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INFECTIOUS DISEASE

Architectural immunity:  
Ants alter their nest networks  
to prevent epidemics
Luke Leckie1,2,3*, Mischa Sinha Andon1,  
Katherine Bruce1, Nathalie Stroeymeyt1* 

In animal groups, spatial structure shapes social interaction patterns, 
thereby influencing the transmission of infectious diseases. Active 
modifications to the spatial environment could therefore be a potent 
tool to mitigate epidemic risk. We tested whether Lasius niger ants 
modify their nest architecture in response to pathogens by 
introducing control- or pathogen-treated individuals into nest-digging 
groups and monitoring three-dimensional nest morphogenesis. 
Pathogen exposure led to architectural changes, including faster nest 
growth, increased interentrance distance, transmission-inhibitory 
changes in nest network topology, and reduced chamber centrality. 
Simulations confirmed that these changes reduced transmission 
and highlighted a synergy between architectural and behavioral 
responses to disease. These results provide evidence for architectural 
immunity in a social animal and offer insights into how spatial 
organization can be leveraged to decrease epidemic susceptibility.

Animal and human networks influence the spread of disease from 
local to global scales. For instance, the properties of contact and social 
networks determine the risk and severity of epidemics within social 
groups (1–3); urban and metapopulation networks shaped by the lay-
out of buildings, cities, and natural habitats influence social interac-
tion and dispersal patterns and thus affect disease transmission 
dynamics (4–7); and global transportation networks facilitate the long-
range transmission of disease by connecting distant populations (8).

There is increasing evidence that modifying social contact networks 
is an effective intervention strategy against epidemics that is used in 
a broad range of animal and human societies. Several species, includ-
ing ants, humans, guppies, mice, and mandrills, are known to avoid 
infected conspecifics, thereby reducing disease transmission rates 
(9–11). Furthermore, ants and humans respond to pathogens by in-
creasing the compartmentalization of their social networks to limit 
pathogen spread across the group (2, 12). In addition to modifying 
their social networks, human societies have also used modifications 
to their spatial networks as an active means to reduce disease trans-
mission (13). Historical examples include the expansion of urban 
spaces and the separation of cities into functional zones as preventa-
tive measures against outbreaks of the bubonic plague in the 1300s 
and cholera in the 1800s, respectively (14, 15). More recently, active 
network–based interventions have been proposed that target the spa-
tial properties of transport networks, city layouts, and building archi-
tecture to control modern human pandemics, such as COVID-19 
(6, 14, 16, 17). Yet, because of the lack of empirical data, it is still unclear 
which spatial interventions may be most effective at limiting pathogen 
spread while preserving the functioning of society. Animal societies 
that inhabit complex built structures could provide an opportunity to 
study evolved solutions to this challenge. However, there is, as yet, 
no evidence that nonhuman animals actively modify their spatial 

surroundings to mitigate epidemic risk, even though such interven-
tions could be highly effective.

In this work, we investigate the possible role of architectural 
changes in nest layout as a disease defense strategy in the black garden 
ant Lasius niger. Nest-building social insects are an ideal system to 
explore for evolved architectural, disease-targeting interventions in 
animal societies. Because high interaction rates between related colony 
members favor the transmission of infectious pathogens, social insects 
have evolved a large suite of collective mechanisms for disease defense 
that confer “social immunity,” including active modifications to colony 
social interaction networks (2, 18). Furthermore, excavated ant nests 
can demonstrate a high degree of complexity, with specialized cham-
bers housing food, brood, reproductive individuals, or waste connected 
by tunnels into underground networks that successfully isolate poten-
tial infectious sources (19, 20). However, although previous work has 
indicated that excavation dynamics are influenced by abiotic stressors, 
such as temperature and soil composition (21–25), and by the presence 
of fungal spores in the soil (26), it is currently unknown whether ants 
respond to infectious threats by actively modifying their whole-nest 
architecture to reduce disease transmission. In this work, we test this 
hypothesis using a combination of pathogen exposure, video recording, 
x-ray micro–computed tomography (micro-CT), spatial network analysis, 
and agent-based simulations of disease transmission within nests.

Results
To investigate how pathogen exposure influences nest digging by 
L. niger ants, we allowed groups of 180 workers to excavate a new nest 
in a digging arena. One day after the onset of excavation, we intro-
duced 20 additional workers, either exposed to the generalist entomo-
pathogenic fungus Metarhizium brunneum (pathogen-exposed nests, 
n = 10) or treated with a sham solution (control nests, n = 10), into 
the digging arena. M. brunneum is a natural ant pathogen (27, 28) that 
is picked up from the environment by contact with sporulating cadav-
ers. Contaminated workers can transmit infectious spores to nestmates 
through physical contact for up to 1 day after exposure, ~90% of di-
rectly exposed workers die from infection within 10 days, and the 
mortality of nestmates increases by a factor of ~3 (2). After the intro-
duction of the treated ants, we monitored nest excavation for 6 days 
using video recording of surface activity and nondestructive micro-CT 
scans of the internal nest structure (Fig. 1, A and B; movie S1; and 
materials and methods).

Pathogen exposure influences surface activity and surface properties 
of the nest
To investigate the influence of treatment on individual-level activity 
at the surface, we recorded the number of treated and untreated work-
ers leaving the nest via the main (central) entrance (materials and 
methods). The exit rate of both untreated and treated workers de-
creased significantly over time in both treatments. However, whereas 
the exit rate of untreated workers was unaffected by treatment, treated 
workers exited the main nest entrance at a significantly higher rate in 
pathogen-exposed compared with control nests [fig. S1 and table S1; 
linear mixed-effects model (LMM), effect of time: untreated workers, 
χ2 = 208.74, df = 1, P < 0.0001; treated workers, χ2 = 6.30, df = 1, P = 0.012; 
effect of treatment: untreated workers, χ2 = 0.021, df = 1, P = 0.89; 
treated workers, χ2 = 6.53, df = 1, P = 0.011; interaction treatment × 
time: both untreated and treated workers, χ2 ≤ 2.11, P ≥ 0.14]. This 
indicates that pathogen exposure increases the surface activity of 
directly treated workers but not their nestmates. Because pathogen 
exposure does not lead to increased activity in this host-pathogen 
system (fig. S2), this likely reflects self-isolation by exposed workers 
outside the nest, as has already been reported in several species of ant, 
including L. niger (2, 11, 29). Furthermore, we found that entrances 
were spaced further apart from one another in pathogen-treated 
versus control nests (Fig. 2; LMM, effect of treatment throughout 
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experiment, χ2 = 4.50, df = 1, P = 0.034; Fig. 3A; LMM, 
effect at 6 days: entrances 0.62 ± 0.30 cm further apart 
in pathogen-treated nests, χ2 = 5.93, df = 1, P = 0.015). 
Increased spacing between entrances could lead to 
decreased contact rates between individuals at the sur-
face and has been used as a strategy to mitigate disease 
transmission in human buildings (30).

Pathogen exposure influences overall nest growth
To study the influence of pathogen exposure on nest 
growth, we automatically identified nest chambers, 
entrances, tunnels, junctions, and dead ends from the 
micro-CT scans and measured their volumes (Fig. 1 and 
materials and methods). Analyses of nest properties in 
pre-exposure scans (0 hour) (i.e., before the introduction 
of treated ants) revealed no significant between-treatment 
differences, which indicates that any differences in post-
exposure nests should be a result of pathogen exposure 
rather than random initial fluctuations between treat-
ment groups (table S2).

Pathogen-exposed L. niger workers typically sharply 
decrease the amount of time that they spend inside the 
nest after exposure and slightly reduce their activity 
levels (fig. S2). Hence, if nest architecture changes as a 
passive consequence of infection, we would expect 
pathogen-exposed nests to grow more slowly than con-
trol nests (31). Conversely, because higher nest volumes 
should lead to lower ant density and thus fewer physical 
contacts, if the ants actively adjust their nest architec-
ture to decrease transmission risk, we would expect 
pathogen-exposed groups to excavate nests at a faster 
rate. In agreement with the latter prediction, we found 
that the overall nest volume increased significantly 
faster in pathogen-exposed versus control nests (fig. S3; 
LMM, interaction treatment × time, χ2 = 5.78, df = 1, 

Fig. 1. Experimental protocol and nest network extraction. (A) One hundred and eighty ants with 25 mg 
of early-instar brood and 15 pupae were introduced into a soil-filled container (digging arena) and allowed 
to excavate a nest freely (−24 hours). After 24 hours, a CT scan of the nest was taken (baseline scan), and then  
20 sham- or 20 pathogen-treated ants were introduced near the nest entrance (0 hour). Colonies were 
allowed to excavate the nest for 6 additional days, and CT scans were taken 24, 48, 72, and 144 hours 
(1, 2, 3, and 6 days) after treatment. Previous research has revealed no effects of repeated CT scanning 
on the excavation behavior of Lasius ants in a similar experimental setup (22). (B) CT scan reconstructions 
of nest volumes 1 day (24 hours), 2 days (48 hours), 3 days (72 hours), and 6 days (144 hours) after 
treatment. Volume thickness is encoded by increasing color brightness. (C) Three-dimensional (3D) 
spatial networks automatically extracted from the nest CT scans. Cyan triangles indicate nest entrances, 
orange circles indicate nest chambers, and black lines indicate tunnels (network edges).

Fig. 2. Nest and chamber architectural properties as a function of time. Lines represent LMM fits for control (blue) and pathogen-treated colonies (orange), back-transformed 
where appropriate. Significance of the main treatment effect or the interaction between treatment and time (treatment × time) on a nest property are indicated on each 
graph. Original P values are provided, with an estimated study-wide false discovery rate (expected proportion of false positive results across all separate analyses) of 0.072  
(~1 out of 14). For entrance-entrance distance, each point represents a pairwise measure of Euclidean distance between a new entrance and any other entrance (n = 2529 pairs). 
For efficiency, density, weighted diameter, unweighted diameter, and modularity, each point represents one nest (n = 79). For efficiency centrality and interchamber density, 
each point represents one chamber (n = 336). Efficiency, density, weighted diameter, efficiency centrality, and interchamber density were log-transformed for statistical 
analyses. Definitions of all properties are provided in Table 1, and model coefficients and exact P values are provided in table S1.
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P = 0.016), although this effect was too small to translate into signifi-
cant between-treatment differences in nest volume by the end of the 
experiment (effect of treatment at 6 days, χ2 = 0.23, df = 1, P = 0.63). 
The faster growth of pathogen-exposed nests was not a result of a 
faster increase in the number and/or volume of nest chambers or in 
the number of nest entrances (fig. S3; LMM, interaction treatment × 
time, χ2 ≤ 1.80, df = 1, P ≥ 0.18, for all variables). Instead, pathogen 
exposure led to a significant increase in the rate of tunnel formation 
(fig. S3; LMM, interaction treatment × time, χ2 = 5.49, df = 1, 
P = 0.019), which suggests that it may affect the connectivity of the 
nest network.

Pathogen exposure influences the overall nest network topology
To test whether pathogen-exposed groups of L. niger workers alter the 
topology of their nest network to decrease epidemic risk, we identified 
properties known to influence disease transmission in social networks 
(1, 2, 32) (Table 1) and measured them in the spatial nest networks 
consisting of chambers, junctions, dead ends, and entrances (nodes) 
connected by tunnels (edges; Fig. 1C). We predicted that pathogen-
exposed nest networks would display increased transmission-
inhibitory properties and decreased transmission-enhancing properties 
compared with control nests.

In agreement with this prediction, we found that nest network ef-
ficiency and density (transmission-enhancing properties) decreased 
at a significantly higher rate in pathogen-exposed compared with con-
trol nests (Fig. 2; LMM, effect of treatment × time: efficiency, χ2 = 4.58, 
df = 1, P = 0.032; density, χ2 = 5.52, df = 1, P = 0.019). Both properties 
were reduced in pathogen-exposed nests by 6 days after treatment 
(Fig. 3A; LMM, effect of treatment at 6 days: efficiency, χ2 = 4.125, 
df = 1, P = 0.042; density, χ2 = 3.82, df = 1, P = 0.051). In addition, we 
found that the weighted diameter of the nest network (transmission-
inhibitory property) was significantly higher in pathogen-exposed 
compared with control nests throughout the experiment (Fig. 2; 
LMM, effect of treatment throughout experiment, χ2 = 5.17, df = 1, 
P = 0.023; Fig. 3A; LMM, effect at 6 days, χ2 = 6.97, df = 1, P = 0.008). 
Furthermore, there were nonsignificant trends for the unweighted 
diameter and modularity of nest networks (transmission-inhibitory 
properties) to increase faster in pathogen-exposed versus control nests 
(Fig. 2; LMM, effect of treatment × time: unweighted diameter, χ2 = 3.57, 
df = 1, P = 0.059; modularity, χ2 = 1.48, df = 1, P = 0.22), and both 
properties were significantly higher in pathogen-exposed nests by the 
end of the experiment (Fig. 3A; LMM, effect of treatment at 6 days: 
unweighted diameter, χ2 = 4.79, df = 1, P = 0.029; modularity, χ2 = 6.34, 
df = 1, P = 0.012). No other transmission-relevant properties of the 

Fig. 3. Pathogen-induced architectural modifications 6 days after treatment. (A) Bars and whiskers show the means and standard errors for each property. Points 
represent individual data points [entrance-entrance distance (dist.): n = 2529 pairs of entrances; efficiency, density, weighted diameter, unweighted diameter, and modularity: 
n = 20 nests; efficiency centrality, interchamber density: n = 336 chambers]. Significance of the main effect of treatment at day 6 (LMM) and Cohen’s d effect size (|d| ~ 0.2: 
weak effect; |d| ~ 0.5: medium effect; |d| ~ 0.8: strong effect) are indicated above each plot. Model coefficients and exact P values are provided in table S1. Original P values are 
provided, with an estimated study-wide false discovery rate (expected proportion of false positive results across all separate analyses) of 0.072 (~1 out of 14). (B) Illustration of 
entrance spacing mediating reduced interaction rate (not to scale). Entrances in pathogen-exposed nests (right) were spaced on average 0.62 cm (~1 to 1.5 L. niger worker body 
lengths) further apart compared with control nests (left), which could reduce the rate of interactions at the surface. (C) Simplified illustration of between-treatment differences 
in control (blue) and pathogen-exposed (orange) architectures after 6 days. Small circles represent junctions, large circles represent chambers, and black lines represent 
tunnels. Pathogen-exposed nests had higher (weighted and unweighted) diameter and modularity but lower density and network efficiency, and chambers had lower efficiency 
centrality and interchamber density.
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overall nest network were affected by treatment (table S1; LMM for 
clustering and degree heterogeneity: effect of treatment × time, χ2 ≤ 
0.07, df = 1, P ≥ 0.51; effect of treatment at 6 days, χ2 ≤ 1.35, df = 1, 
P ≥ 0.25, in all tests). Overall, these results indicate that pathogen 
exposure leads to multiple changes in the overall topology of the nest 
networks that should decrease pathogen transmission.

Pathogen exposure influences the topological position of 
nest chambers
Previous studies of transport and social networks have shown that 
highly populated nodes and nodes with high network centrality (e.g., 
degree, betweenness, and efficiency centrality; Table 1) are both at high 
risk of contamination and are highly influential for the onward spread 
to the rest of the network (2, 33–35). Because nest chambers contain 
a large portion of the nest population, including valuable and vulner-
able colony members such as the queen, young adults, and the brood, 
we predicted that pathogen-exposed groups would build chambers in 
positions associated with lower exposure risk and lower spreading 
ability, characterized by lower network centrality and reduced connec-
tions to other chambers.

Most chambers had a degree of three, and neither chamber degree 
nor betweenness differed between treatments [table S1; Poisson GLMM 
(degree) and LMM (betweenness), interaction time × treatment and 
main treatment effects, χ2 ≤ 0.03, df = 1, P ≥ 0.59, in all tests; Poisson 
GLMM (degree) and LMM (betweenness) at 6 days, χ2 ≤ 0.20, df = 1, 
P ≥ 0.66]. However, in agreement with our prediction, the efficiency 
centrality of nest chambers tended to decrease faster in pathogen-
exposed compared with control nests and was significantly reduced 
in pathogen-exposed nests by the end of the experiment (Fig. 2; LMM, 
interaction treatment × time, χ2 = 1.97, df = 1, P = 0.16; Fig. 3A; LMM, 
effect of treatment at 6 days, χ2 = 6.07, df = 1, P = 0.014). Furthermore, the 
density of connection of chambers to other chambers decreased 
significantly faster in pathogen-exposed versus control nests and was 
significantly reduced in pathogen-exposed nests by 6 days after expo-
sure (Fig. 2; LMM, interaction treatment × time, χ2 = 25.30, df = 1, 
P < 0.0001; Fig. 3A; LMM, effect of treatment at 6 days, χ2 = 16.02, df = 1, 
P < 0.001). Altogether, these results indicate that pathogen-exposed 
ants excavate chambers in positions that should reduce the severity 
of epidemics.

Pathogen-induced changes in nest architecture decrease 
disease transmission
Our results so far suggest that pathogen exposure triggers a range of 
transmission-inhibitory changes in nest architecture by 6 days after 
initial pathogen exposure (Fig. 3), from the self-isolation of exposed 
workers to the surface to changes in the geometry and topology of the 
excavated nests. This could play an important role in preventing epi-
demics upon later, secondary disease challenges, arising for example 
from contact with the sporulating bodies of the initially exposed indi-
viduals or from new infectious sources in pathogen-rich environments. 
To formally test the impact of these changes on secondary epidemic 
risk, we developed an agent-based model that simulated the transmis-
sion of an infectious pathogen within the observed nest networks at 
day 6. This model was inspired from previous models of disease trans-
mission in ant nests (1, 2, 32) and ant traffic in confined space (36, 37) 
(materials and methods). In the model, agents moved through the nest 
and aggregated locally inside nest chambers (20, 38). Pathogen-treated 
agents initially entered the nest through a randomly selected entrance, 
and pathogen transmission occurred as a stochastic process between 
pairs of agents sharing the same within-nest location (chambers, tun-
nels, dead ends, and junctions). We simulated the transmission of 
M. brunneum over the experimental nest networks extracted 6 days 
after treatment after a similar disease challenge (20 out of 200 agents), 
as in our experiments. Relative to simulations of transmission through 
control nests, simulations of transmission through pathogen-exposed 
nests resulted in a significant reduction in the amount of spores re-
ceived by untreated agents and in the proportion of these agents that 
received a high (more lethal) load (Fig. 4A; LMM interaction treatment × 
time: median load, χ2 = 102.546, df = 1, P < 0.0001; prevalence of high 
load, χ2 = 127.24, df = 1, P < 0.0001). Furthermore, we found that the 
architecture of pathogen-exposed nests inhibited transmission even 
when only a single pathogen-treated agent was introduced (fig. S4A 
and table S3), demonstrating the robustness of this effect.

To tease apart the relative importance of different pathogen-induced 
architectural modifications in reducing transmission, we applied par-
tial least-squares regression to the outcome of simulations over all 
nests. All properties were found to have the expected effects on trans-
mission: Presumed transmission-inhibitory properties (weighted 
diameter, unweighted diameter, modularity, and interchamber density) 

Table 1. Summary of network properties measured from nest networks and their predicted effects on disease transmission. A plus sign (+) indicates enhancement, and a minus 
sign (−) indicates inhibition.

Global property Definition—global network Effect on transmission

 Efficiency Ability of the network to convey information quickly across all nodes + (45)

 Density Proportion of existing connections among all possible connections + (46)

 Weighted diameter Shortest weighted path length (i.e., sum of edge weights) between the two most distant 
nodes in the network

− (47)

 Unweighted diameter Shortest unweighted path length (i.e., number of steps) between the two most distant 
nodes in the network

− (47)

 Modularity Extent to which a network is divided into separate communities with many within-
community and few intercommunity connections

− (48)

 Clustering Tendency of neighboring nodes to form fully connected sets Context-dependent effect (49)

 Degree heterogeneity Variation in the number of unweighted connections (edges) across all nodes in a network + (8)

﻿Node property﻿ Definition—node level Effect on node susceptibility

 Degree Number of edges connected to a given node + (49)

 Betweenness centrality (random walk) Extent to which a node acts as an intermediary for the flow traffic between all other pairs of 
nodes, when agents travel by random walk

+ (50)

 Efficiency centrality Spreading ability of a node, measured as the relative drop in network efficiency caused by 
its removal

+ (51)

 Interchamber density Proportion of other chambers directly connected to a focal chamber +
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were negatively associated with transmission, whereas presumed 
transmission-enhancing properties (density, efficiency, and efficiency 
centrality) were positively associated with transmission (Fig. 4B). 
Efficiency, density, unweighted diameter, and modularity (whole-
network properties) had the strongest associations with transmission; 
chamber properties had weaker associations, with efficiency centrality 
showing a stronger effect on transmission compared with intercham-
ber density; and weighted nest diameter and interentrance distances 
had the weakest association with transmission (Fig. 4B).

Previous research (2) and our surface-activity results (fig. S1) indi-
cate that infectious ants isolate themselves from unexposed nestmates, 
which reduces transmission risk. To investigate potential interactions 
between this behavioral response and architectural responses to dis-
ease, we repeated our simulations with an additional self-isolation 
mechanism, whereby pathogen-treated agents displayed an upward 
movement bias (i.e., increased probability of selecting tunnels con-
nected to higher elevation nodes, such as nest entrances) that led them 
to spend more time outside the nest (figs. S5 to S7 and table S3). We 
found that the combined effects of pathogen-induced architectural 
changes and self-isolation in pathogen-exposed nests resulted in much 
stronger inhibition of disease transmission compared with architec-
ture alone (Fig. 4C; LMM interaction treatment × time: median load, 
χ2 = 279.00, df = 1, P < 0.0001; prevalence of high load, χ2 = 212.241, 
df = 1, P < 0.0001). This was not due to purely additive effects between 

the two types of responses. Instead, 
self-isolation was significantly more 
effective at inhibiting transmission 
in pathogen-exposed versus control 
nest architectures (Fig. 4D; LMM 
interaction treatment × self-
isolation × time: median load, χ2 = 
37.77, df = 1, P < 0.0001; prevalence 
of high load, χ2 = 15.19, df = 1, P < 
0.001), demonstrating a positive 
synergy between architectural and 
behavioral responses, which was 
robust across a broad range of sim-
ulation parameters (fig. S8). Further 
analyses indicated that this synergy 
may be a consequence of pathogen-
exposed nest networks facilitating 
the self-isolation of infectious individu-
als because the same individual-level 
movement rules (local upward move-
ment bias) tended to result in 
greater spatial (proportion of time 
spent outside) and social (network 
distance between healthy and treated 
agents) distancing in pathogen-
exposed nests (fig. S5 and table S3). 
Altogether, these results suggest 
that although the direct effects 
of pathogen-induced architectural 
changes on disease transmission 
are relatively small (Fig. 4A), their 
indirect effects through synergy 
with self-isolation are much greater 
(Fig.  4, C and D), providing en-
hanced protection against patho-
gen threats.

Discussion
Group-living animals have evolved 
collective responses to infectious 
pathogens that decrease the risk of 

epidemics (2, 9–12). Most responses reported so far involve changes 
in social interactions between individuals, ranging from social care to 
self-isolation, social distancing, and social network reorganization 
(38). Our results suggest that these social changes are complemented 
by spatial modifications to the environment that confer protection 
against future disease challenges, which had previously only been 
shown in humans.

Most pathogen-induced changes in architecture increased over time, 
which could be linked with the nest’s development. At the beginning 
of the experiment, nests were small, which may have limited the scope 
for implementing architectural changes. At this early stage, self-
isolation by pathogen-exposed individuals may therefore be the most 
effective strategy to prevent the spread of infectious material into the 
nest. As nests grow larger, with more chambers, junctions, and tunnels, 
they may become more amenable to topological manipulation, making 
architectural modification a more potent—and durable—epidemic 
defense strategy. In fact, the number of possible network configura-
tions scales nonlinearly with the number of nodes (39, 40). By empha-
sizing social distancing early on and architectural modifications later 
in nest development, pathogen-exposed ants may dynamically adapt 
their social immunity to implement the most effective defense. 
Furthermore, by adopting a transmission-inhibitory nest architecture 
only after experiencing a real disease challenge, colonies may ensure 
that efficient flows of resources and information are maintained 

Fig. 4. Agent-based simulations of M. brunneum transmission within 6-day nest networks. (A and B) Simulation outcomes 
without self-isolation in either treatment group. (C) Simulation outcomes with self-isolation of treated agents in pathogen-
exposed nests only. (D) Difference in simulated transmission with self-isolation versus without self-isolation in both treatment 
groups. One hundred simulations were performed on each nest for each condition (with or without self-isolation), and cross-simulation 
means were calculated for each nest every 800 s (n = 107 time points), resulting in one data point per nest per time point and 
per condition. [(A) and (C)] Points and shaded areas represent the grand means and standard errors of the median load (left)  
and high load prevalence (right) across untreated agents in simulations over control (blue, n = 10 per time point) and pathogen-
exposed (orange, n = 10 per time point) nest networks. (B) Bars indicate coefficients from partial least-squares regression (PLS) 
analyzing the relative effects of nest network properties targeted by architectural modifications on simulated median load (left) 
and high load prevalence (right) in the absence of any self-isolation. Positive (resp. negative) values indicate a positive (resp. 
negative) association between a property and transmission, and bar height is proportional to its relative influence on transmis-
sion. Transmission-enhancing properties are indicated in yellow, and transmission-inhibitory properties are indicated in purple. 
Chamber properties are highlighted by an asterisk; all other properties apply to the global topology of the nest. All pathogen-
induced changes were transmission inhibitory. (D) Points and shaded areas represent the grand means and standard errors of 
the cross-condition differences in median load and high load prevalence (transmission with self-isolation minus transmission 
without self-isolation; n = 10 nests per treatment and per time point). Negative values reflect a transmission-inhibitory effect of 
self-isolation by treated agents. Details of statistical analyses are provided in table S3.
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throughout the nest in disease-free environments (41, 42). These 
hypotheses highlight the need to examine pathogen-induced architec-
tural modifications in more natural settings because the limited space 
and time available in our experimental setup may have curtailed the 
ability of pathogen-exposed colonies to fully express far-reaching 
transmission-inhibitory nest modifications.

The mechanisms driving the pathogen-induced changes in nest ar-
chitecture remain to be established. Although the architectural modi-
fications reported in this work could at least in part arise as an 
incidental side effect of infection symptoms in diseased workers, it is 
unlikely to be the sole mechanism at play for three reasons. First, 
changes to entrance-entrance distance and weighted diameter were 
detectable as early as 24 hours after exposure. Because M. brunneum 
takes more than 24 hours to enter the host’s body and start replicating 
(43), these early changes occurred before the beginning of infection 
in pathogen-exposed workers and therefore likely reflect an active host 
response. Second, nests were excavated faster in pathogen-exposed 
compared with control groups, despite pathogen-exposed workers 
typically spending less time inside the nest and tending to display 
reduced activity after exposure, which should decrease excavation 
rates. This suggests that other mechanisms may be involved. Third, 
pathogen-treated workers spend much more time near the surface and 
should thus have less influence on belowground nest morphology com-
pared with other workers. Thus, the topological changes may well 
involve active shifts in decision-making among untreated workers 
about where to excavate entrances, chambers, and tunnels. Identifying 
the fine-grained, individual-level mechanisms that lead to this shift 
in collective decision-making represents an exciting area of fu-
ture research.

Overall, our results suggest that ants adjust their nest architecture 
to reduce colony-wide disease transmission, providing a form of “ar-
chitectural immunity” that could act as a key component of ant social 
immunity in pathogen-rich environments (18). In addition to uncover-
ing a previously unknown cooperative strategy for avoiding epidemics, 
our findings provide an example of how social animals may leverage 
the structure of their built environment to improve their resilience 
against extrinsic stress, such as extreme temperatures (24). Our findings 
could also have implications beyond animal societies—the architec-
tural changes highlighted in this work have been tuned for effective-
ness over long evolutionary time and could serve as a proof of concept 
or source of inspiration for real-world disease control interventions 
(2, 13, 44).
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