences p = 0.125; Table 
S9d). 

Overall, even if only being a slight effect, pathogen exposure amplified “day-like” 
characteristics in colony networks, resulting in slightly larger day-night differences following 
daytime exposure and reduced differences following night-time exposure (i.e. night-time 
network properties became more “day-like”). This effect was most pronounced for density, 
degree, clustering, and diameter.  
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Fig. 10: Robust day-night differences after pathogen exposure. (A) and (B) show colony network density 
during the circadian phases directly before (pre2) and after (post) pathogen exposure. To visualise the robustness 
of day-night differences post-exposure, we calculated the “∆ day relative to night” (C - H): the night-values were 
subtracted from the day-values, such that the solid zero line indicates no day-night differences. This analysis was 
done separately for colonies experiencing daytime exposure and those experiencing night-time exposure, i.e., 
colonies treated at the start of the day, or the night, respectively. The daytime exposure ∆ represents day(post) 
minus night(pre2), while the night-time delta represents day(pre2) minus night(post). The dashed line represents 
the median day-night differences observed in constitutive colonies (∆ day minus night; Fig. 6). In (C - H), black 
dots represent the median, and shaded boxes indicate 95 % CIs, based on Ndaytime.exposure = 10 colonies, and Nnight-

time.exposure = 11 colonies. Significant day-night differences are denoted by * (p < 0.05), ** (p < 0.01), and *** (p < 
0.001), while ns (p > 0.05) denotes a non-significant difference. 
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Next, we assessed how these network dynamics during the post-exposure period influenced 
pathogen transmission compared to the simulated transmissions in the constitutive networks 
(Fig. S1). In addition to simulated transmissions in the post-exposure period, we measured the 
realised pathogen transmission for the pathogen-exposed colonies. 

 

Pathogen exposure resulted in similar transmission dynamics between day and night 

Simulating transmission in colonies post-exposure, with the experimentally treated foragers as 
initial carriers (seeds), we found that the transmission rate in the control-exposed colonies 
remained higher during the day (Fig. S4A; GLM, p = 0.038; Table S10), consistent with the 
pattern observed in the constitutive networks (Fig. S1). However, for pathogen-exposed 
colonies, the previously higher daytime transmission rate was no longer observed (Fig. 11A; 
GLM, p = 0.099; Table S12). 

For both control- and pathogen-exposed colonies, simulations of individual pathogen loads at 
the end of the nine-hour post-exposure period revealed a significant interaction between 
circadian phase and task group (GLMM, task group × circadian phase, pathogen-exposed p = 
0.002; Table S13; control-exposed p = 0.034; Table S11). Post-hoc comparisons showed no 
differences in simulated loads based on daytime or night-time exposure for either task group 
(Fig. 11B pathogen-exposed; FigS5B control-exposed). Untreated foragers were predicted to 
carry higher loads than nurses, while queens had intermediate simulated loads. 

These results indicate that, while transmission rates in control-exposed colonies remained 
slightly higher after daytime exposure compared to night-time exposure, differences in 
simulated pathogen loads among untreated foragers were no longer evident. Instead, simulated 
pathogen loads in control-exposed colonies had the same pattern as those in pathogen-exposed 
colonies. 

  

Next, we tested whether the measured pathogen load reflected the simulations, which was only 
possible for the pathogen-exposed colonies. 

Indeed, the individual pathogen loads quantified after daytime exposure (N = 7 colonies, N = 
699 ants) and night-time exposure (N = 6 colonies, N = 476 ants) confirmed the pattern seen in 
the simulated loads of the exposed networks. Among untreated foragers, 73 % acquired a 
detectable pathogen load, whereas only 37 % of nurses did, representing a significant difference 
in exposure risk for the task groups (Fig. 11C; GLMM, forager vs nurse probability of spores 
being present in detectable amounts: p < 0.001; Table S14), independent of exposure timing 
(day- vs night-time exposure: p = 0.452; Table S14). Of the 13 analysed queens, only two had 
detectable pathogen loads – one following daytime exposure (1.1* 10-4 ng/µL) and one 
following night-time exposure (0.9 * 10-4 ng/µL). This highlights the effectiveness of their 
protection, though it prevented further statistical analysis. Among workers who contracted 
pathogen, untreated foragers (median load 3.3 * 10-4 ng/µL) had, on average, 2.4 times higher 
pathogen loads than nurses (median load 1.4 * 10-4 ng/µL; Fig. 11D; GLMM, forager vs nurse 
pathogen load p < 0.001; Table S15). Consistent with the simulations, there was no difference 
in pathogen loads between daytime and night-time exposure in measured pathogen loads for 
each task group (Fig. 11D, day- vs night-time exposure: p = 0.315; Table S15).  
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Thus, despite robust differences in colony network properties, the risk of pathogen contraction 
among untreated workers did not differ between daytime and night-time exposures after the 
nine-hour post-exposure period. However, untreated foragers had both a higher likelihood of 
contracting the pathogen compared to the nurses and carried higher pathogen loads when 
contaminated. 
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Fig. 11: Simulated and realised pathogen transmission. (A) Simulated transmission rate in pathogen-induced 
networks was similar during daytime and night-time (GLM; Table S12; N = 21 colonies). (B) Simulated pathogen 
loads for untreated foragers were comparable between day and night (GLMM; Table S13; N = 649 foragers, N = 
1325 nurses. N = 21 queens). Nurses exhibited lower simulated loads than foragers, with no significant differences 
across day and night. Queens received intermediate simulated loads compared to foragers and nurses. In the 
realised pathogen transmission, (C) untreated foragers had a higher likelihood of contracting the pathogen than 
nurses (GLMM; Table S14; Nforagers.day = 111 workers, Nforagers.night = 140, Nnurses.day = 550, Nnurses.night = 309). (D) 
Among workers that acquired pathogen, foragers had higher pathogen loads than nurses (GLMM; Table S15; 
Nforagers.day = 79 workers, Nforagers.night = 104, Nnurses.day = 220, Nnurses.night = 97). Only two of the 13 analysed queens 
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(Fig.11 description continued) had detectable pathogen loads – one following daytime exposure (1.1* 10-4 ng/µL) 
and one following night-time exposure (0.9 * 10-4 ng/µL) – and were thus not included in the statistical analysis. 
Bars in (A) represent the median, with boxes indicating 95 % CIs. In (B) and (D), each point represents one 
individual, with bars showing the median. Error bars in (C) represent the standard error of the mean. Letters denote 
significant differences (p < 0.05) between groups following post-hoc tests, and *** indicates p < 0.001. 
 
 

 

Sanitary care is preferentially performed by other foragers 

To explore why untreated foragers were more likely to acquire pathogen than nurses, we 
analysed their overall contact and specifically their allogrooming interactions with pathogen-
treated foragers. 

Analysis of contact duration with treated foragers revealed a significant interaction between 
circadian phase and task group (GLMM, circadian phase × task group: p = 0.028; Table S16). 
Overall, untreated foragers had three times more contact with treated foragers than nurses (Fig. 
12A). Post-hoc comparisons showed no differences in contact duration based on daytime or 
night-time exposure for either task group (Table S16). A similar pattern was observed for 
allogrooming rate, with untreated foragers performing allogrooming 3.7 times more frequently 
than nurses, regardless of time of day (Fig. 12B; GLMM, task group p < 0.001; circadian phase 
p = 0.185; Table S17). Overall, although predominantly performed by foragers, only 22 % of 
allogrooming occurred outside the nest, regardless of timing or type of exposure (GLM, p = 
0.895; Table S18).  
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Fig. 12: Interactions with pathogen-treated foragers. (A) Untreated foragers were more likely to have contact 
with treated foragers compared to nurses (GLMM; Table S16). (B) Untreated foragers also allogroomed treated 
foragers more frequently than nurses did (aggregated per colony; GLMM; Table S17). Black bars represent the 
group medians, while boxes indicate the 95 % CIs. Letters denote significant differences (p < 0.05) between 
groups following post-hoc tests, and *** indicates p < 0.001. Sample sizes: N = 649 foragers, N = 1322 nurses, 
across 21 colonies. 
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4 Discussion 

 
Our study revealed robust circadian patterns in colony network dynamics, which were largely 
resilient to our exposure treatments. Despite constitutive network properties favouring 
transmission within the forager community during the day, sanitary care behaviours and 
pathogen loads in pathogen-exposed colonies did not differ significantly between daytime and 
night-time exposure. Notably, the contamination risk for nurses and queens remained 
consistently low under all experimental conditions. This suggests that social immunity 
effectivity buffers against temporal variation in activity and pathogen exposure risks, 
continuously protecting the vulnerable colony centre from disease.  

 

To investigate whether our colonies exhibit daily activity cycles, we analysed the activity of 
two distinct task groups: foragers and nurses. Foragers are workers responsible for leaving the 
nest to collect resources, while nurses remain inside to care for the brood. The queen’s activity 
was not the focus of our analysis, as her primary role is egg-laying, and as a single individual 
per colony, she has minimal direct influence on colony network dynamics.  

Similar to field observations of Lasius niger, our foragers exhibited a daily rhythm in activity, 
responding to changes in temperature and light (Depa, 2024; Yamauchi & Hayashida, 1970). 
These studies also highlighted, that foraging behaviour is influenced by weather and climate 
variations, with preferences that may vary widely – ranging from peak activity during the night 
or dawn in some cases to noon in others – or even disappear altogether, with no preference 
between day- and night-time foraging during warmer summer months. Depa (2024), 
investigating ant abundance in aphid colonies, speculated that the (counterintuitive) higher 
numbers during low temperatures coupled with high humidity could be due to ants remaining 
with the aphids during colder periods and then dispersing once temperatures rise. They also 
noted that increased rainfall, which was followed by a high humidity, might boost plant phloem 
sap production, thereby enhancing the quality or abundance of the aphids’ honeydew (Douglas, 
2006). Rival ant colonies and predators also influence ant movement, contributing to site-
specific variations that can lead to contrasting observations of foraging preferences (Dolai et 
al., 2024; Orivel & Dejean, 2002). Since our experimental conditions were constant in their 
cycles over several days with food continuously provided ad libitum, our findings cannot 
generalise the circadian rhythm of L. niger. To assess their internal endogenous clock that 
oscillates over a 24-hour period, future studies would need to analyse behaviour in the absence 
of external cues that synchronise a daily rhythms, known as zeitgebers, such as light and 
temperature cycles (Dunlap et al., 2004).  

The effect of zeitgebers varies in importance between foragers and nurses. While foragers’ 
circadian patterns are more directly shaped by outside environmental factors, as described 
above, nurses remain inside the sheltered nests. Nonetheless, we observed that nurses also 
exhibited a diurnal activity pattern, albeit with a lower amplitude. Observing daily rhythms in 
nurses, even when the colony as a whole follows diurnal patterns, was unexpected 
(Charbonneau & Dornhaus, 2015). It is common in ants and bees for nurses to exhibit weaker 
or no daily rhythms compared to foragers. While nurses possess endogenous circadian clocks, 
these rhythms are often overridden by external zeitgebers, such as their social environment 
(Fuchikawa et al., 2016; Mildner & Roces, 2017). Social zeitgebers may include returning 
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foragers sharing resources (Fuchikawa et al., 2016; Lone & Sharma, 2011), or type of brood, 
with vulnerable eggs and larvae requiring constant care (Beer & Bloch, 2020; Fujioka et al., 
2017). In our experiment, nurses cared for larvae and likely responded to feedback from the 
diurnal foragers.  

We defined the two task groups, foragers and nurses, based on a binary classification, relying 
solely on time spent outside the nest (Stroeymeyt et al. 2018), instead of considering continuous 
“social maturity” scores that incorporate community structure, age, or spatial fidelity in the 
nest (Kay et al., 2024; Richardson et al., 2021; Richardson et al., 2022). While we explored 
such a community-based approach (Lin et al., 2008), we concluded it would not significantly 
enhance the interpretation of this study. In support of our binary classification, we observed 
clear differences in activity amplitude between task groups. Similarly, a recent study on the 
carpenter ant Camponotus fellah found social maturity positively correlated with age and time 
spent foraging, though social environment remained the dominant factor influencing behaviour 
and physiology (Kay et al., 2023).  

Our approach also did not consider specific behaviours outside or inside the nest. For example, 
in Diacamma sp., performance of behaviours such as brood care, inactivity, walking and 
foraging do not exhibit a daily rhythm despite the species being predominantly diurnal 
(Fujioka, Okada, & Abe, 2021), underscoring the need of direct behavioural observations to 
understand rhythms in task allocation and division of labour. Although we did not analyse 
foraging behaviour directly, we observed faster walking speed at the same time of day as 
foragers spent more time outside the nest, consistent with findings that higher walking speeds 
correlate with active foraging in harvester ants (Davidson & Gordon, 2017). Ultimately, 
division of labour in many ant species fundamentally boils down to two groups: those caring 
for brood inside the nest, and those foraging outside (Kay et al., 2024; Richardson et al., 2021). 

Crucially, we demonstrated that during the daytime, foragers spent more time in the foraging 
space and travelled greater distances. In natural settings, this would correspond to a higher risk 
of encountering and picking up pathogens, whether by moving across contaminated soil or 
contacting sporulating cadavers while collecting insect prey (Kurze et al., 2020; Pereira & 
Detrain, 2020). Although ants show some avoidance of fungal-contaminated soil and prey, this 
behaviour is highly variable between individuals (Pereira & Detrain, 2020; Tranter et al., 2015). 
Environmental spores, once picked up, have been shown to cause mortality (Rojas et al., 2018), 
with higher accumulating doses becoming increasingly lethal (Hughes et al., 2002; Okuno et 
al., 2012). This highlights how the elevated daytime activity by the foragers increases the 
colony’s overall risk. 

 

The increased daytime activity of both foragers and nurses was reflected in the colony’s 
network properties, with more interaction partners (higher degree) and realised connections 
(higher density) during the day. This aligns with theoretical and empirical studies, showing that 
increased activity enhances interaction rates (Pie et al., 2004; Pinter-Wollman et al., 2011; 
Richardson et al., 2017), while greater foraging activity promotes the recruitment of potential 
foragers through brief interactions (Davidson & Gordon, 2017; Pinter-Wollman et al., 2013).  

Consequently, this increased interaction rate led to highly connected cliques (higher 
clustering), where an individual’s interaction partners were also likely to be connected (Danon 
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et al., 2012). Increased foraging also promotes interactions between subgroups via trophallaxis, 
the oral exchange of food (Charbonneau et al., 2013; Quevillon et al., 2015), which reduced 
community structure (lower modularity). These daytime characteristics, in combination with 
the rise in connections, slightly reduced the average pathway length between individuals 
(higher efficiency) and shortened the longest direct pathway in the colony (lower diameter) 
(Petter Holme & Saramäki, 2012).  

Taken together, these network dynamics likely reflect the effective exchange of food and 
information during the colony’s most active time of the day (Greenwald et al., 2015; Latora & 
Marchiori, 2001; Quevillon et al., 2015). However, studies on disease transmission dynamics 
suggest that our daytime networks would also show faster transmission of pathogens (Miller, 
2009; Otterstatter & Thomson, 2007), which was confirmed by our transmission simulations 
(see also Box 1). This makes the colony more vulnerable during the daytime – when likelihood 
of contaminated foragers returning to the nest is already higher. 

Indeed, our simulation across interaction of constitutive networks predicted a higher pathogen 
load for untreated foragers during the day, whereas the day network dynamics did not lead to 
a risk of higher loads for nurses and queens. This suggests that the protection of the valuable 
colony centre through organisational immunity is independent of when a pathogen is 
introduced. Similarly, Quevillon et al. (2015) found that interactions with returning foragers 
did not result in higher simulated transmission to the queen, providing strong evidence that 
constitutive organisational immunity in colonies is robust against daily activity rhythms. 

That said, these predictions rely on the network properties of pathogen-free colonies and would 
only hold under the assumption that ants are unable to detect or react to the presence of a 
pathogen threat. 

 

Ants are known to recognise fungal spores through their chemical cues (Stock et al., 2023) and 
respond by mechanically removing the spores from their contaminated nest mates’ cuticle (Bos 
et al., 2012; Okuno et al., 2012; Qiu et al., 2014; Tranter et al., 2015; Walker & Hughes, 2009); 
a behaviour also observed in termites (Bulmer et al., 2023; Chen et al., 2023; Davis et al., 2018; 
Liu, Wang, et al., 2019; Rosengaus et al., 1998). In our study, this sanitary care response (i.e. 
allogrooming) was particularly evident upon the return of treated foragers. The overall increase 
in allogrooming was especially strong during the first thirty minutes. This aligns with the 
timeline of dynamic pathogen detection and removal described by Casillas-Pérez et al. (2023) 
in a closely related host-pathogen system, where Lasius neglectus ants were treated with 
Metarhizium robertsii spores. Their study demonstrates how ants, in groups of six, dynamically 
react to changing pathogen loads by sanitary care behaviour. Notably, allogrooming peaks just 
10 minutes after exposure to the same spore dose used in our experiments (a 0.3 µL droplet of 
109 spores/mL), before returning almost to baseline levels after 90 minutes (Casillas-Pérez et 
al., 2023). In our analysis of the post-exposure period, the initial increase in allogrooming did 
not differ significantly between treatment types (control or pathogen) but was more intense 
following daytime exposure, possibly because ants were already more active at that time. Yet, 
colonies treated at night quickly caught up, and no lasting day-night difference in allogrooming 
intensity was observed. This suggests that ants can reliably activate their social immunity 
response even during the less active night phase, ensuring a consistent and effective defence 
against disturbances regardless of the time of day.  
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Across the full sanitary care phase, covering both the peak and the return to baseline, 
allogrooming was more intense after pathogen exposure, though colonies also responded to the 
control treatment by increasing their allogrooming. 

At first glance, the strong response in the control group may seem surprising. However, 
allogrooming is a common behaviour in ants, serving multiple functions beyond pathogen 
removal, such as maintaining a shared colony odour (Lenoir et al., 2001; Soroker et al., 1998). 
Ants also respond to pure surfactants, such as the oral secretions used by caterpillars to defend 
against predatory ants or detergents like Triton-X 100 used to suspend hydrophobic spores for 
experimental application (as in our study), by increasing grooming (Casillas-Pérez et al., 2023; 
Rostás & Blassmann, 2009). The surfactants commonly used in behavioural ecology 
experiments like Triton or Tween differ in chemical composition. For instance, Tween-80 
resembles oleic acid, a known death signal in ants that attracts nest mates (Diez et al., 2013), 
while Tween-20 resembles lauric acid, a methyl-branched fatty acid found in gram-positive 
bacteria (Bernard et al., 1991). Compared to Tween, Triton likely contains fewer potentially 
bioactive compounds but still exhibits the surfactant effect (Brand et al., 1973), similar e.g. to 
the caterpillar oral secretions mentioned above. 

Differences in application methods, and thus spore concentrations, as well as fungal strains 
further contribute to variation in the allogrooming literature. For instance, allowing ants to walk 
across contaminated surfaces elicited comparable levels of allogrooming in both control (water, 
Tween-20) and pathogen treatments (low and high doses of Metarhizium), as observed during 
scan-samplings at 10, 30 and 70 minutes post-exposure (Reber et al., 2011). Lastly, Stock et 
al. 2023 identified ergosterol as a pathogen-derived allogrooming trigger and demonstrated that 
ergosterol levels, which can vary between fungal strains, is directly linked to allogrooming 
levels. 

We conclude that the strength of ants’ allogrooming responses to pathogen versus control 
treatments across studies reflect two main factors: (i) the baseline allogrooming levels elicited 
by the surfactant control, and (ii) the response to the pathogen itself, which depends on 
concentration used and variations in the chemical profile. 

 

Post-exposure, the colony networks generally maintained their circadian patterns, with the ants’ 
reactions to the pathogen exposure remaining consistent between day and night. When 
comparing colonies exposed during daytime to their pre-exposure night phase and colonies 
exposed during night-time to their pre-exposure day phase, the circadian day-night differences 
became somewhat more pronounced following daytime exposure and less distinct after night-
time exposure. With the exceptions of efficiency and diameter under night-time exposure, the 
overall network’s circadian patterns remained intact across treatments and exposure time 
points, highlighting the remarkable robustness of these circadian differences in network 
properties.  

During the first three hours post-exposure, an increase in network density and degree would 
suggest a transmission-enhancing effect, since both are typically linked to an enhanced 
transmission rate (Otterstatter & Thomson, 2007; Volz et al., 2011). Yet, such an apparent 
maladaptive effect of network changes following exposure could instead be attributed to the 
transient increase in sanitary care. Allogrooming relies on intense interaction between workers 
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and removes pathogenic spores from the colony as ants collect the spores in their infrabuccal 
pockets and then expel them in disinfected pellets (Casillas-Pérez et al., 2023; Tragust et al., 
2013). This increase in intense interactions can affect network properties in ways typically 
associated with faster disease transmission, even though it effectively reduces spore numbers. 
Thus, without identifying the specific behaviours responsible for particular network changes, 
interpretations based only on proximity modelling may contradict their actual effects. The same 
network properties can result from behaviours that either promote or mitigate pathogen 
transmission. Importantly, this issue was only revealed through our additional analysis of 
allogrooming, made possible by the novel Behavioural Inference Tool developed by 
Wanderlingh (2024), which enabled the automated detection of allogrooming events directly 
from the marker-based tracking data. Relying exclusively on proximity represents a significant 
caveat when interpreting the effects of network properties and simulating disease transmission 
in network analysis. Interactions can have both positive and negative effects (Mersch, 2016; 
Quevillon et al., 2015), yet such biological underpinnings are not always accounted for in 
transmission simulations. 

By analysing the nine hours immediately following exposure, our analysis combined two 
biologically distinct phases: the initial three-hour period of heightened sanitary care and the 
subsequent six-hour period, during which allogrooming returned nearly to baseline and residual 
spores on treated foragers could transmit through the colony. Over time, density, degree and 
efficiency decreased, while modularity increased, suggesting the colonies were in the process 
of reversing these transmission-enhancing effects to reach the transmission-inhibiting network 
properties demonstrated by Stroeymeyt at al. (2018). Their study focused exclusively on the 
24-hour transmission phase, starting after the sanitary care period had subsided (hours 3 to 26 
post-exposure). They showed that upon pathogen exposure, L. niger colonies further reduced 
transmission rates by increasing community structures. This was achieved through 
compartmentalisation into highly connected cliques of workers within the same task group (i.e., 
enhanced network modularity, clustering and task assortativity), while simultaneously 
reducing the average connection efficiency (lower network efficiency) (Stroeymeyt et al., 
2018). 

We explored this possibility by analysing the temporal changes in network properties over the 
three-hour post-exposure intervals. This analysis revealed that the positively correlated 
properties of density, degree, and clustering decreased after the sanitary care phase (i.e., from 
the second interval onward). Similarly, during the transmission phase, modularity increased 
while efficiency decreased, aligning with the changes reported by Stroeymeyt et al. (2018). It 
is plausible that with a longer post-exposure observation period, we might have observed a 
more pronounced increase in modularity and decrease in efficiency over time. However, 
extending the experiment was not feasible in this study, as our primary focus was to investigate 
the influence of circadian network patterns on pathogen transmission. This required concluding 
the experiment nine hours post-exposure to quantify individual pathogen loads. 

 

In addition to the shorter post-treatment analysis window, our study also used a lower pathogen 
load at both the individual and the colony levels, which may have dampened the ants’ responses 
to pathogen exposure. While Stroeymeyt et al. (2018) exposed 10 % of the colonies’ workers 
to an application dose of 500,000 spores per individual, we exposed only 5 % of the colony to 
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300,000 spores each. This represents 50 % fewer workers treated, each with 60 % of the spore 
dose used by Stroeymeyt et al. (2018). Consequently, if the relationship of pathogen quantity 
and induced response were linear, we might expect one-third of the pathogen-induced changes 
observed in the earlier study. We chose this lower pathogen load because in Stroeymeyt et al. 
(2018) the pathogen had spread throughout the entire colony, with members differing only by 
their respective pathogen loads (either associated with disease or immunisation). In contrast, 
our objective was to capture the unsaturated phase of colony contamination. Indeed, by the end 
of our nine-hour post-exposure period, many workers in our experiment remained 
uncontaminated. Notably, only 2 of the 13 analysed queens and approximately one-third of the 
nurses picked up the pathogen, whereas three-quarters of the untreated foragers did. Moreover, 
among the workers with detectable loads, the pathogen load of a contaminated forager was on 
average double that of a contaminated nurse. 

Importantly, we observed no differences in the pathogen load of foragers between day and 
night exposures. This finding suggests that even the relatively small post-exposure changes to 
network structure effectively mitigated the predicted higher contamination load of day-foragers 
compared to night-foragers in constitutive (i.e., pre-exposure) networks. Alternatively, this 
result may indicate that contact networks alone are imperfect predictors of transmission, 
particularly when differences in contamination loads are small. 

The observed pathogen transmission aligned with simulated individual loads for the pathogen-
exposed networks at the end of the nine-hour post-exposure period. Interestingly, the same 
pattern of individual loads was observed in control-exposed networks, despite these networks 
having a faster transmission rate (i.e., pathogen spread) during the day. In pathogen-exposed 
networks, the day-night difference in transmission rate that we also saw in constitutive 
networks was no longer present. This indicates that, although pathogen-induced changes in 
network properties were minimal, the post-exposure day and night networks no longer differed 
in the speed of pathogen transmission. The ants’ responses to both pathogen and control 
treatments effectively mitigated the higher infection risk for day-foragers predicted in 
constitutive networks – a risk that could have persisted had the ants not detected (Tranter 2015; 
Stock 2023) and responded to (Stroeymeyt 2018) the contamination. 

Importantly, in all our experimental conditions – pre-exposure, daytime exposure, and night-
time exposure – nurses and queens consistently remained well-protected, as predicted by our 
models. This was further confirmed by our measured pathogen load data, where only one-third 
of nurses and one-sixth of queens exhibited any detectable pathogen load. Notably, queens 
were exceptionally well-protected, even surpassing predictions from simulations, which had 
estimated their loads to be intermediate to those of foragers and nurses.  

This highlights the robustness of organisational immunity in safeguarding colony members 
based on their value to the colony. The highest protection was afforded to queens, who are 
crucial for colony reproduction and, in case of L. niger, irreplaceable. This was followed by 
younger nurses, who care for the queen and brood, and ultimately by older foragers, who 
received the least protection. This hierarchical protection was consistently maintained, even 
under varying external conditions, demonstrating the effectiveness and adaptability of the 
colony’s collective defence strategies. 
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The higher contamination risk for untreated foragers compared to other colony members may 
stem from their higher interaction rates with treated foragers post-exposure. This aligns with 
the concept that individuals within a task group interact more frequently with each other, 
creating a community structure that is also reflected in their spatial segregation within the nest 
(Mersch et al., 2013; Richardson et al., 2021; Richardson et al., 2022). While our study did not 
look at spatial segregation, this likely limited the physical overlap between nurses and foragers, 
reducing nurses’ involvement in sanitary care directed toward treated foragers. Consequently, 
this separation may shield nurses from both direct and indirect transmission routes (Richardson 
& Gorochowski, 2015), resulting in lower spore loads among nurses. 

Moreover, the greater likelihood of foragers becoming contaminated and grooming other 
foragers may enhance their immune competence (Cini et al., 2020; Konrad et al., 2012; Liu, 
Wang, et al., 2019). In turn, ants with lower susceptibility to a pathogen have been shown to 
invest more time in allogrooming their nest mates (Konrad et al., 2018).  

 

While this study provides valuable insights into the interaction between daily rhythms in 
activity, network properties, and pathogen transmission, some limitations should be 
acknowledged. The large, single-chambered nest design may not reflect the structural 
complexity of natural L. niger colonies (Khuong et al., 2016), which could influence 
transmission dynamics (Leckie et al., 2024; Pie et al., 2004). Additionally, while humidity was 
regulated in the tracking system, the relatively dry nests potentially affected ant movement into 
the foraging space.  

Despite these limitations, this study captured both the immediate sanitary care phase and the 
onset of the transmission of spores that remained on the treated foragers’ body surfaces after 
intense allogrooming (Casillas-Pérez et al., 2023). Metarhizium spores are initially loosely 
bound to the host cuticle through hydrophobic interactions but later firmly attach via 
germination and the formation of the appressorium, after approximately 12 to 48 hours (Hänel, 
1982; Vestergaard et al., 1995). While Stroeymeyt et al. (2018) focused primarily on the later 
transmission phase, we included the early sanitary care phase and its effects on network 
properties, thereby emphasising the importance of distinguishing interactions types in disease 
transmission dynamics. Integrating allogrooming dynamics explicitly into the transmission 
simulation models (Fefferman et al., 2007) would be a valuable next step to disentangle 
interactions that may either inhibit or enhance pathogen spread. 

 

The novel Behavioural Inference Tool developed by Wanderlingh (2024) enabled the 
automated detection of allogrooming events. Future research could benefit from extending this 
tool to detect trophallaxis behaviour, which requires close contact between individuals to share 
fluids (Meurville & LeBoeuf, 2021). Observations in Metarhizium-treated ants over several 
days show either no differences in trophallaxis rates of healthy and control ants (Konrad et al., 
2012) or an increase by day three, when ants are infected but no longer infectious (Qiu et al., 
2016). In contrast, tracking of a bee colony revealed that virus infections reduce trophallaxis 
events with infectious nest mates (Geffre et al., 2020). Trophallaxis may also serve as a 
mechanism to distribute protective immune effectors throughout the colony (Hamilton et al., 
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2011). However, its role in transmission of pathogenic fungal spores from infectious but 
healthy nest mates to naïve nest mates remains unclear. 

 

Our findings highlight how diurnal ant colonies maintain robust daily patterns in network 
properties while flexibly adapting to pathogen exposure. Regardless of the time of day, ants 
effectively upregulate sanitary care, ensuring the protection of their most valuable individuals 
– nurses and, particularly, queens – demonstrating the remarkable robustness of their social 
immune response. These results underscore the adaptive capacity of ant colonies to manage the 
trade-offs between daily activity rhythms and disease defence. 
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5 Supplementary Materials 

5.1 Supplementary Figures 

 

 

Fig. S1: Constitutive transmission simulations. (A) Simulated transmission rate in constitutive networks (i.e., 
pre-exposure) was significantly higher during the day compared to the night (GLMM; Table S4). (B) Simulated 
pathogen loads were highest for foragers during the day, and significantly higher compared to the night. Nurses 
and queens exhibited lower simulated loads than foragers, with no significant differences between nurses and 
queens or across day and night (GLMM; Table S5). Bars in (A) represent the median, and boxes indicate 95 % 
CIs (N = 41 colonies). In (B), each point represents one individual, with bars showing the median (N = 1360 
foragers, N = 2706 nurses. N = 41 queens). Significant day-night differences in (A) are denoted by *** (p < 0.001). 
In (B) letters denote significant differences (p < 0.05) between groups following post-hoc tests. 
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Fig. S2: Timeline of induced changes in network properties following control exposure. The plot shows 
control-induced changes during the first, second and third three-hour post-exposure intervals, separately for day- 
and night colonies, in (A) network density, (B) degree, (C) clustering, (D) modularity, (E) efficiency, and (F) 
diameter. ∆ changes were calculated by subtracting pre1-values from post-values within each colony and interval, 
with the zero line indicating no induced changes. Bars represent the median, and boxes indicate 95 % CIs 
(Ncontrol.day = 9 colonies, Ncontrol.night = 11 colonies). For diameter, one extreme ∆-value (control.night, time post 
exposure 0, ∆ = - 48) was removed from the plot after calculating the median and 95 % CIs to improve visibility. 
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Fig. S3: Robust day-night differences after control exposure. (A) and (B) show colony network density during 
the circadian phases directly before (pre2) and after (post) control exposure. To visualise the robustness of day-
night differences post-exposure, we calculated the “∆ day relative to night” (C - H): the night-values were 
subtracted from the day-values, such that the solid zero line indicates no day-night differences. This analysis was 
done separately for colonies experiencing daytime exposure and those experiencing night-time exposure, i.e., 
colonies treated at the start of the day, or the night, respectively. The daytime exposure ∆ represents day(post) 
minus night(pre2), while the night-time delta represents day(pre2) minus night(post). The dashed line represents 
the median day-night differences observed in constitutive colonies (∆ day minus night; Fig. 6). In (C - H), black 
dots represent the median, and shaded boxes indicate 95 % CIs, based on Ndaytime.exposure = 9 colonies, and Nnight-

time.exposure =11 colonies. Significant day-night differences are denoted by ** (p < 0.01) and *** (p < 0.001), while 
ns (p > 0.05) denotes non-significant differences. 
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Fig. S4: Control-induced transmission simulations. (A) Simulated transmission rate in control-induced 
networks was significantly higher during the day compared to the night (GLM; Table S10). (B) Simulated 
pathogen loads were equal for untreated foragers during the day and night. Nurses exhibited lower simulated loads 
than foragers, with no significant differences across day and night. Queens received simulated loads intermediate 
between foragers and nurses, with no differences between day and night (GLMM; Table S11). Bars in (A) 
represent the median, and boxes indicate 95 % CIs (N = 20 colonies). In (B), each point represents one individual, 
with bars showing the median (N = 530 foragers, N = 1376 nurses. N = 20 queens). Significant day-night 
differences in (A) are denoted by p = 0.038. In (B) letters denote significant differences (p < 0.05) between groups 
following post-hoc tests. 
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5.2 Supplementary Tables 

 
Table S1: Statistical results for the proportion of time spent outside the nest by foragers during daytime 
and night-time. We used a generalised linear mixed model (GLMM) with beta error distribution, including 
circadian phase (day/night) as main effect and controlling for colony size and colony ID. The proportion of time 
spent “outside” (i.e. in the foraging space) was aggregated for each colony to test differences between day and 
night (N = 1360 foragers; N = 41 colonies). Nurses were excluded from this analysis as they, by definition, don’t 
spend more than 1 % of their time outside the nest. The table reports model details (response variable and main 
predictor in bold), test statistic (χ²), degrees of freedom (df), p-value (exact unless < 0.001), and effect size (odds 
ratio day/night). All p-values are two-sided, bolded when significant (< 0.05).  

 
Prop. of time foragers spend outside the nest 

GLMM overall model 

prop. time outside ~ 

circadian phase +  

colony size + (1|colony) 

χ² df p-value Effect size 

(odds ratio) 

15.228 1 <0.001 1.83 
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Table S2: Statistical results for the activity of foragers and nurses during daytime and night-time. GLMM 
results, including circadian phase (day/night) as main effect and controlling for colony size and colony ID. The 
behaviours (time active, speed while active, and distance travelled) were aggregated for each colony to test 
differences between day and night, separately for (a) foragers (N = 1360) and (b) nurses (N = 2706; N = 41 
colonies). The tables report model details (response variable and main predictor in bold), test statistics (χ²), degrees 
of freedom (df), p-values (exact unless < 0.001), and effect sizes (partial η²). All p-values are two-sided, bolded 
when significant (< 0.05). 

 

(a) 

Forager behaviour during daytime vs night-time 

GLMM behaviours overall model 

behaviour ~ 

circadian phase 

+  

colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

time active 23.790 1 <0.001 0.44 

speed while active 48.229 1 <0.001 0.69 

distance travelled 39.048 1 <0.001 0.61 

 

 

(b) 

Nurse behaviour during daytime vs night-time 

GLMM behaviours overall model 

behaviour ~ 

circadian phase 

+  

colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

time active 18.993 1 <0.001 0.37 

speed while active 55.578 1 <0.001 0.74 

distance travelled 69.211 1 <0.001 0.82 
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Table S3: Statistical results for constitutive colony network properties during daytime and night-time. 
GLMM results, including circadian phase (day/night) as main effect. In addition to colony size and colony ID, we 
controlled for starting phase (day-/night-colonies), i.e. whether the colonies started the experimental tracking 
during daytime (N= 19) or night-time (N = 22). The network properties were aggregated for each colony. The 
table reports model details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom 
(df), p-values (exact unless < 0.001), and effect sizes (partial η²). All p-values are two-sided and bolded when 
significant (< 0.05). 

  

Network properties during daytime vs night-time 

GLMM network properties overall model 

network property 

~ circadian phase +  

starting phase +  

colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

clustering 64.353 1 <0.001 0.79 

mean degree  62.205 1 <0.001 0.78 

density 62.509 1 <0.001 0.78 

diameter 6.150 1 0.009 0.16 

efficiency 6.690 1 0.010 0.15 

modularity 37.450 1 <0.001 0.60 

task assortativity 0.060 1 0.806 - 
 

 

 

Table S4: Simulated transmission rate in constitutive colony networks during daytime and night-time. 
GLMM results, including circadian phase (day/night) as main effect and controlling for starting phase (day-/night-
colonies), colony size and colony ID. The simulation was run on the constitutive networks for both the nine hours 
of daytime and nine hours of night-time (N = 41 colonies), originating from the same workers, that were later 
exposed. The table reports model details (response variable and main predictor in bold), test statistic (χ²), degrees 
of freedom (df), p-value (exact unless < 0.001), and effect size (partial η²). All p-values are two-sided and bolded 
when significant (< 0.05). 

 

Simulated transmission rate in constitutive networks (seeds: treated foragers) 

GLMM overall model 

transmission rate ~ 

circadian phase +  

starting phase +  

colony size + 

(1|colony) 

χ² df p-value Effect size 

(partial η²) 

20.194 1 <0.001 0.39 
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Table S5: Simulated pathogen load in constitutive networks. GLMM results, including task group (forager/nurse) and circadian phase (day/night) as main effects, including 
their interaction. We controlled for colony size and colony ID. Based on N = 1360 foragers, N = 2706 nurses. N = 41 queens across 41 colonies. The table reports model details 
(response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect size (partial η²). All p-values are two-
sided and bolded when significant (< 0.05). 

 
 

Simulated pathogen load in constitutive networks (seeds: treated foragers) 

GLMM overall model interaction pair-wise comparisons 

sim. load ~ 

task group *  

circadian 

phase + 

colony size + 

(1|colony) 

χ² df p-values χ² df p-values Effect 

size 

(partial 

η²) 

 z-values p-values 

(Tukey 

contrasts) 

1181.84

7 

5 <0.001 8.129 2 0.017 0.001 forager.night – 

forager.day 

-4.647 <0.001 

nurse.day – 

forager.day 

-28.682 <0.001 

nurse.night – 

forager.day 

-30.049 <0.001 

queen.day – 

forager.day 

-5.755 <0.001 

queen.night – 

forager.day 

-5.816 <0.001 

nurse.day – 

forager. night 

-23.636 <0.001 

nurse.night - 

forager.night 

-25.003 <0.001 

queen.day - 

forager.night 

-4.552 <0.001 

queen.night - 

forager.night 

-4.614 <0.001 

nurse.night - 

nurse.day 

-1.906 0.343 
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queen.day - 

nurse.day 

1.091 0.859 

queen.night - 

nurse.day 

1.029 0.886 

queen.day - 

nurse.night 

1.421 0.666 

queen.night - 

nurse.night 

1.359 0.707 

queen.night - 

queen.day 

-0.044 1.000 

 

 

(Table S5 continued) 
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Table S6: Exposure-induced changes in allogrooming received by treated foragers. We used a negative binomial GLMM with a logit link function to test for changes in 
allogrooming events. The main effects were exposure (control/pathogen), circadian phase (day/night) and experimental period (pre1/post), including all their interactions.  The 
experimental periods covered (a) the first 30 minutes of the tracking (pre1) compared to the first 30 minutes after exposure (post), or (b) the first three hours of the tracking 
(pre1) compared to the first three hours after exposure (post).  We controlled for time of day (beginning of the 15-minute intervals) and colony ID for tests with multiple values 
per colony. Based on 187 treated foragers across 41 colonies. The tables report model details (response variable and main predictor in bold), test statistics (χ²), degrees of 
freedom (df), p-values (exact unless < 0.001), and effect sizes (odds ratio). All p-values are two-sided, bolded when significant (< 0.05), and corrected for multiple testing using 
BH method for the tests reported in (a) and (b). Whenever the interactions were non-significant, the effects of the main predictors were estimated from the reduced model. 

 

 

(a) 

Change in allogrooming events received by treated foragers before and after exposure (first 30 minutes) 

GLMM overall model interactions main effects Effect size 

(odds ratio) allogrooming 

~ exposure * 

circadian 

phase * 

experimental 

period + 

(1|time of day) 

 

χ² df p-values 
 

χ² df p-values 
 

χ² df p-values 

118.504 7 < 0.001 exposure x 

circadian phase x 

experimental period 

0.194 1 0.659 exposure 

 

1.813 1 0.178 - 

exposure x 

circadian phase 

1.178 1 0.278 circadian 

phase 

- - - - 

exposure x 

experimental period 

0.129 1 0.720 experimental 

period 

- - - - 

circadian phase x 

experimental period 

5.142 1 0.023 
 

 
 

 0.421 
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(b) 

Change in allogrooming events received by treated foragers before and after exposure (first three hours) 

GLMM overall model interactions main effects Effect size 

(odds ratio) allogrooming ~ 

exposure * 

circadian 

phase * 

experimental 

period + 

(1|time of day) + 

(1|colony) 

 

χ² df p-values 
 

χ² df p-values 
 

χ² df p-values 

320.370 7 < 0.001 exposure x 

circadian phase x 

experimental period 

0.450 1 0.502 exposure 

 

- - - - 

exposure x 

circadian phase 

0.707 1 0.400 circadian 

phase 

0.324 1 0.569 - 

exposure x 

experimental period 

5.587 1 0.018 experimental 

period 

- - - 1.45 

circadian phase x 

experimental period 

< 0.001 1 0.984 
 

    

 

 

 

(Table S6 continued) 
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Table S7: Exposure-induced changes in network properties during the first and third three-hour windows. GLMM results, including exposure (control/pathogen), 
experimental period (pre1/post) and circadian phase (day/night) as main effects, including all their interactions. The experimental periods covered (a) the first three-hour window 
of the tracking (pre1) and the first three-hour window post exposure (post), or (b) the third three-hour window of the tracking (pre1) and the third three-hour window of the 
tracking (post). We controlled for colony size and colony ID. Based on 10 “pathogen day”-colonies, 11 “pathogen night”-colonies, 9 “control day”-colonies, and 11 “control 
night”-colonies. The tables report model details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and 
effect sizes (partial η²). All p-values are two-sided, bolded when significant (< 0.05), and corrected for multiple testing, i.e., testing the first and third three-hour window, using 
BH method for each network property. Because the interactions were non-significant, the effects of the main predictors were estimated based on the reduced model. 

 

 

(a) 

Change in network properties during the first three-hour window post-exposure 

GLMM network 

properties 

overall model interactions main effects Effect 

size 

(partial 

η²) 

network 

property ~ 

exposure * 

experimental 

period * 

circadian 

phase + 

colony size + 

(1|colony) 

 

 
χ² df p-values 

 
χ² df p-values 

 
χ² df p-values 

clustering 

 

 

 

16.289 

 

 

 

7 

 

 

 

0.023 

 

 

 

exposure x 

experimental period x 

circadian phase 

1.062 1 0.303 exposure 0.292 1 0.569 - 

exposure x 

experimental period 

0.264 1 0.608 experimental 

period 

3.209 1 0.073 - 

exposure x 

circadian phase 

0.795 1 0.373 circadian 

phase 

10.880 1 < 0.001 0.21 

experimental period x 

circadian phase 

0.961 1 0.327 
    

- 

mean 

degree 

25.702 

 

 

 

7 

 

 

 

< 0.001 

 

 

 

exposure x 

experimental period x 

circadian phase 

1.436 1 0.231 exposure 0.001 1 0.982 - 

exposure x 

experimental period 

0.616 1 0.432 experimental 

period 

9.061 1 0.003 0.18 
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exposure x 

circadian phase 

0.105 1 0.746 circadian 

phase 

18.529 1 < 0.001 0.31 

experimental period x 

circadian phase 

0.032 1 0.859 
    

- 

density 

 

23.405 7 

 

0.001 

 

 

 

exposure x 

experimental period x 

circadian phase 

1.436 1 0.231 exposure 0.001 1 0.972 - 

exposure x 

experimental period 

0.825 1 0.364 experimental 

period 

8.984 1 0.003 0.18 

exposure x 

circadian phase 

0.128 1 0.720 circadian 

phase 

14.804 1 < 0.001 0.27 

experimental period x 

circadian phase 

0.037 1 0.847 
    

- 

diameter 

 

 

 

10.382 

 

 

 

 

 

 

7 

 

 

 

0.168 

 

 

 

exposure x 

experimental period x 

circadian phase 

- - - exposure - - - - 

exposure x 

experimental period 

- - - experimental 

period 

- - - - 

exposure x 

circadian phase 

- - - circadian 

phase 

- - - - 

experimental period x 

circadian phase 

- - - 
    

- 

efficiency 

 

 

 

5.433 

 

 

 

7 

 

 

 

0.607 

 

 

 

exposure x 

experimental period x 

circadian phase 

- - - exposure - - - - 

exposure x 

experimental period 

- - - experimental 

period 

- - - - 

exposure x 

circadian phase 

- - - circadian 

phase 

- - - - 

experimental period x 

circadian phase 

- - - 
    

- 
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modularity 

 

 

 

9.332 

 

 

 

7 

 

 

 

0.230 

 

 

 

exposure x 

experimental period x 

circadian phase 

- - - exposure - - - - 

exposure x 

experimental period 

- - - experimental 

period 

- - - - 

exposure x 

circadian phase 

- - - circadian 

phase 

- - - - 

experimental period x 

circadian phase 

- - - 
    

- 

 
 

(Table S7a continued) 

 

 

(b) 

Change in network properties during the third three-hour window post-exposure 

GLMM network 

properties 

overall model interactions main effects Effect 

size 

(partial 

η²) 

network 

property ~ 

exposure * 

experimental 

period * 

circadian 

phase + 

colony size + 

(1|colony) 

 

 
χ² df p-values 

 
χ² df p-values 

 
χ² df p-values 

clustering 

 

 

 

28.197 7 

 

 

 

< 0.001 exposure x 

experimental period x 

circadian phase 

0.023 1 0.879 exposure 0.075 1 0.785 - 

exposure x 

experimental period 

0.032 1 0.859 experimental 

period 

9.566 1 0.002 0.19 

exposure x 

circadian phase 

1.307 1 0.253 circadian 

phase 

22.609 1 < 0.001 0.36 

experimental period x 

circadian phase 

0.003 1 0.957 
    

- 
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mean 

degree 

28.586 7 

 

 

 

< 0.001 exposure x 

experimental period x 

circadian phase 

0.026 1 0.871 exposure 0.041 1 0.839 - 

exposure x 

experimental period 

0.221 1 0.639 experimental 

period 

4.079 1 0.043 0.09 

exposure x 

circadian phase 

0.373 1 0.542 circadian 

phase 

32.721 1 < 0,001 0.44 

experimental period x 

circadian phase 

0.006 1 0.938 
 

 
 

 - 

density 

 

26.329 7 

 

< 0.001 exposure x 

experimental period x 

circadian phase 

0.069 1 0.794 exposure 0.069 1 0.792 - 

exposure x 

experimental period 

0.178 1 0.673 experimental 

period 

4.409 1 0.036 0.10 

exposure x 

circadian phase 

0.425 1 0.514 circadian 

phase 

28.203 1 < 0.001 0.41 

experimental period x 

circadian phase 

0.001 1 0.974 
    

- 

efficiency 

 

 

 

7.444 7 

 

 

 

0.607 exposure x 

experimental period x 

circadian phase 

- - - exposure - - - - 

exposure x 

experimental period 

- - - experimental 

period 

- - - - 

exposure x 

circadian phase 

- - - circadian 

phase 

- - - - 

experimental period x 

circadian phase 

- - - 
    

- 

modularity 

 

 

12.487 7 

 

 

0.171 exposure x 

experimental period x 

circadian phase 

- - - exposure - - - - 
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  exposure x 

experimental period 

- - - experimental 

period 

- - - - 

exposure x 

circadian phase 

- - - circadian 

phase 

- - - - 

experimental period x 

circadian phase 

- - - 
    

- 

 
 

(Table S7b continued) 

 
 

Table S8: Slope analysis of the exposure-induced changes in network properties across all three three-hour windows. GLMM results, including exposure 
(control/pathogen), circadian phase (day/night), and time hours post (0/3/6; start time of the three-hour window post exposure) as main effects, including all their interactions. 
The experimental periods covered the first nine hours of the tracking (pre1) and the last nine hours (post). We controlled for colony size and colony ID. The analysis was done 
on the delta values (post minus pre1) of each colony per time window in post. Based on 10 “pathogen day”-colonies, 11 “pathogen night”-colonies, 9 “control day”-colonies, 
and 11 “control night”-colonies. The table reports model details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact 
unless < 0.001), and effect sizes (partial η²). All p-values are two-sided and bolded when significant (< 0.05). Because the interactions were non-significant, the effects of the 
main predictors were estimated based on the reduced model. 

 

Change in network properties during the first three-hour window post-exposure 

GLMM network 

properties 

overall model interactions main effects Effect 

size 

(partial 

η²) 

network 

property ~ 

exposure * 

circadian 

phase * 

time hours 

post + 

colony size + 

(1|colony) 

 

 
χ² df p-values 

 
χ² df p-values 

 
χ² df p-values 

clustering 

 

 

 

27.003 7 

 

 

 

< 0.001 

 

exposure x  

circadian phase x 

time hours post  

1.071 1 0.313 exposure 

 

0.664 1 0.415 - 

exposure x 

circadian phase 

1.145 1 0.284 circadian  

phase 

0.056 1 0.813 - 

exposure x 

time hours post 

0.574 1 0.449 time hours  

post 

25.524 1 < 0.001 0.24 

circadian phase x 

time hours post 

1.353 1 0.245 
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mean 

degree 

25.975 7 

 

 

 

< 0.001 exposure x  

circadian phase x 

time hours post  

1.348 1 0.246 exposure 

 

1.756 1 0.185 - 

exposure x 

circadian phase 

1.666 1 0.197 circadian  

phase 

0.297 1 0.586 - 

exposure x 

time hours post 

0.235 1 0.628 time hours  

post 

23.659 1 < 0.001 0.22 

circadian phase x 

time hours post 

0.064 1 0.800 
 

 
 

 - 

density 

 

27.189 7 

 

< 0.001 exposure x  

circadian phase x 

time hours post  

1.355 1 0.244 exposure 

 

1.995 1 0.158 - 

exposure x 

circadian phase 

1.995 1 0.158 circadian  

phase 

0.216 1 0.642 - 

exposure x 

time hours post 

0.424 1 0.515 time hours  

post 

24.371 1 < 0.001 0.23 

circadian phase x 

time hours post 

0.056 1 0.814 
    

- 

diameter 

 

 

 

13.626 7 

 

 

 

0.058 exposure x  

circadian phase x 

time hours post  

- - - exposure 

 

- - - - 

exposure x 

circadian phase 

- - - circadian  

phase 

- - - - 

exposure x 

time hours post 

- - - time hours  

post 

- - - - 

circadian phase x 

time hours post 

- - - 
    

- 

efficiency 

 

 

 

17.622 7 

 

 

 

0.014 exposure x  

circadian phase x 

time hours post  

2.282 1 0.131 exposure 

 

0.610 1 0.435 - 

exposure x 

circadian phase 

0.335 1 0.563 circadian  

phase 

0.097 1 0.756 - 
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exposure x 

time hours post 

0.488 1 0.485 time hours  

post 

10.745 1 0.001 0.12 

circadian phase x 

time hours post 

3.799 1 0.051 
    

- 

modularity 

 

 

 

21.679 7 

 

 

 

0.003 exposure x  

circadian phase x 

time hours post  

0.382 1 0.536 exposure 

 

0.007 1 0.935 - 

exposure x 

circadian phase 

1.205 1 0.272 circadian  

phase 

0.839 1 0.360 - 

exposure x 

time hours post 

3.671 1 0.055 time hours  

post 

17.249 1 < 0.001 0.17 

circadian phase x 

time hours post 

0.004 1 0.953 
    

- 

 
 

(Table S8 continued) 
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Table S9: Day-night differences within colonies transitioning from the pre-exposure period into the post-
exposure period. GLMM results, including circadian phase (day/night) as main effect, and controlling for colony 
size and colony ID. The experimental periods covered the second nine-hour interval of the tracking (pre2) and the 
last nine hours (post). The analysis was done separately for the four treatment groups, (a) 10 “pathogen day”-
colonies transitioning from pre(night) to post(day), (b) 11 “pathogen night”-colonies transitioning from pre(day) 
to post(night), (c) 9 “control day”-colonies transitioning from pre(night) to post(day), and (d) 11 “control night”-
colonies transitioning from pre(day) to post(night). The tables report model details (response variable and main 
predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect sizes 
(partial η²). All p-values are two-sided and bolded when significant (< 0.05). 

 

(a) 

Day-night differences in network properties: pre(night) to pathogen(day)  

GLMM network properties overall model 

network property 

~  circadian phase 

+ colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

clustering 18.024 1 <0.001 0.84 

mean degree  18.914 1 <0.001 0.85 

density 18.914 1 <0.001 0.85 

diameter 8.787 1 0.003 0.58 

efficiency 6.461 1 0.011 0.48 

modularity 19.721 1 <0.001 0.86 

 

 

(b) 

Day-night differences in network properties: pre(day) to pathogen(night)  

GLMM network properties overall model 

network property 

~  circadian phase 

+ colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

clustering 14.413 1 <0.001 0.73 

mean degree  13.053 1 <0.001 0.69 

density 13.280 1 <0.001 0.70 

diameter 3.774 1 0.052 - 

efficiency 0.259 1 0.611 - 

modularity 12.943 1 <0.001 0.69 

 

 

(c)     

Day-night differences in network properties: pre(night) to control(day)  

GLMM network properties overall model 

network property 

~  circadian phase 

+ colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

clustering 10.979 1 <0.001 0.70 

mean degree  14.219 1 <0.001 0.79 

density 13.037 1 <0.001 0.76 

diameter 6.734 1 0.009 0.53 

efficiency 2.275 1 0.131 - 

modularity 12.843 1 <0.001 0.76 
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(d) 

Day-night differences in network properties: pre(day) to control(night)  

GLMM network properties overall model 

network property 

~  circadian phase 

+ colony size + 

(1|colony) 

 χ² df p-value Effect size 

(partial η²) 

clustering 25.012 1 <0.001 0.88 

mean degree  23.070 1 <0.001 0.86 

density 22.975 1 <0.001 0.87 

diameter 2.353 1 0.125 - 

efficiency 2.293 1 0.130 - 

modularity 9.932 1 0.002 0.59 

 

(Table S9 continued) 

 

 

 

Table S10: Simulated transmission rate in control-induced colony networks during daytime and night-time. 
GLM results, including circadian phase (day/night) as main effect and controlling for colony size. The simulation 
was run on the control-induced networks for both the nine hours of daytime (N = 9), and nine hours of night-time 
(N = 11), originating from the treated foragers. The table reports model details (response variable and main 
predictor in bold), test statistic (χ²), degrees of freedom (df), exact p-value, and effect size (partial η²). All p-values 
are two-sided and bolded when significant (< 0.05). 

 

Simulated transmission rate in control-induced networks (seeds: treated foragers) 

GLM overall model 

transmission rate ~ 

circadian phase +  

colony size 

Sum of Squares df p-value Effect size 

(partial η²) 

0.991 1 0.038 0.11 
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Table S11: Simulated pathogen load in control-induced networks. GLMM results, including task group (forager/nurse) and circadian phase (day/night) as main effects, 
including their interaction. We controlled for colony size and colony ID. Based only on the control-treated colonies (daytime exposure N = 9, and night-time exposure N = 11). 
The table reports model details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect size (partial 
η²). All p-values are two-sided and bolded when significant (< 0.05). 

 

Simulated pathogen load in control-induced networks (seeds: treated foragers) 

GLMM overall model interaction pair-wise comparisons 

sim. load ~ 

task group *  

circadian 

phase + 

colony size + 

(1|colony) 

χ² df p-values χ² df p-values Effect 

size 

(partial 

η²) 

 z-values p-values 

(Tukey 

contrasts) 

263.815 5 <0.001 6.760 2 0.034 0.004 forager.night – 

forager.day 

-0.595 0.988 

nurse.day – 

forager.day 

-13.163 <0.001 

nurse.night – 

forager.day 

-4.320 <0.001 

queen.day – 

forager.day 

-3.404 0.006 

queen.night – 

forager.day 

-2.287 0.153 

nurse.day – 

forager. night 

-4.382 <0.001 

nurse.night - 

forager.night 

-10.387 <0.001 

queen.day - 

forager.night 

-2.585 0.074 

queen.night - 

forager.night 

-2.308 0.146 

nurse.night - 

nurse.day 

0.736 0.968 
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queen.day - 

nurse.day 

-0.193 1.000 

queen.night - 

nurse.day 

0.673 0.979 

queen.day - 

nurse.night 

-0.563 0.990 

queen.night - 

nurse.night 

0.299 1.000 

queen.night - 

queen.day 

0.632 0.984 

 

(Table S11 continued) 
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Table S12: Simulated transmission rate in pathogen-induced colony networks during daytime and night-
time. GLM results, including circadian phase (day/night) as main effect and controlling for colony size. The 
simulation was run on the pathogen-induced networks for both the nine hours of daytime (N = 10), and nine hours 
of night-time (N = 11), originating from treated foragers. The table reports model details (response variable and 
main predictor in bold), test statistic (χ²), degrees of freedom (df) and exact, two-sided p-value.  

 

Simulated transmission rate in pathogen-induced networks (seeds: treated foragers) 

GLM overall model 

transmission rate ~ 

circadian phase +  

colony size 

Sum of Squares df p-value 

1.350 1 0.099 
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Table S13: Simulated pathogen load in pathogen-induced networks. GLMM results, with task group (forager/nurse) and circadian phase (day/night) as main effects, 
including their interaction. We controlled for colony size and colony ID. Based only on the pathogen-treated colonies (daytime exposure N = 10, and night-time exposure N = 
11). The table reports model details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect size 
(partial η²). All p-values are two-sided and bolded when significant (< 0.05). 

 

Simulated pathogen load in pathogen-induced networks (seeds: treated foragers) 

GLMM overall model interaction pair-wise comparisons 

sim. load ~ 

task group *  

circadian 

phase + 

colony size + 

(1|colony) 

χ² df p-values χ² df p-values Effect 

size 

(partial 

η²) 

 z-values p-values 

(Tukey 

contrasts) 

320.505 5 <0.001 12.122 2 0.002 0.006 forager.night – 

forager.day 

-2.725 0.052 

nurse.day – 

forager.day 

-14.621 <0.001 

nurse.night – 

forager.day 

-7.581 <0.001 

queen.day – 

forager.day 

-4.015 <0.001 

queen.night – 

forager.day 

-3.276 0.001 

nurse.day – 

forager. night 

-4.503 <0.001 

nurse.night - 

forager.night 

11.582 <0.001 

queen.day - 

forager.night 

-2.222 0.181 

queen.night - 

forager.night 

2.092 0.237 

nurse.night - 

nurse.day 

-0.646 0.982 
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queen.day - 

nurse.day 

-0.040 1.000 

queen.night - 

nurse.day 

0.421 0.998 

queen.day - 

nurse.night 

0.276 1.000 

queen.night - 

nurse.night 

0.841 0.946 

queen.night –  

queen.day 

0.338 0.999 

 

(Table S13 continued) 

 

Table S14: Proportion of workers with detectable pathogen loads. Results for GLMM with binomial error distribution, including circadian phase (day/night) and task group 
(forager/nurse) as main effects, as well as their interaction. We controlled for colony ID. Based only on a subset of the pathogen-treated colonies (daytime exposure N = 660 
workers across 7 colonies, and night-time exposure N = 449 across 6 colonies). The table reports model details (response variable and main predictor in bold), test statistics 
(χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect size (odds ratio). All p-values are two-sided and bolded when significant (< 0.05). Because the 
interaction was non-significant, the effects of the main predictors were estimated from the reduced model. 

 

Proportion of ants that carry pathogen after 9 h 

GLMM overall model interaction main effects 

contaminated ~  

circadian phase * 

task group + 

(1|colony) 

χ² df p-values χ² df p-values  χ² df p-values Effect size 

(odds ratio) 

89.470 3 <0.001 0.001 1 0.978 circadian 

phase 

0.567 1 0.452 --- 

task group 81.885 1 <0.001 4.88 
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Table S15: Measured qPCR pathogen loads. GLMM results, with circadian phase (day/night) and task group (forager/nurse) as main effects, including their interaction. We 
controlled for colony ID. Based only on those workers that had detectable pathogen loads (daytime exposure N = 299 workers across 7 colonies, and night-time exposure N = 
201 workers across 6 colonies). The table reports model details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless 
< 0.001), and effect size (partial η²). All p-values are two-sided and bolded when significant (< 0.05). Because the interaction was non-significant, the effects of the main 
predictors were estimated from the reduced model. 

 

Measured pathogen loads after 9 h 

GLMM overall model interaction main effects 

pathogen load ~ 

circadian phase * 

task group + 

(1|colony) 

χ² df p-values χ² df p-values  χ² df p-values Effect size 

(partial η²) 

42.062 3 <0.001 0.002 1 0.963 circadian 

phase 

1.011 1 0.315 --- 

task group 41.351 1 <0.001 0.08 
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Table S16: Duration of contact with treated foragers. GLMM results, with task group (forager/nurse) and circadian phase (day/night) as main effects, including their 
interaction. We controlled for colony ID. Based only on the pathogen-treated colonies (daytime exposure N = 10, and night-time exposure N = 11). The table reports model 
details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect size (partial η²). All p-values are 
two-sided and bolded when significant (< 0.05). 

 

Duration of contact with treated foragers 

GLMM overall model interaction pair-wise comparisons 

contact 

duration~  

task group *  

circadian phase + 

(1|colony) 

χ² df p-values χ² df p-

values 

Effect size 

(partial η²) 

 z-values p-values 

(Tukey 

contrasts) 

262.283 3 <0.001 4.827 1 0.028 0.003 forager.night – 

forager.day 

-1.036 0.685 

nurse.day – 

forager.day 

-12.625 <0.001 

nurse.night – 

forager.day 

-3.971 <0.001 

nurse.day – 

forager. night 

-2.850 0.016 

nurse.night - 

forager.night 

-11.005 <0.001 

nurse.night - 

nurse.day 

-0.156 0.998 
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Table S17: Allogrooming rate direct toward treated foragers. GLMM results, with circadian phase (day/night) and task group (forager/nurse) as main effects, including 
their interaction. We controlled for colony ID. Based only on the pathogen-treated colonies (daytime exposure N = 10, and night-time exposure N = 11). The table reports model 
details (response variable and main predictor in bold), test statistics (χ²), degrees of freedom (df), p-values (exact unless < 0.001), and effect size (partial η²). All p-values are 
two-sided and bolded when significant (< 0.05). Because the interaction was non-significant, the effects of the main predictors were estimated from the reduced model. 

 

Allogrooming rate received by treated foragers 

GLMM overall model interaction main effects 

contaminated ~ 

circadian phase * 

task group 

+ (1|colony) 

χ² df p-values χ² df p-values  χ² df p-values Effect size 

(partial η²) 

30.185 3 <0.001 1.461 1 0.227 circadian 

phase 

1.759 1 0.185 --- 

task group 54.268 1 <0.001 0.72 
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Table S18: Proportion of allogrooming received by treated foragers outside the nest. Results for GLM with 
beta error distribution, including circadian phase (day/night) and exposure (control/pathogen) as main effects, as 
well as their interaction. Based only on the pathogen-treated colonies (daytime exposure N = 10, and night-time 
exposure N = 11). The table reports model details (response variable and main predictor in bold), test statistics 
(χ²), degrees of freedom (df), and exact, two-sided p-value. 

 

Prop. of allogrooming taking place in the foraging space 

GLM overall model 

prop. grooming outside ~ 

circadian phase *  

exposure  

χ² df p-value 

0.607 3 0.895 

 
 
 
 
 
Table S19: List of consumables. 

Item Distributor REF 

Fluon®AD309E deMonchy I0113 

Triton™ X-100 Sigma-Aldrich T8787 

2.8 mm ceramic beads Qiagen 13114-325 

1 mm zirconia beads Lactan N0381 

Glass beads, acid-washed, 425-600µm Sigma-Aldrich G8772-1KG 

DNeasy 96 Blood & Tissue Kit Qiagen 69582 

Ethanol puriss p.a. 99.8% (Honeywell) Bartelt 32221-1L 

primer Sigma-Aldrich - 

Water suitable for PCR Sigma-Aldrich WA502 

KAPA SYBR® FAST for LightCycler® 480 Sigma-Aldrich KK461 

50 µL pipette tips Beckman Coulter B85888 

SafeSeal tube, 2 ml, PP Sarstedt 72.695.500 

DNA-LoBind Tubes 1.5 ml Eppendorf 0030108051 

Eppendorf Tubes® 5.0 mL Eppendorf 0030119487 

PCR microplates Axygen PCR-384-LC480-W 
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