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The termite nest is one of the architectural wonders of the liv-
ing world, built by the collective action of workers in a colony.
Each nest has several characteristic structural motifs that allow
for efficient ventilation, cooling, and traversal. We use tomog-
raphy to quantify the nest architecture of the African termite
Apicotermes lamani, consisting of regularly spaced floors con-
nected by scattered linear and helicoidal ramps. To understand
how these elaborate structures are built and arranged, we for-
mulate a minimal model for the spatiotemporal evolution of
three hydrodynamic fields—mud, termites, and pheromones—
linking environmental physics to collective building behavior
using simple local rules based on experimental observations.
We find that floors and ramps emerge as solutions of the
governing equations, with statistics consistent with observa-
tions of A. lamani nests. Our study demonstrates how a local
self-reinforcing biotectonic scheme is capable of generating an
architecture that is simultaneously adaptable and functional,
and likely to be relevant for a range of other animal-built
structures.

collective animal behavior | termite nests | stigmergy |
ecophysiology | morphogenesis

Termite nests are among the most complex and impressive
structures produced by animal societies (1–3) and serve to

create a microniche that allows for the controllable exchange
of matter and energy with the environment (4–6). Even when
compared with the many animal species that exhibit collective
behaviors, including coordinated motion, active synchronization,
or shared decision making (7, 8), the collective activities of social
insects such as the highly eusocial termite are exceptional, in that
they often lead to the formation of intricate physical structures:
shelters (9); trail networks (10); and, most prominently, nests
(1, 2). These structures are not merely the byproduct of animal
behavior, however, since they also play a central role in regulat-
ing the flow of information necessary for their own construction
and function. Nest building in social insects is thus considered an
exemplar of functional self-organization, and studying this pro-
cess can inform us about how structure and function emerge in
ecophysiology (11).

The eusocial termites of the genus Apicotermes typify the
architectural complexity that can be produced by social insects.
These termites, native to the savannahs and forests of Africa,
construct small ovoid nests just 20 to 40 cm in diameter, located 5
to 50 cm underground (12). The nest structure must be efficiently
constructed to be capable of passive ventilation and cooling
(4–6, 13–15), while remaining habitable and traversable by the
termites within. This is no small feat—given the scale and com-
plexity of Apicotermes nests, it is not feasible that any single
termite has a sufficiently broad cognitive map of the organi-
zation of the whole structure to coordinate the actions of the
colony (16). Yet even in the absence of centralized control, these
nests clearly show coherent structure at a global scale, pointing
to the collective self-organization of several thousand termites
acting only on their local conditions to produce global order
(3, 11, 16).

Rather than termites sharing information by direct commu-
nication (such as via antennal contact or gestures), Grassé (17)

proposed that termite workers communicate indirectly by cou-
pling their building actions with the deposition of a local stimulus
(such as a secreted building pheromone) in nearby substrate.
This principle of stigmergy—defined as the spontaneous but indi-
rect coordination of agents stimulated to action by the trace
of previous actions left in the environment (16)—has already
been implicated in the morphogenesis of the large structures that
enclose the nest. Over the long length and time scales of the
overall mound structure, the small internal tunnels and cham-
bers within the mound influence the mound material porosity (2,
15); mediate ventilation (5, 6); and suffice to explain the coarse
features of the mound, such as its shape, size, and temporal
evolution (18).

However, this leaves open questions of how the internal struc-
tural motifs are formed and maintained at shorter length scales
in the mound microstructure. These questions have only recently
begun to be addressed in other insects, like in the far simpler
structures of the ant Lasius niger (19), typically with computa-
tionally expensive individual-based modeling rather than con-
tinuum approaches. Overall, the comparatively more complex
architecture of Apicotermes nests begs two important ques-
tions: First, what are the structural motifs within the nest, and
how are they arranged? And second, how are they formed via
the dynamic feedback loop between individual behavior and
emerging structure in the nest construction process?

Digitization and Structure of Apicotermes Nests
To answer these questions, we first collected, scanned, and statis-
tically analyzed the structure of nests in the species Apicotermes
lamani. Two nests (MeMo14, Fig. 1A, and MeMo13, Fig. 1B)
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Fig. 1. Digital reconstruction of A. lamani nests reveals layered floors and
chambers connected by linear and helicoidal ramps. (A and B) Cutaway view
of two A. lamani nests, collected around Libreville (Gabon): MeMo14 (A)
and MeMo13 (B). The nests were digitized with X-ray computer tomography
and reconstructed in three dimensions (3D). (C) A large A. lamani nest (Left,
MeMo80) collected in 2008 near Pointe Noire (Republic of the Congo) with
examples of a linear ramp (C, i, red dots) and two helicoidal ramps with
opposing chirality (C, ii, red and cyan dots).

were collected near Libreville, Gabon (SI Appendix, Fig. S1),
although one of these (MeMo13) showed too much internal
damage for a statistical analysis. A third nest (MeMo80, Fig. 1C)
was collected in 2008 near Pointe Noire in the Republic of the
Congo (SI Appendix, Fig. S1); in this nest, we measured that
workers had length 4 to 5 mm and height 2 to 3 mm, while sol-
diers had length 8 to 10 mm with a height of 2 to 3 mm (12)
(SI Appendix, Table S1). We digitized and imaged the excavated
nests with a medical X-ray computed-tomography (CT) scanner
(Materials and Methods), allowing for nondestructive exploration
of the complete three-dimensional internal structure of each nest
(Movie S1).

Both nests showed a similar external appearance and, based
on our X-ray CT scans, also shared a similar internal architecture
consisting of many floor layers arranged in parallel, with several
vertical pillars connecting adjacent floors (Fig. 1 A and B). To
investigate these structures, we systematically searched our two
digitized examples for open corridors connecting floors (Materi-
als and Methods), and we identified several occurrences of two
types of ramps (Fig. 1C): linear ramps (15 in MeMo80 and 23 in
MeMo14), in which a path connects floors along a linear incline,
and helicoidal ramps (5 in MeMo80), in which the path spirals
around a central pillar as it spans floors. The helicoidal ramps
had no clearly preferred chirality (three left, two right), although
a pair of co-occurring left-handed and right-handed helicoidal
ramps was identified (Fig. 1 C, ii).

We then examined the internal architecture of the two A.
lamani nests (MeMo80 and MeMo14; SI Appendix, Table S1) for
which we had data, to quantify the spacing and arrangement of
floors and ramps. For each nest, we assembled a series of 359
and 177 vertical slices, respectively (Fig. 2A), and measured the
thickness of each floor and the vertical spacing between floors
(Fig. 2B). In total, our dataset included 35 floors (17 in MeMo80
and 18 in MeMo14), sufficient to conduct separate analyses on
each of the two nests. The floor thickness was on average 1.7 mm
(median = 1.6 mm) in nest MeMo80 and on average 1.8 mm
(median = 1.2 mm) in nest MeMo14. The floor spacing was
on average 4.6 mm (median = 4.7 mm) in nest MeMo80 and
on average 7.2 mm (median = 7.7 mm) in nest MeMo14. For
both nests, the variance in floor thickness was low (coefficient
of variation [CV] = 0.31 in MeMo80, CV = 0.59 in MeMo14),
as was the variance in floor spacing (CV = 0.19 in MeMo80,
CV = 0.22 in MeMo14), demonstrating that the flooring of the
termite nests is arranged at regular vertical frequencies, with a
strong continuity between adjacent floors (SI Appendix, Fig. S1
B and C).

Given this consistent arrangement of floors, we next investi-
gated the positioning of ramps within the nests by measuring
the horizontal distance from each ramp to the nearest ramp on
the same floor (Fig. 2C). In MeMo80, we found a mean same-
floor distance of 27.4 mm (median = 25.4 mm, CV = 0.41), and
in MeMo14 this mean distance was 25.7 mm (median = 27.1 mm,
CV = 0.33); these both deviated from a null model of randomly
scattered ramps (Kolmogorov–Smirnov [KS] test, P =0.047 for
MeMo80, P =0.022 for MeMo14; SI Appendix). We compared
these measurements with the horizontal distance between ramps
on adjacent floors. Because these ramps were often directly con-
nected, this distance was much smaller for both nests, with a
mean of 12.9 mm (median = 9.2 mm, CV = 0.79) in MeMo80 and
a mean of 7.1 mm (median = 6.5 mm, CV = 0.47) in MeMo14,
deviating in the opposite direction from the null model (KS
test, P =0.046 for MeMo80, P =0.040 for MeMo14). Hence,
while ramps tended to be spaced at fairly large, regular intervals
across a floor, they tended to be positioned near ramps on adja-
cent floors, allowing for efficient vertical traversal between nest
levels.

A Minimal Model of Biotectonics
To address how these structures are formed, we turn to a series
of observations, old and new, to motivate a minimal contin-
uum model of nest construction. With no evidence of design
or a designer, termites build in response to local cues such
as the nearby mound structure and secreted pheromones (17,
20). The resulting architecture both enables and constrains the
movement of pheromones and termites and thereby modifies
behavior, so that nest construction can be seen as a result
of a feedback loop linking physical and behavioral dynamics
(Fig. 3A). The architecture of the nest dictates which spaces
are accessible to termite workers, the density of termite work-
ers in turn controls the concentration of secreted pheromone,
and the information carried by the pheromone profile in turn
serves as a template for the ongoing remodeling of the nest
architecture, thereby completing the feedback loop of nest
morphogenesis.

We therefore model the spatiotemporal dynamics of three
fields that depend on location denoted by the vector x and time
t : the nest material density u(x, t), scaled from no nest mate-
rial (u =0) to fully compacted (u =1), as well as the termite
worker density n(x, t) and the pheromone concentration ρ(x, t),
both in units of mass per volume. These three fields jointly evolve
according to a set of conservation laws, expressed as the follow-
ing differential equations (SI Appendix) for the nest material,
termite workers, and pheromone levels:
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Fig. 2. Statistical analysis of A. lamani nests shows consistent floor and ramp spacing. (A–C, Top) Nest MeMo80. (A–C, Bottom) Nest MeMo14. (A) Repre-
sentative vertical slices of nest structure with floors labeled in average height order. (B) Histograms for floor thickness (pink) and spacing between floors
(cyan), measured in millimeters, corresponding to the nest depicted in A. Both the thickness of and spacing between floors tend to fall within a consistent
band in each nest. (C) Density plot for the horizontal distance from a ramp to the nearest other ramp on the same floor (red) or on an adjacent floor above
or below (blue), corresponding to the nest depicted in A. Ramps on the same floor tend to be spaced out, while ramps on adjacent floors often connect
directly, resulting in minimal spacing.

Nest material: ∂tu = ∂z [g∂zu] + f+− f−, [1]
Termite workers: ∂tn±=∇· [(1− u)D∇n±+χn±∇u]

± (f−− f+)k
−1, [2]

Pheromone: ∂tρ=∇· [δ∇ρ] +Hf+− γρ, [3]

where ∂t and ∂z are the differential operators in time and height,
respectively; ∇· is the three-dimensional divergence operator;
and ∇ is the three-dimensional gradient operator. Here Eq. 1
reflects the addition and removal of the nest material, with f+
and f− denoting the building and removal rates of dirt (whose
functional form is discussed below). Moreover, the poroelastic
diffusivity of dirt g captures its capacity to settle under the influ-
ence of gravity (21); this term breaks the rotational symmetry
of the model equations and establishes a defined vertical ori-
entation for the nest. Eq. 2 reflects the dynamics of termites
carrying dirt n+ or not carrying dirt n−, with a flux that has two
components: an effective diffusivity that is proportional to the
amount of open space, i.e., (1− u)D , as well as a chemotactic
term that drives termite workers into open and low-density nest
regions with chemotactic coefficient χ (22, 23). The final term
represents switching between n+ and n−, with the pellet size k
denoting the average amount of dirt transported by a worker.
Finally, Eq. 3 reflects the dynamics of pheromones as they dif-
fuse with a diffusion coefficient δ, are secreted into deposited soil
at a level H per pellet (19), and degrade through evaporation at
a rate γ. We note that the pheromone is relatively nonvolatile
and thus not advected by the ambient fluid, since the subter-
ranean nests of Apicotermes do not typically have noticeable
temperature gradients (24).

To complete the formulation of our model, we require func-
tional forms for the building rate f+ and removal rate f−.
Although these rates have not been directly measured in A.
lamani termites, the building rate has been investigated for

the neotropical termite Procornitermes araujoi (25), and both
rates have also been quantified in the ant L. niger (19). In all
cases, we find that the local nest density scales directly with
the building rate and inversely with the removal rate, resulting
in high-density regions becoming increasingly compacted while
low-density regions are excavated. Moreover, this positive feed-
back is mediated by a pheromone added by the workers to the
building material (Fig. 3B), so that the termites are more likely
to deposit dirt in regions marked by pheromone as being sites of
active remodeling and so that building does not take place either
where there is no nest material (u =0) or where the nest mate-
rial is already fully compacted (u =1). It is reasonable also that
the removal rate scales with the density of termite workers not
carrying dirt and with the density of dirt u available for removal.
Given these basic considerations, the simplest possible functional
forms for f+ and f− are

Building rate: f+ = r+n+ρu(1− u), [4]
Removal rate: f−= r−n−u, [5]

where r± are rate constants. With these choices, the dynamics
of nest morphogenesis as described by our model can be cap-
tured by only a small number of nondimensional parameters:
the scaled pheromone potency Hr+/r−; the scaled evaporative
flux γ/r−; the pellet size k ; and the scaled diffusivities δ/D ,
χ/D , and g/D (SI Appendix). For simplicity, and to directly
study the self-contained organization of this system, we model
the nest as a closed three-dimensional domain, using no-flux
boundary conditions, such that when integrated over the nest
domain the total number of termites |n| and the total quan-
tity of dirt u are conserved. With this formulation, our model
describes the simultaneous disassembly and reassembly of the
nest, which are features of both initial nest construction and its
ongoing renovation during its lifespan (19).
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Fig. 3. Biotectonic model predicts floor spacing and ramp emergence in termite nests. (A) Model schematic of the feedback loop driving nest construction,
highlighting the interactions between nest material u, termite workers n, and secreted pheromone ρ. (B) Illustration of a local region of a nest, showing
the processes in our model. Termite workers migrate preferentially to low-density regions and cannot travel through very high-density regions. Workers
remove dirt throughout the nest but are more likely to deposit dirt near pheromones which they release during deposition. Pheromones are assumed to
have a low diffusivity and hence provide a local signal. (C) Diagrams of edge and screw dislocations in floor patterning. Edge dislocations that result from
floor misalignment can give rise to linear ramps, while screw dislocations can lead to helicoidal ramps that pivot about a slip plane. (D) Three-dimensional
reconstruction of a nest simulated according to our construction model, shown here at two angles. This simulated nest contains one linear ramp (i, blue)
and two helicoidal ramps (ii and iii, red).

Natural Patterns in Simulated Nests
We conducted 500 independent simulations of nest construction
by initializing our model each time with uniform nest den-
sity u(x, t) and pheromone concentration ρ(x, t), and with a
randomly dispersed density of termite workers n(x, t), using
measured and inferred parameter values from several studies
on termite nest structure and behavior (SI Appendix, Table S2)
and a numerical implementation of a stable Euler differencing
scheme (Materials and Methods) run until a steady-state dis-
tribution of floor thickness and separation is achieved. Nest
construction time ranged from 25.5 to 94.6 d (95% confidence
interval; SI Appendix, Fig. S6). The model generated simulated
nests (SI Appendix, Fig. S3 A–C) with regularly spaced floors of
roughly planar orientation (orthogonal to the direction of grav-
ity in the model) and a floor thickness that scales as (δ/γ)1/2 in
some regimes (Materials and Methods and SI Appendix, Fig. S3D).
For a pheromone diffusivity δ=100 µm2/s and an intermediate
degradation rate γ=1.0/h, this gives an average prediction of
a 1.74-mm floor thickness, in line with our observed measure-
ments of 1.7 and 1.8 mm in MeMo80 and MeMo14, respectively.
To evaluate model sensitivity, we also allow all parameters to
vary across realistic ranges (SI Appendix, Table S2)—including
three orders of magnitude for the degradation rate γ, as this
value is the most variable in the literature (19). Across all
parameter ranges, we observed floor thicknesses in the relatively
constrained range 1.2 to 2.5 mm, with the greatest sensitivity to
changes in the diffusivity δ and degradation rate γ as predicted
by our scaling analysis (SI Appendix, Fig. S4).

Our simulated nests contained surface edges (topological
defects, Fig. 3C) spanning across floors and sometimes form-
ing traversable connections (Fig. 3D) corresponding to linear
ramps—in which one floor terminates to provide the vertical

space necessary for a simple ramp between adjacent floors—
and helicoidal ramps, which wind about a vertical pillar that
serves as a dislocation line spanning multiple floors (26) (SI
Appendix, Fig. S5). By identifying the eventual location of a ramp,
we observe the dynamical process by which ramps emerge from
these defects during the construction process (Fig. 4A). Ramps
first arise from regularly spaced floors in adjacent nest regions
that are misaligned at the boundary via edge dislocation (in
which an intermediate floor terminates at the boundary), which
are connected to form a linear ramp to the floors above or below,
or via screw dislocation (rotational misalignment about a slip
plane), providing the axis of rotation about which a helicoidal
ramp can be built (Fig. 3C). This misalignment of floor spac-
ing is required for ramp formation; in follow-up simulations that
initialized the mound with perfect floor regularity, ramps were
altogether absent (SI Appendix). Moreover, when varying our
model parameters, we find that two parameters control whether
helicoidal ramps form at steady state: the scaled pheromone
potency Hr+/r− and the scaled pheromone evaporation rate
γ/r−, yielding a phase space for their emergence (Fig. 4B). This
is consistent with previous agent-based simulations of ant nest
construction that pointed to the central role of the pheromone
evaporation rate in influencing nest structures (19).

A fly-through of our simulated nests (Movie S2) reveals the
structural similarity of the simulated nests produced by our
model with the scanned A. lamani nests. To quantitatively eval-
uate this similarity, we gathered an identical set of statistics
to describe the simulated nest topologies. We found that floor
thickness and spacing between floors were similarly consistent in
both the simulated and scanned nests, indicated by distributions
with a similarly narrow variance (Fig. 4C). Moreover, the hori-
zontal spacing between neighboring ramps on the same floor was

4 of 6 | PNAS
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Fig. 4. Simulated nests resemble natural A. lamani nests and produce helicoidal ramps across a range of parameters. (A) Time snapshots of helicoidal ramp
emergence during simulated nest construction, from early (Top) to late (Bottom) in the building period. (B) Heatplot for the frequency of helicoidal ramps in
a simulated nest as a function of the two model parameters governing pheromone dynamics. (C) Histograms for floor thickness (pink) and spacing between
floors (cyan), as measured in millimeters, averaged over simulated nests. The histograms show a pattern similar to the natural nests in Fig. 2B. (D) Density
plot for the horizontal distance from a ramp to the nearest other ramp on the same floor (red) or on an adjacent floor above or below (blue), averaged
over simulated nests and resembling the natural patterns shown in Fig. 2C. (E) The power spectrum of nest density, averaged over horizontal slices, peaks
sharply at a one-floor period for both simulated (gray) and natural (purple) nests, indicating regularly spaced floor structures.

greater than the horizontal spacing between ramps on adjacent
floors that often connected directly, as observed in the scanned
nests (Fig. 4D). To assess the similarity of the simulated and
scanned nests on large scales, we carried out a spectral analy-
sis of the average nest density as a function of height for both the
scanned and simulated nests and found that these density pro-
files are very similar (Fig. 4E). Together, these metrics indicate
that the simulated nests resemble natural nests across global and
local scales.

Emergent Biotectonics from Physics and Behavior
Our minimal theoretical framework links three spatiotemporal
fields involved in the biotectonics of termite nests: dirt to consti-
tute the nest, termite workers to shape the nest, and secreted
pheromone to mark active regions of the nest. They allow us
to capture two key geometrical and topological features of ter-
mite nests, namely the regular vertical spacing of floors and the
horizontal spacing of ramps on the same or adjacent floors, as
well as the months-long timing of the nest construction pro-
cess (12). This feedback loop involving architecture, behavior,
and information that drives nest construction is quite general in
biological systems; relatedly, it is implicated also in the macro-
morphogenesis of termite mounds (18) and might provide insight
into emergence of other animal architectures, such as ant nests
or mounds and nests of other termite subfamilies (1, 19, 27).
Understanding the complex ways in which these systems dif-
fer, while still adhering to the same fundamental principles, is
a task for the future. Nevertheless, our finding that key termite
nest structures emerge spontaneously in our model for a range
of parameter values points to it being a nonequilibrium steady
state that is robust and adaptable—a direct consequence of the
ability of a colony to both lay down and respond to cues in its
environment.

An important open question is the role of heat gradients and
airflow within the nest (5, 6, 15), which are determined by the
nest structure and in turn help to propagate pheromones and
other signals, such as carbon dioxide levels (28). Although the
diffusion rate of pheromones can range widely depending on
their molecular weight and chemical properties, the pheromones
we consider here have low diffusivities (20), and thus only pro-
vide a localized signal useful in nest construction. Given these
low diffusivities, heat-driven airflow would result in a negligi-
ble change when incorporated into our model (SI Appendix,
Fig. S6), although other potential odors with a higher diffusivity,
such as those secreted by the queen, would be more susceptible
to internal nest flow and hence more important to the larger-
scale problem of the global templating and emergence of overall
mound shape (18, 20). In the subterranean nests of Apicotermes,
we expect that the role of heat gradients and airflow is minor rel-
ative to that in above-ground nests which are directly subjected to
sunlight and air currents. Furthermore, because termite workers
can move with relative ease through each nest, the initial disper-
sion pattern of workers within the nest would have minimal effect
on the overall nest structure (SI Appendix, Fig. S7).

In constructing the functional, palatial structures of their nests,
termites demonstrate a remarkable capacity for spontaneous
self-organization through stigmergic interactions, coupling their
behavior to deposited cues in their local environment—a process
that stands in stark contrast to the planned building processes
that give rise to human architecture. By studying the natural
architectures that termites and other insects build and inhabit,
and by understanding their ability to leverage their surroundings
for information transfer, we can better understand how mul-
tiagent system approaches can be adapted for our own lives,
from swarm intelligence to architectural design (29). After all,
while we as humans have a mere ∼400,000 y of experience with
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constructing primitive structures (30), mound-building termites
of the family Termitidae have spent close to 50 million y (31)
developing one of the grandest examples of architecture in the
natural world.

Materials and Methods
X-Ray CT. Each nest was imaged using X-ray computed tomography with a
medical scanner and reconstructed into a series of virtual cuts (512 × 512
pixels). MeMo13 and MeMo14 were scanned with a Somatom Sensation16
(Siemens) at Centre Hospitalier Universitaire (CHU) de Toulouse, Rangueil,
France using exposure parameters of 120 kV and 150 mA, slice thickness
of 1 mm, interslice distance 0.5 mm. MeMo80 was scanned with a Light-
Speed Ultra (GE Medical Systems) at CHU Dijon using exposure parameters
100 kV and 170 mA, slice thickness of 0.625 mm, interslice distance 0.3 mm.
Reconstruction of the virtual cuts (Fig. 1) was performed in the open-source
software Horos (GNU Lesser General Public License, Version 3).

Investigation of Internal Structures. Ramps (with connecting holes to the
floor above) and pillars (supporting the above floor without a passway)
were identified by visual inspection of three orthogonal planes at each voxel
of the original CT. For helices, identification was confirmed by reconstruct-
ing a perspective surface rendering (e.g., Fig. 1C). Mean coordinates for
the base of each ramp or pillar were extracted (Fig. 2A) for the statistics
in Fig. 2C and SI Appendix, Table S1. For Fig. 2B, MeMo14 was rotated to
align horizontal floors with the xy plane with bilinear interpolation. The
outer walls were removed from binarized images by first dilating each slice
five times to close all outside openings and then defining an outline ROI of
the nest, used to compute nest volume. All pixels outside the new ROIs were
removed to obtain nests without outer walls as in Fig. 2A.

Floor thickness and floor spacing were measured by counting the num-
ber of consecutive black or white pixels in each vertical pixel line of the
stacked images. The presence of pillars/ramps led to heavy right tails in both

distributions, removed by cutting off all measures above twice the median
floor height and alpha trimming the resulting distributions with α= 0.02
on both sides. To check for the continuation of ramps across several floors,
we selected for each floor the horizontal slice for which the horizontal
pixel density was minimal (SI Appendix, Fig. S1B), computed the correla-
tion coefficient between the pixels of adjacent floors, and compared them
to the correlation coefficients between slices at least three floors separated
(SI Appendix, Fig. S1C).

Numerical Solution of Model Equations. To simulate our construction model,
we implemented a finite difference solver to numerically integrate the
system of Eqs. 1–5. We initialized each simulation with uniform nest den-
sity u = 0.5 (halfway packed) and uniform pheromone concentration ρ=

0.1 ng/cm3, and with randomly scattered termite workers, such that the
density of termites n at each grid location x was drawn from an expo-
nential distribution with nondimensional mean 0.1. At each time step, the
gradient and Laplacian of each of the three fields were calculated using
second-order differencing in space, and the nest interior was then updated
with first-order differencing in time. For each set of model parameters, 500
independent simulations were conducted.

Data Availability. The HTML three-dimensional images and Datasets S1
and S2 have been deposited in Harvard Dataverse (https://doi.org/10.
7910/DVN/Z1GWTI) (32).
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Supplementary Text 
 
Formulation of the continuum construction model 
In formulating the dynamical equations (Eqs. 1-3) governing our model, we rely on the reaction-
advection-diffusion framework (Britton 1986), in which the density of each quantity of interest 
(here we use the notation U for a general density) obeys a PDE of the form 

 
 𝜕!𝑈 = ∇ ⋅ (𝐾∇𝑈 − 𝑉𝑈) + 𝑅(𝑈),    (S1) 
 
where ∇ ⋅ is the three-dimensional divergence operator and ∇ is the three-dimensional gradient 
operator, and where D denotes the diffusivity (as a matrix or scalar), V denotes the advection 
velocity (vector), and R denotes any non-spatial reaction dynamics (scalar function of U). 

For the pheromone 𝑈 = 𝜌, we assume a constant diffusivity 𝐾 = 𝛿, no convection 𝑉 = 0 
(as we assume air flows are negligible within the subterranean nest), and two reaction terms: a 
production term proportional to the building rate 𝑓" (itself a function of 𝜌, see Eq. 4) and a 
standard exponential degradation term proportional to the pheromone density 𝜌, such that in total 
we have 𝑅(𝜌) = 𝐻𝑓"(𝜌) − 𝛾𝜌. 

For the termite workers 𝑈 = 𝑛±, where 𝑛" denotes the density of workers carrying dirt and  
𝑛$ denotes the density of workers not carrying dirt, we assume a diffusivity that decreases with 
nest density u so that 𝐾 = 𝐷(1 − 𝑢), convection as in chemotaxis that moves down the nest 
density gradient ∇𝑢 such that 𝑉 = −𝜒∇𝑢 (with the negative sign indicating a bias towards low-
density regions), and two reaction terms: 1/k termites converting from 𝑛" status to 𝑛$ status 
when building at rate 𝑓", and the reverse occurring when removing at rate 𝑓$, so that in total 
𝑅(𝑛") = (𝑓$ − 𝑓")/𝑘 and 𝑅(𝑛$) = −(𝑓$ − 𝑓")/𝑘. Note that, overall, we model termites not 
carrying dirt as walking randomly (with a bias towards low-density nest regions) and searching 
for a dirt pellet to pick up, so that in local regions with high density, more dirt is available to be 
picked up, and therefore these are more likely sites for removal than regions with low density 
like tunnels and chambers. Termites trapped in high density regions may need to pick up dirt 
simply to excavate their surroundings and escape into a tunnel or chamber. 

Finally, for the nest material 𝑈 = 𝑢, we again assume no convection 𝑉 = 0 and two reaction 
terms: building at rate 𝑓"(𝑢) and removal at rate 𝑓$(𝑢) – each also a function of u (see. Eqs. 4–5) 
so that in total 𝑅(𝑢) = 𝑓"(𝑢) − 𝑓$(𝑢). For the diffusivity matrix D, we set 

 

 𝐷 = ;
0 0 0
0 0 0
0 0 𝑔

=,     (S2) 

 
such that the nest material settles only in the direction of gravity, parallel to the z-axis. The effect 
of gravity can then be written more simply as ∇ ⋅ (𝐷∇𝑢) = ∂%(𝑔𝜕&𝑢) = 𝑔𝜕&'𝑢, and this form is 
typical in the modeling of poroelastic materials (Biot 1941, Skotheim and Mahadevan 2004). For 
the poroelastic diffusivity scalar g, we use parameter values as indicated in Table S2 throughout; 
however, depending on the soil material and environmental conditions, we note that this may in 
fact vary from our estimate, although likely by no more than one order of magnitude. 

Together, these assumptions are summarized as Eqs. 1-3 in the main text. 
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Non-dimensionalization of nest construction model 
Although there are several parameters (Table S2) in our model of nest construction (see Eqs. 1-5 
from the main text), our model takes an even simpler form when expressed in terms of just five 
non-dimensional parameters. To show this, first we rewrite Eqs. 1-4 in terms of the normalized 
variables T = r–t, X = x/L, ∇?= ℓ∇ and P = 𝜌𝑟"/𝑟$ for time, position, height, and pheromone 
concentration respectively, where ℓ = (r/D)1/2 is the length scale for normalization. This gives 

 
 Nest material density: 𝜕(𝑢 = 𝜕) B

*
+
𝜕)𝑢C + 𝑓" − 𝑓$, (S3) 

 Termite worker density: 𝜕(𝑛± = ∇? ⋅ B(1 − 𝑢)∇?𝑛± +
,
+
𝑛∇𝑢C ± (𝑓$ − 𝑓")𝑘$-, (S4) 

 Pheromone concentration: 𝜕(𝑃 = ∇? ⋅ [.
+
∇?𝑃] + /0!

0"
𝑓" −

1
0"
𝑃, (S5) 

 
with 𝑓" = 𝑛"𝑃𝑢(1 − 𝑢) and 𝑓$ = 𝑛$𝑢. This non-dimensional system contains fewer parameters 
in the form of five dimensionless ratios. Specifically, these are the scaled pheromone potency 
𝐻𝑟"/𝑟$, the scaled evaporative flux γ/r, the pellet size k, and the scaled diffusivities δ/D, χ/D, 
and g/D that control the range of possible outputs from our model. 
 
Floor scaling in nest construction model 
In studying the behavior of our spatiotemporal model, we primarily use numerical simulations to 
assess the formation and arrangement of nest structures. However, the relative simplicity and 
symmetry in the mathematical formulation of our model allows for the derivation of a simple 
scaling prediction regarding the regularity of floor thickness. 

At steady state, the building and removal rates must be balanced: 
 

 𝑓" − 𝑓$ = 𝑟"𝑛"𝜌𝑢(1 − 𝑢) − 𝑟$𝑛$𝑢 = 0.   (S6) 
 
In terms of the steady state ratio 𝜂 = 𝑛$/𝑛" of termite workers without dirt, this balance leads to 
either a no-density tunnel or chamber (𝑢 = 0) or a high-density floor or wall with density value 

 
 𝑢∗ = 1 − 30"

40!
 .     (S7) 

 
The stability condition 𝜕5(𝑓" − 𝑓$) < 0 gives that tunnels (u = 0) occur at low pheromone levels 
(𝜌 < 𝜂𝑟$/𝑟"); here there is no building (𝑓" = 0) nor removal (𝑓$ = 0), and so the pheromone 
profile converges to ρ = 0. In contrast, structures (u = u*) occur when the pheromone level is 
high (𝜌 > 𝜂𝑟$/𝑟"), and in the vicinity of a structure, the building and removal rates are both 
equal to the positive value 𝑓" = 𝑓$ = 𝑟$𝑛"𝜂𝑢∗. 

It follows that, along the vertical (z) nest axis (in the direction of gravity, orthogonal to the 
floors), the steady-state pheromone profile ρ(z) approximately satisfies a simplified form of Eq. 3 
(or, equivalently, its dimensionless analog Eq. S5), 

 
 𝛿𝜕&'𝜌 + 𝐻𝜂𝑟$ K1 − #$"

%$!
L − 𝛾𝜌 = 0.    (S8) 

 
There exists a flat profile ρ(z) = ρ* > 0 stable to uniform perturbations if and only if the condition 
𝛼 = 1 − 4𝛾/𝐻𝑟" > 0 is met, which we derive by removing the first term of Eq. S8 and requiring 
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that the partial derivative with respect to ρ at steady-state be negative. After linearizing the above 
equation about ρ = ρ*, we obtain the linear equation 

 
 𝛿𝜕&'𝜌 +

-
'
𝐻𝑟"(𝜌 − 𝜌∗)O𝛼 − √𝛼Q = 0.   (S9) 

 
Looking for exponential solutions of the form 𝑒6& we calculate the characteristic eigenvalues, 
 

 𝜆 = ±T/0!
'.
U𝛼 − √𝛼V = ±T'1

.
	7$√7
-$7

 ,   (S10) 

 
which are complex conjugates because 𝐻𝑟"/𝛾 > 0, so 𝛼 < 1. Denoting the thickness of the floor 
structure by L, the relevant boundary conditions are that the pheromone vanish in the tunnels or 
chambers above and below the floor, represented by Dirichlet boundary conditions ρ(–L/2) = 
ρ(L/2) = 0. The thickness L then scales as one-half of the associated period, and so we have 

 

 𝐿 ∼ B/0!
.
U√𝛼 − 𝛼VC

$&' = B91
.
− /0!

.
U1 − √𝛼VC

$&',   (S11) 
 
where 0 < 𝛼 < 1.   This result implies that in the regime 𝛼 ≈ 1 the floor thickness scales as 𝐿 ∼
[𝛿/𝛾, the prediction that would arise in the case where floors are fully packed, 𝑢∗ ≈ 1. This 
regime is characterized by slow pheromone evaporation relative to its high deposition rate and 
potency. For our parameter values (Table S2), this prediction is a realistic 1.74 mm, consistent 
with our observations in MeMo80 and MeMo14. For the alternative extremal case 𝛼 ≈ 1, in 
which the pheromone evaporation is sufficiently high to result in more diffuse nest interiors, the 
scaling law is plotted in Fig. S3D and is consistent with our full numerical simulations. We show 
sensitivity plots for how this floor thickness L varies with each parameter in Fig. S4. 
 

Model of heat-driven air flow 

The internal structures of termite nests not only determine the traversal patterns of workers; they 
also mediate the flow of air currents with the nest and thereby assist in ventilation and cooling 
(Turner 2001; King et al. 2015; Ocko et al. 2017). Although A. lamani nests are typically 30-50 
cm below ground and are unlikely to be significantly influenced by conductive or wind-driven 
air flow, nest construction in other termite or social insect species may rely on air flow to 
propagate local information across longer scales. Previous models of termite mound ventilation 
and cooling have already been studied (Ocko et al. 2019; Singh et al. 2019)—yet it remains 
feasible that, in the nests of some species, these air currents may influence pheromone diffusion. 
As a result, we investigated the extent to which our modeling assumption of isotropic pheromone 
diffusion well approximates pheromone transport in a more complex model with advection by 
currents that flow preferentially along preexisting tunnels in the nest. 

Due to the relatively low diffusivity δ of these building pheromones (Table S2), ensuring 
that the pheromone marks only a local region of the nest after deposition, we hypothesized that 
air currents should play a minimal role in influencing pheromone transport in our model. To 
numerically validate this, we simulated our model with the addition of air currents and the 
thermal fluctuations that drive them, as formulated in our prior work (Ocko et al. 2019). Using 
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this elaborated model, we then repeated our analysis of the simulated nest structures that formed. 
We found that helical ramps still emerged with the same structure and frequencies (Fig. S6A); 
that the pattern of regular spacing between floors (Fig. S6B) and ramps (Fig. S6C) remained 
qualitatively similar; and that the spectral analysis of nest density was minimally perturbed (Fig. 
S6D). Overall, we conclude that at the local scale of nest construction, the global effects of air 
currents on local pheromones are relatively inconsequential for the formation and arrangement of 
internal nest structures. 

Nonetheless, air currents and the heat fluctuations that drive them are likely to play a 
central role in mediating the transport of other odors or pheromones that serve to provide a more 
global signal than the pheromones we consider in our analysis. These odors, such as the 
proposed “queen pheromone” secreted by the queen, could diffuse over much longer length 
scales in the mound as a means to infer distance from the nest (Grassé 1959). During 
construction of the mound as a whole, then, rather than only the nest topologies as considered 
here, these long-range odors are likely to be carried by air currents and to help define overall 
mound size and shape (Ocko et al. 2019). 
 

Variations on the initial conditions 

Although our analysis of our model was based on the generic assumptions described in the main 
text, we further considered two alternative but complimentary model variants to more thoroughly 
understand the structural dynamics of the simulated nests. 

First, instead of initializing the model domain with a uniform soil density, characteristic of 
the environment surrounding a small nest poised for expansion, in a separate 100 simulations we 
alternatively initialized the model domain with preset, regularly spaced floors according to the 
initial density oscillation function 
 
 𝑢 = -

'
K1 + sin &

9:;
L,     (S12) 

 
which oscillates with a period set at twice the floor thickness L, described above. In this subset of 
simulations, the initial presence of perfectly regular floor structure prohibited the emergence of 
any ramps; in total, across all simulations, not even one linear nor helicoidal ramp is detected, as 
stated in the main text. 

Second, we tested another variant on our initial conditions in which the initial soil density 
was once again uniform as before, but the initial termite worker density was no longer randomly 
dispersed but instead concentrated at a central location according to the mean density function 
 

 𝑛 = 𝐴	exp c− K<
;
L
'
d,     (S13) 

 
where R denotes the Euclidean distance to the initial nest center and A is an amplitude chosen 
such that the total biomass of termites is maintained at the same level as previously. In these 
simulations, due to the relatively high dispersal rate of termites (we use 0.10-0.18 m2/day), we 
find that the termites quickly disperse throughout the soil early in the building process, and so we 
obtain simulated nests that have nearly identical power spectra to those we obtained previously 
(Fig. S7). 
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Hypothesis testing for ramp spacing 

To evaluate whether the distribution of ramps within nest floors was deliberate or random, we 
conducted a standard non-parametric hypothesis test (Kolmogorov-Smirnov) to determine if the 
spacing between a ramp and its nearest neighbor deviated significantly in either one of our two 
scanned nests from the expectations of a null model in which ramps are dispersed uniformly at 
random in the floor area. 

We simulated 10,000 such nests under this null model and compared each to the data. We 
found that nearest ramps on the same floor were more distant across both of our scanned nests (p 
= 0.022 for MeMo14, p = 0.047 for MeMo80) than would be statistically expected by random 
chance, while nearest ramps on adjacent floors (either above or below) were closer (p = 0.040 for 
MeMo14, p = 0.046 for MeMo80) than statistically expected by chance, allowing for more 
efficient travel across vertical distances. 
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Fig. S1. Adjacent floors of A. lamani nests exhibit maximal similarity. (A) Sampling 
locations: two nests (MeMo14 and MeMo13) were collected near Libreville, Gabon; a third nest 
(MeMo80) was collected near Pointe Noire in Republic of the Congo. (B) Horizontal nest 
density (number of pixels) of MeMo80 (Fig. 2A) as a function of nest height shows a regular 
periodic signal. Maxima represent floors, while minima represent open space. Numbering 
corresponds to the floors in panel C and Fig. 2A-B. (C) Correlation between binary images of 
horizontal floor slices. Black circles represent Pearson’s correlation coefficient between the pixel 
values of each floor n and that of the adjacent floor n + 1 above it. Red crosses depict Pearson’s 
correlation coefficient between the pixel values of each floor n and that of another floor at least 4 
layers away. Across nearly all floors, adjacent floors had more similar densities than more distant 
floors. Above floor 13 the floors became convex (Fig. 2A, seen also in the horizontal density plot 
A as decreased amplitudes between minima and maxima), the slices therefore not only included 
pillars and ramps but also parts of the floors, degrading the correlation. 
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Fig. S2. Histogram of construction time for simulated termite nests. Across our base set of 
500 simulated termite nests, using the parameter values in Table S2, simulations ranged in length 
from 11.3 days to 104.6 days, with a mean time of   
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Fig. S3. Vertical slices and scaling from the spatiotemporal model. Model simulation results, 
with parameters set to their average values as listed in Table S2, are plotted as a vertical slice of 
each field through the central nest axis, colored by density or concentration according to the 
colorbar in each panel. (A) Vertical slice of nest material showing the regularity of floor spacing 
and dislocation. (B) Pheromone concentration in the same nest slice, showing that regions under 
active remodeling have a higher local pheromone concentration. (C) Worker density in the same 
nest slice, showing that regions under active remodeling also have a high density of termite 
workers. (D) Across all simulated nests, the steady-state floor thickness L (black circles) closely 
adheres to the scaling law given by Eq. S11 (orange dashed line), and approximately adheres to 
the simpler scaling law 𝐿 ∼ (𝛿/𝛾)-/' (blue solid line). 
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Fig. S4. Sensitivity analysis for floor spacing in the spatiotemporal model. The vertical 
spacing L between nest floors is determined by four model parameters with varying degrees of 
sensitivity. (A) Abbreviated table of the four model parameters that influence floor spacing (see 
Table S2 for a complete list of model parameters and typical values). (B) Sensitivity of our floor 
spacing law to each of these four model parameters, calculated as the magnitude of the partial 
derivatives. The floor thickness is most sensitive to the pheromone diffusivity and degradation 
rate. (C-F) Floor thickness L as a function of each parameter, holding all other parameters 
constant. Black dots indicate typical parameter values as used in panel B.  
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Fig. S5. Smoothed helicoidal ramps extracted from model simulation. Two exemplary 
helicoidal ramps with opposite chirality—(A) left-handed and (B) right-handed—were extracted 
from numerically simulated nest density fields and smoothed through a Gaussian filter with 
width equal to 0.2 of a floor thickness, in order to highlight the regularity of the helicoid. Model 
parameters were set to their average values from Table S2. 
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Fig. S6. Local nest structure is largely unchanged in response to heat-driven air flow. 
Incorporating heat and air flow into our spatiotemoporal model of nest morphogenesis results in 
negligible change to the structural statistics of our simulated nests (cf. Fig. 4), due to the low 
diffusivity of the building pheromone. (A) Heatplot for the frequency of helicoidal ramps in a 
simulated nest as a function of the two model parameters governing pheromone dynamics. (B) 
Histograms for floor thickness (pink) and spacing between floors (cyan), as measured in mm, 
averaged over simulated nests. The histograms show a pattern similar to the natural nests in Fig. 
2c-d. (C) Density plot for the horizontal distance from a ramp to the nearest other ramp on the 
same floor (red) or on an adjacent floor above or below (blue), averaged over simulated nests 
and resembling the natural patterns shown in Fig. 2e-f. (D) The power spectrum of nest density, 
averaged over horizontal slices and transformed along the vertical axis, peaks sharply at the 
expected period (one floor thickness plus one floor spacing) for both simulated (gray) and natural 
(purple) nests, indicating regularly spaced floor structures. 
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Fig. S7. Nest density power spectrum is minimally changed when termites are initially 
located at the nest center. To evaluate the sensitivity of the global structure of our nests to the 
initial dispersal pattern of termite workers within the soil, we ran an independent batch of 
simulations in which the termite workers were initially placed near to a single central location, 
rather than uniformly scattered throughout the soil. The power spectrum obtained from these new 
simulations (blue) closely resemble the spectra from our previous simulations (gray), indicating a 
similar overall nest structure. 
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Statistic MeMo14 MeMo80 
Nest height (cm) 25.2 13.8 
Nest Volume (cm3) 3084 1247 
Number of floors analyzed 18 17 
Number of linear ramps 23 15 
Floors connected by linear ramps (median, min, max) 5, 2, 18 3, 2, 11 
Volumetric density of linear ramps (/m3) 7458 12029 
Number of helices (chiralities) 0 5 (3 left, 2 right) 
Floors connected by helices (median, min, max) - 5, 4, 8 
Volumetric density of helices (/m3) 0 4010 
 
Table S1. Statistics for A. lamani nests. Summary description of the analyzed nests MeMo14 
and MeMo80. The number of floors analyzed refers to ramp and pillar detection. 
 
 
 
Symbol Description Typical values 
g Poroelastic diffusivity of dirt 4–8×10-9 m2/s (Bedayat 2014) 
D Maximal diffusivity of termites 0.10–0.18 m2/day (Kareiva 1983) 
χ Chemotactic coefficient of termites  5–9 m2/day (calculated from Amorim 2015) 
k Dirt pellet size 0.45–1.8 mg (Martius and Ribeiro 2010), 

0.17–0.70 mm3 (calculated for 2.6 mg/mm3), 
0.11–0.46 (scaled for dimensionless density u) 

δ Diffusivity of pheromone 90–120 µm2/s (Kaissling 2014)  
H Production rate of pheromone 1–10 ng/cm3 (Sillam-Dussès et al. 2007) 
γ Degradation rate of pheromone 0.01–10/hour (Khuong et al. 2016)  
r+ Nest building rate 30–80/hour/ng (calculated from Khuong et al. 

2016 and Sillam-Dussès et al. 2007) 
r– Nest removal rate 10–30/hour (calc. from Khuong et al. 2016) 
 
Table S2. Parameter symbols and typical values for spatiotemporal model. Our model 
integrates seven physical and biological parameters that jointly mediate the dynamics of nest 
construction and the structure of the final nest shape. Each parameter is represented by a symbol 
(left column) and a short description (middle column), and each has a range of typical values 
(right column) obtained and calculated from the listed references. 
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Our two movies can be downloaded from the PNAS site for this paper. 
 
 
Movie S1. Video fly-through inside a scanned A. lamani nest MeMo80. This MP4 file was 
created using the open-source software Horos and can be viewed in a media player or web 
browser. 
 
 
Movie S2. Video fly-through inside a simulated nest from our mathematical model. Model 
parameters were set to their average values as listed in Table S2. This MP4 file was created with 
MATLAB and can be viewed in a media player or web browser. 
 
 
 
 
 
 
 
 
 
Our two datasets can be downloaded at the following public repository: 

https://doi.org/10.7910/DVN/Z1GWTI  
 
 
Dataset S1. Interactive 3D rendering of floor spacing and ramp placement in nest MeMo14. 
Orange planes indicate the mean floor positions within the nest. Color circles connected by line 
segments show the location of tunnels connecting adjacent floors, while grey cubes show the 
position of pillars on each floor. The black vertical line points to the top. This HTML file was 
created with the "rgl" package in R and can be viewed and rotated about its central black axis in 
a web browser. 
 
 
Dataset S2. Interactive 3D rendering of floor spacing and ramp placement in nest MeMo80. 
Orange planes indicate the mean floor positions within the nest. Color circles connected by line 
segments show the location of tunnels connecting adjacent floors, while grey cubes show the 
position of pillars on each floor. The black vertical line points to the top. This HTML file was 
created with the "rgl" package in R and can be viewed and rotated about its central black axis in 
a web browser.  
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