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Abstract Eusociality has evolved independently at least twice among the insects: among the
Hymenoptera (ants and bees), and earlier among the Isoptera (termites). Studies of swarm
intelligence, and by inference, swarm cognition, have focused largely on the bees and ants,
while the termites have been relatively neglected. Yet, termites are among the world’s pre-
mier animal architects, and this betokens a sophisticated swarm intelligence capability. In
this article, I review new findings on the workings of the mound of Macrotermes which clar-
ify how these remarkable structures work, and how they come to be built. Swarm cognition
in these termites is in the form of “extended” cognition, whereby the swarm’s cognitive abil-
ities arise both from interaction amongst the individual agents within a swarm, and from the
interaction of the swarm with the environment, mediated by the mound’s dynamic architec-
ture. The latter provides large scale “cognitive maps” which enable termite swarms to assess
the functional state of their structure and to guide repair efforts where necessary. The crucial
role of the built environment in termite swarm cognition also points to certain “swarm cog-
nitive disorders”, where swarms can be pushed into anomalous activities by manipulating
crucial structural and functional attributes of the termite system of “extended cognition.”

Keywords Swarm Cognition - Termites - Macrotermes - Stigmergy - Superorganism -
Social insect
1 Introduction

One of the most remarkable examples of convergence among the animals is the independent
evolution of eusociality in two distantly related groups of insects: the Hymenoptera (the ants,
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bees and wasps) and the Isoptera (the termites). Despite their disparate histories, these two
orders of social insects have evolved virtually identical social structures: populous colonies
consisting of assemblages of sterile workers, often differentiated into castes (including a
caste of fertile individuals that can serve as reproductive propagules for the colony) that
are the offspring of one or at most a few reproductively competent individuals (Wilson
1971). This type of social structure has often been likened to a “superorganism”, in which
the colony has many of the attributes of a more conventionally defined organism, including
physiological and structural differentiation, coordinated and goal-directed action, and so
forth (Wheeler 1911; Novikoff 1945; Moritz and Southwick 1992; Golley 1993).

Among the organism’s cardinal virtues is cognition, whereby the organism comes to be
informed of its environmental context (Kandel et al. 1991; Bechara 2002). If the superorgan-
ism concept has validity, one would expect that it, too, should be imbued with this virtue,
that is, social insect colonies should be capable of cognition at the superorganismal scale
(Millonas 1994; Hutchins 2000; Bechara 2002). Indeed, it has been argued that cognition
itself is fundamentally a social phenomenon, whether the units of the social system are neu-
rons in brains or organisms in societies. That the social insect superorganism indeed has
cognitive powers has been well demonstrated through the ability of insect swarms to re-
spond adaptively to environmental context, or to solve large-scale problems that are beyond
the ken of individuals within the swarm to solve on their own (Bonabeau et al. 1999).

The study of swarm phenomena has been overwhelmingly the province of only one of
the two eusocial insect orders, the Hymenoptera, and among those, it is the ants that have
garnered the most attention (Table 1). In contrast, the “other” social insects, the Isoptera, or
termites, account for only a small proportion of the interest. In part, this reflects the disparate
diversity of the different orders: there are only about 2,400 species of termite world-wide
(Krishna and Weesner 1969), compared to more than 20,000 species of bee alone (Mich-
ener 2000) and roughly 12,600 species of ants (Agosti and Johnson 2005). Robustness in
laboratory culture, the tendency of certain species to emerge as “model” organisms as more
becomes known about them, and other factors may also account for the disparity in atten-
tion. Whatever the source of the bias, the striking convergence in social structure betokens
a (largely unstudied) convergence of social cognition.

If cognition is, by its nature, a social phenomenon, it is also, by its nature, an environ-
mental phenomenon. Thus, swarm cognition, if it is to be studied, let alone recognized, must
account for the environmental context in which it evolved: where the swarm lives, the nature
of its habitat, the problems it must solve and the information it needs to solve them. This
means that the study of swarm cognition must be grounded on a solid foundation of natural
history. Although termites have long been recognized as presumptively cognitive superor-
ganisms, on a par of sophistication with their hymenopteran cousins, just how sophisticated

Table 1 Results of a Google

Scholar® search for distribution
of swarm intelligence studies All fields  Biology only
among the eusocial insects

Search terms Hits Hits

Swarm AND  Ant 7,500 1,020
intelligence
Bee 960 638
Wasp 354 412
Total Hymenoptera 8,814 2,070
Termite 425 209
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Fig. 1 Three examples of macrotermitine mounds. (a) An open chimney mound of the genus Odontoter-
mes. (b) A closed chimney mound built by Macrotermes michaelseni. (¢) A closed-chimney mound built by
Macrotermes natalensis

their cognitive abilities are has been obscured somewhat by a poor understanding of the
natural context for those cognitive abilities.

Among the world’s most sophisticated animal architects are the mound-building ter-
mites of the genus Macrotermes (Harris 1956; Weir 1973; Mitchell 1977; Collins 1979;
Darlington 1986; Dangerfield et al. 1998; Turner 2001; Turner and Soar 2008). These ter-
mites build immense structures of remarkable complexity and coherency, which serve essen-
tially as wind-driven lungs for the colony (Fig. 1). This sophisticated architecture betokens
a sophisticated swarm cognitive ability: termites must not only “know’” how to build such a
structure, but also whether the structure they have built is the “correct” one.

In this article, I will outline some of our recent work on these “other” social insects,
their collective behavior and the structures they build, in the hope the veil can be lifted a
little on what appears to be a remarkably sophisticated system of swarm cognition. I will
set the context by outlining the elements of the mound and colony system (Sect. 2), and
the mechanisms of mound construction (Sect. 3) and maintenance (Sect. 4). What emerges
from these findings is an unexpected role for water as a major organizer of termite swarm
behavior (Sect. 5). From there, I outline new findings on the cognitive world of termite
swarms (Sect. 6). These have led to the identification of several “swarm cognitive disorders”
(Sect. 7) which provide insight into how swarm cognition works in these insects. I conclude
with a broader discussion of whether cognition can even exist in the context of insect swarms
and the structures they build (Sect. 8).

2 The problem

Termites of the genus Macrotermes live in colonies consisting of 1-2 million individuals,
contained in a compact subterranean nest (Darlington 1990). Macrotermes, as the name
implies, are among the largest of the termites, with worker masses of about 14-15 mg,
so that a single colony can contain several kilograms of termites. Macrotermes have also
adopted the remarkable habit of fungiculture, maintaining in the nest a culture of a symbiotic
fungus, Termitomyces spp., which aids in the digestion of the woody cellulose from the grass
and wood that constitute the colony’s main forage (Batra and Batra 1967, 1979; Wood and
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Thomas 1989; van der Westhuizen and Eicker 1990; Darlington 1994; Rouland-Lefevre
2000; Aanen et al. 2002). The biomass of the fungal culture far exceeds that of the termites
themselves, as does its metabolism. The collective metabolic rate of the colony, termites and
fungus, adds up to an impressive rate, probably on the order of about 100 watts (Darlington
et al. 1997), roughly the equivalent of a mammal the size of a goat. Just as it must be in a
goat, this high metabolic rate must be supported by a commensurably high rate of exchange
of respiratory gases. This is where the mound comes in.

Mound structure varies between species of Macrotermes, but their structures fall within
two broad categories, which we term open-chimney and closed-chimney mounds (Fig. 1).
In both designations, the chimney refers to the largest tunnel in an extensive reticulum of
large-caliber vertically-biased tunnels that permeate the mound. In open-chimney mounds,
this central tunnel opens at the top of the mound (Fig. 1(a)). In closed-chimney mounds,
the top is capped (Figs. 1(b), (c)). Our focus has been on two species that build closed-
chimney mounds, Macrotermes michaelseni and M natalensis. Of the two, M michaelseni
builds taller mounds, with a conical base topped by a prominent spire that rises 2—3 meters
tall. M natalensis mounds are shorter, typically 1-2 meters in height and usually consisting
of the conical base only.

In both species, the mound is a device for capturing wind energy to power respiratory
gas exchange for the colony (Turner 1994, 2001, 2002, 2005). Its function is quite complex,
and the structure of the mound and nest are important mediators of this function (Fig. 2).
The nest, where the termites actually live, consists of a spheroidal space that is typically
about 1.5 m in diameter, and contains within it 50 to 100 oblate open spaces called gal-
leries. Each gallery contains a “fungus comb”, which is a complex folded structure con-
structed by nest workers from macerated wood slurry brought back to the nest by forag-
ing workers (Fig. 3). During its construction, the comb is inoculated with fungal spores
which germinate and digest the woody forage into more easily digestible oligosaccha-
rides, which constitute the termites’ actual diet (Rohrmann 1978; Wood and Thomas 1989;
Darlington 1994). Each gallery is connected to its neighbors by one or two small por-
tals roughly 3 mm in diameter, large enough for termites to move through (Fig. 3). The
base of the chimney penetrates into the center of the colony and is constructed from exca-
vated remnants of abandoned galleries (Fig. 2). Consequently, the air mass of the mound
connects to the nest through several of the small portals that commonly connect galleries
to one another. Peripherally, the nest is surrounded by a subterranean reticulum of large
tunnels that open above into the mound reticulum, and peripherally to the extensive net-
work of foraging tunnels that radiate several tens of meters from the nest. The subter-
ranean reticulum also connects to the nest periphery through the same type of small por-
tals that connect the galleries to one another. The mound air spaces, meanwhile, connect
to the outside air through an extensive series of so-called egress tunnels that are rooted
in the superficial tunnels of the reticulum, the so-called surface conduits (Fig. 4). Egress
tunnels tend to occur in egress complexes, tortuous reticula of small-caliber tunnels that
originate from a single entry point on the surface conduit and extend to just below the sur-
face, separated from the outside air by a very thin layer of sand grains. The mound surface
is underlain by hundreds of these egress complexes, and these make the mound surface
porous.

For some time, it was thought the mound supported the colony’s respiratory gas ex-
change by active ventilation of the nest, either through boundary layer effects of wind on the
mound, or metabolism-driven natural convection within the mound and nest (Liischer 1961;
Darlington 1985). For M michaelseni at least, we now know this to be incorrect (Turner and
Soar 2008). Nest ventilation requires that the nest air and mound air are well-mixed. In fact,
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Fig. 2 Structural elements of the mound and nest of Macrotermes michaelseni. Plaster casts depicted here
and in Fig. 4 were made in collaboration with Dr Rupert Soar. (a) Exposed plaster cast of the above ground
tunnel network of a Macrotermes michaelseni mound. (b) A slice cut through a plaster filled spire at mid
height. Note large tunnels in the center grading to smaller tunnels peripherally. (¢) A vertical section through
the nest viewed laterally. Note the chimney outlined by dashed line penetrating into the nest center, and the
small openings that connect the chimney to surrounding galleries. (d) Exposed plaster cast of the subter-
ranean reticulum. Ground level is indicated by the dashed line. (e) Exposed plaster cast of the center of the
mound reticulum. (f) Partially exposed plaster cast of a surface conduit festooned with egress complexes.
ch: chimney; co: colony; ec: egress complex; ga: gallery; re: reticulum; sc: surface conduit; sre: subterranean
reticulum

nest air and mound air constitute two distinct air masses that mix poorly with one another.
Mixing is impeded both by the nest structure (i.e., by the narrow and limited connections be-
tween galleries, between nest and chimney, and between nest and subterranean reticulum).
Mixing is further impeded by stable thermal stratification between nest and mound, owing to
nest temperature being frequently cooler than mound temperature. Gas exchange therefore
does not occur by direct ventilation of the nest, but through a complicated interaction with
turbulent wind that promotes mixing across the stable boundary between nest air and mound
air.
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Fig. 3 Fungus comb galleries
and portals. (a) Fungus combs in
situ in their galleries.

(b) A section of gallery wall
showing one of the portals that
allow access and air flow
between adjacent galleries.

fc: fungus comb; ga: gallery;
gw: gallery wall; po: portal

The mound does this by acting as a sophisticated filtering device for turbulent winds
(Fig. 5). Natural winds are almost always turbulent, which means their energy is partitioned
into two broad components: a “DC” component, consisting of steady wind, overlain by an
“AC” component, consisting of transient fluctuations of velocity. Bulk flow of air through
any structure is essentially DC work, and is limited by the structure’s hydraulic resistance to
flow. Wind can also do AC work, but in this instance the work is limited by the AC analogue
to resistance, namely impedance. Unlike hydraulic resistance, which has no time dimension,
impedance depends upon the frequency of the AC energy. One can use Fourier analysis to
parse these transient fluctuations into a spectrum of discrete sinusoidal frequencies. Doing
this for turbulent winds commonly reveals them to be broad spectrum, with wind energy
distributed across a wide range of frequencies.

This is germane because the mound and nest together comprise a sophisticated im-
pedance device which acts as a low-pass filter of the broad spectrum of turbulent wind
energy (Fig. 5). Near the mound surface, the filtering is minimal, and flows there are driven
strongly by a broad range of turbulent frequencies (Turner 2001). As one goes deeper into
the mound, the high frequencies are filtered out, leaving only the lower AC frequencies to
drive flow there. Within the nest itself, these transient fluctuations are virtually nil. The over-
all effect of this complicated filtering is that nest air is whipsawed between relatively high-
frequency transients at the periphery (conveyed to the nest via the subterranean reticulum),
but low frequency components in the center (where the nest air and mound air connect via
the base of the chimney). This produces a slow-motion “sloshing” of the boundary between
nest air and mound air, promoting occasional mixing between the two. In the chimney, these
appear as periodic “puffs” of nest air that are then swept away by the wind-driven flows in
the mound.

Thus, respiratory gas exchange in the termite colony is a multiphase AC process, similar
to the multiple phase AC function of the mammalian lung. The main difference between
the two is the source and regularity of the AC energy driving exchange. In the lung, it is
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Fig. 4 The egress complex.

(a) A plaster cast of a small
egress complex taken at the top of
amound. (b) A partially exposed
plaster cast of the surface
conduits and egress complexes
emerging from them. The white
dashed line indicates the original
surface of the mound. (¢) A view
of the inside surface of a surface
conduit indicating numerous
roots of egress complexes. (d) An
egress complex appears on the
mound surface as a patch of new
build. (e) The underside of the
patch in (d) indicates the spongy
build ramifying through the patch
and the underlying root of the
egress complex. ec: egress
complex; rec: root of egress
complex; sec: surface of egress
complex; sc: surface conduit

narrow-band cyclical contraction of respiratory muscle. In the termite mound, it is broad-
spectrum turbulent wind. Just as in the lung, this complicated mechanism is supported by a
complicated structure.

With that introduction, swarm cognition among termites can now be put into its proper
context, from which two germane questions arise. First, how do termites en masse know
how to build such a sophisticated structure? Second, how do they maintain the mound in the
face of perturbations to its structure?
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Fig. 5 Schematic of filtering external wind:
mechanism in the Macrotermes turbulent

mound. Details in text deeper tunnels:
moderate filtering

superficial tunnels:
slight filtering

3 How do termites build mounds?

The mound’s complex function rests upon two salient structural features: the mound’s sur-
face porosity, and a particular distribution and orientation of tunnel sizes in the reticulum,
specifically, large tunnels in the mound center grading into the small egress tunnels at the
mound surface. Both arise through the mound being essentially a soil conveyor, with a net
movement of soil from deep in the mound to the surface. As a consequence, voids open
in the center as soil is removed and conveyed to the growing surface. The longer a loca-
tion serves as a source for soil, the larger will be the voids that open there. Over time, the
characteristic distribution of void space in the mound will emerge.

Soil movement occurs through a “bucket-brigade” mechanism. An individual termite
will convey a pellet of soil just a few millimeters, but this pellet can be taken up by another
termite and moved further, and then by another and so on. Using soil marked by polystyrene
beads, we estimate that soil moves about 65 cm over a period of roughly six months. With
this method, we have also established that soil conveyed to the surface can originate from
sources as deep as the nest itself, a distance of roughly two meters.

The movements of soil through the mound are substantial, averaging about 250 kg dry
mass per year. Nearly all of this occurs during the rainy season, and it is largely motivated
by the need to export excess water that percolates into the nest from the torrential rainfalls
that occur then. When termites move water, they usually do so in the form of wet soil, and
water accounts for as much as a third of the mass of transported soil. Termites tend to move
water and soil from wet localities to dryer ones, making the mound not just a soil conveyor,
but a water conveyor as well. This too is substantial, conveying water to the surface at an
export rate of about 125 liters of liquid water per year.

Swarm cognition enters into these movements of water and soil, and it occurs at two
levels of organization, local and global. At the local level is the well-known process of stig-
mergy, whereby deposition of soil by one termite elicits deposition of soil by another, me-
diated by a putative “cement pheromone” laid down when soil is deposited (Grassé 1959).
This drives an autocatalytic process, known as stigmergic building, which produces a char-
acteristic suite of structures, ranging from simple pillars and walls to a complex space-filling
reticulum known as the spongy build (Fig. 6). Stigmergic building frequently occurs in the
context of mound repair, where its ultimate outcome is backfilling of the spongy build to
form a solid plug (see below).

Stigmergic building produces focal building, conveying soil from a wide area to a point
(Grassé 1959; Courtois and Heymans 1991; Bonabeau et al. 1999). Swarm cognition enters
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Fig. 6 The stages of stigmergic building by Macrotermes workers. (a) Punctate building which produces
pillars. (b) Laminar building which produces linear walls. (¢) Laminar building located in a surface conduit
removed from the site of damage. (d) Space-filling spongy build built in a 100-mm PVC pipe implanted in the
mound. (e) Plaster cast of spongy building within a PVC pipe. (f) View of remodeled build inside a perforated

PVC pipe. The finely reticulated spongy build has been extensively remodeled into large smooth-walled
spaces
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because the swarm must “know” soil is to be conveyed to that point. The cognitive cues in-
volved are provided by the stigmergic driver, usually assumed to be the cement pheromone.
Stigmergic behavior by itself cannot explain the structure of the mound, however: that re-
quires there to be a surface-oriented bias to the soil movements, which focally-biased stig-
mergic building cannot provide. For this, a larger-scale cognitive ability is required: to bias
soil transport toward the surface, the swarm must somehow “know” where the mound sur-
face is. This knowledge arises from global-scale maps of the interaction between mound and
environment, which the swarm can then “read” to direct soil transport appropriately. From
our work so far, it appears these maps have at least two dimensions.

The first dimension involves water, which biases soil movements upward, from nest up
into the mound. The mound is commonly dryer than the nest, and the tendency of termites
to convey soil and water from wetter areas to dryer areas will produce a net upward move-
ment of soil. The bucket-brigade dynamic mentioned earlier means that this process will be
autocatalytic: as a dry patch is moistened by the movement of wet soil into it, the dry patch
converts from a net sink for water to being a source that will contribute water to another dry
patch further on. This process is manifest during the transition from the dry season to the
rainy season, as a rising wave of moisture that progresses up into the mound from the nest
below.

The second dimension biases soil movement toward the mound surface and is more com-
plex. The cue that termites follow in this circumstance is a gradient in the AC perturbations
of the mound atmosphere brought about by turbulent wind. AC perturbations are intense
toward the surface but are damped toward the center of the mound (Fig. 5). Termites are
largely indifferent to steady levels of atmospheric components such as CO, concentration or
water vapor partial pressure, but they are strongly motivated by changes of these quantities.
In other words, individual termites are transducers of AC information about their environ-
ments, but tend to filter out DC information.

When presented with an AC perturbation, the individuals within a termite swarm do
one of two things (Fig. 7). Some individuals rush toward the source of the perturbation:

Fig. 7 Model of global swarm cognition. The default state of termites is “sensor”, capable of sensing and
responding to transient perturbations in the local environment that are characterized by time dependent fluc-
tuations of amplitude, f(A), and frequency, ¢. When sensor termites detect a transient that exceeds a critical
amplitude and frequency, they convert to one of two modes: 1st responders or tocsins. Tocsins vicariously in-
form other sensor termites there has been a perturbation, which become recruits. As termites approach regions
of intense transient perturbation, they convert to builders, initiating stigmergic building, described in Fig. 6.
Once a site of stigmergic building is initiated, termites’ activities are driven by local cognitive information
outlined in Fig. 5
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Fig. 8 Effect of transients on
initiating stigmergic building.
(a) Stigmergic pillar build atop a
soil plug. Note the yellow
polystyrene beads embedded in
the build. (b) Recovery of beads
from stigmergic build when
termites are exposed to intense
environmental transients
compared to lighter
environmental transients
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these we call “first responders.” Other individuals rush away from the source: these we call
“tocsins.” The tocsins’ main task is recruitment of other termites, essentially informing them
vicariously of the perturbation, who then themselves tend to proceed en masse toward the
source of the perturbation. Termites appear to switch between these roles, but the net result
is a statistical bias of termites’ movements toward the site of perturbation. Building comes
into the picture because exposure to AC perturbations also increases the likelihood that
termite swarms will initiate stigmergic building (Fig. 8). Once initiated, stigmergic building
becomes autocatalytic.

When placed in the context of the mound’s AC filtering of turbulent wind energy, acti-
vation and building will be biased to the mound surface (where AC perturbations are strong
and broad band), and away from the mound interior (where AC perturbations are weak and
filtered). When stigmergic building is activated at the surface conduits, the result is an egress
complex. Deeper in the mound, the gradient in AC perturbation biases the bucket brigade
toward the surface. Thus, the distribution of AC perturbation within the mound serves as a
sort of cognitive map that uses the mound’s interaction with the temporal dimension of tur-
bulent wind to inform termite swarms of direction and orientation with respect to the mound
surface. In this sense, the mound’s role in swarm cognition is akin to the role played by the
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optical structures of the eye: interfaces that mold a feature of the physical world—light in the
one case, turbulent wind energy in the other—into a form that the sensitive units of cognition
can use to read a cognitive representation of the outside world. There is a sense, however, in
which the mound itself forms a cognitive map, because the mound is a dynamic interpretive
structure that represents the innumerable negotiations among the cognitive agents and the
interpretive structures they build, somewhat akin to the self-organization of the visual cortex
into complex interwoven striations that represent visual fields. No matter how we interpret
the mound, its origin underscores the importance of the environmental dimension in cogni-
tion: termite swarm cognition is only evident in the context of the mound and its interaction
with turbulent wind.

4 How do termites maintain mounds?

Mound building is a rainy season phenomenon, because it is essentially enabled by water:
excess water percolating into the nest brings termites up into the mound where they other-
wise might not venture. It also brings termite swarms into areas where they are more likely
to experience the strong AC perturbations that trigger stigmergic building. However, termite
mounds are always susceptible to damage, whether from erosion, attack by predators such
as aardvarks, or from catastrophic collapse. This compromises mound function, which the
termites restore through programs of mound repair and restoration. Unlike mound building,
mound repair can occur at any time of the year, even when it is very dry. This presents the
termite colony another suite of cognitive problems: how does the colony become informed
that the mound has suffered damage, how does the termite swarm know where the damage
has been done, and how does the swarm come to concentrate its repair activities there? Here,
the mound’s role as a mediator of swarm cognition becomes more evident.

Damage to the mound surface substantially alters the distribution of AC perturbation in
the mound and nest (Fig. 9). Specifically, a breach in the surface acts as a portal for admis-
sion of high-frequency AC wind energy into regions of the mound where it normally would
have been filtered out. These AC perturbations can extend even into the nest. Thus, the re-
cruitment and triggering events that normally would occur only near the surface of the intact
mound may now occur deeper. One of the remarkable features of repair is the initiation of
numerous sites of stigmergic building throughout the mound, reflecting the higher likeli-
hood that termites will encounter a transient perturbation large enough to trigger stigmergic
building. Each focus of stigmergic building therefore represents a “hypothesis” of an as-
semblage of termites for where repair efforts are called for. Over time, a competition arises
between these scattered foci of stigmergic building, with the sites where AC perturbations
are stronger competing for workers against sites where AC perturbations are weaker. The
winner will inevitably be at the site of the damage because it is there that the AC perturba-
tions are strongest. As this site “wins”, more and more workers will attend the site, focusing
stigmergic building there until the breach is plugged. At this point, the AC perturbations are
once again blocked off, workers dissipate and building activity declines. After the breach in
the mound is plugged, the abandoned sites are gradually dismantled and the tunnels remod-
eled to their original smooth surface. This process can take weeks to months, even spanning
multiple rainy seasons.

This process is remarkably similar to the assembly of cognitive maps in the brain. Sensing
agents detect a change of state without “knowing” many details on what the change of
state actually is. There follows the generation of numerous “hypotheses” about what the
change of state is. There is then a “debate” between these competing hypotheses until one
persuades enough agents that it has “got it right”, at which point the “incorrect” hypotheses
are abandoned and the most “persuasive” hypothesis prevails.
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Fig. 9 (Color online) Sequence

of events during mound repair. |ntetnSeb i
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transient perturbation in nest and
mound. Red indicates intense
transient perturbation, green
indicates moderate transient
perturbation, blue indicates mild
transient perturbation.

(b) A breach in the mound
perturbs the perturbation field,
with a focus at the breach.

(¢) The distorted perturbation
field provides vector patch for
termites to follow. (d) Stigmergic
building is initiated throughout
the mound, most intensely near
the breach. (e) Competition
between multiple stigmergic
building sites is resolved when
sites near the breach “win.” The
perturbation field then returns to
normal (a)
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5 Water as an organizer of swarm behavior

One surprising aspect of termite swarm behavior that has emerged from our natural history
approach is a significant role for water in organizing and directing building behavior. Even
more interesting, we have found significant species differences that correlate to large scale
species differences in mound and nest architecture.
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These species differences become evident in laboratory experiments where termites are
allowed to interact with soil pellets provided them, often in the context of a choice between
two soil pellets that differ in some attribute, like moisture. Termites’ movements can be fol-
lowed using videography and image analysis. Soil movements can be followed by seeding
the pellets with unexpanded polystyrene beads, which termites will move as they do soil
grains. Water movements can be followed using non-toxic fluorescein dye, which can la-
bel termites that imbibe water from soil and move it around (Turner 2009a, 2009b, 2009¢).
A video showing this method is available as Video 1—Termite drinkers—in the online sup-
plementary material.

When given soil as a source for stigmergic building, both species show a marked prefer-
ence for wet soil as a source (Fig. 10). Of the two, M natalensis is the more avid stigmergic
builder. Termites will also transport soil away from a pellet: here, M michaelseni appear to
distribute soil more widely. M michaelseni also scatter soil more widely from wet soil than
they do from damp soil, while M natalensis scatters soil indifferently from either wet or
damp sources. In addition, M michaelseni imparts a distinct bias to its scattering, tending to
move soil strongly from wet to damp soils. M natalensis, in contrast, shows no such bias: it
moves soil as much from damp to wet soil as it does from wet to damp soil (Fig. 10).

Another interesting species difference involves the putative cement pheromone that is
widely thought to organize stigmergic building. When M natalensis workers are presented
with a soil pellet from an active site of stigmergic building (fresh build), or a soil pellet made
from “neutral build” (soil from a termite mound that has been removed and exposed to the
weather for several months), they show a marked and immediate preference for the fresh
build (Fig. 11). M michaelseni workers, in contrast, show no such preference. This interest-
ing result indicates that cement pheromone may drive stigmergic building more strongly in
M natalensis workers than it does in M michaelseni workers. Indeed, the results question
whether M michaelseni has a cement pheromone at all: water appears to be the stronger
driver of soil movements in this species.

Finally, termite swarms appear to have a complex internal water distribution economy.
When they encounter a patch of wet soil, termites commonly drink from it. In some in-
stances, they imbibe substantial amounts of water, imbibing nearly half their initial weight of
water. This imbibed water can then be distributed to other termites, usually in the aftermath
of a prolonged ritual of grooming and begging by the termites receiving the water largesse.
This process can be followed by marking the water with fluorescein dye. When termites im-
bibe fluorescein-labeled water, they glow brightly under UV light. Water sharing is evident
by introducing fluorescein-labeled termites into a swarm of unlabeled termites, and then
counting the incidence of newly fluorescent termites (Fig. 12).This behavior is also depicted
in Video 1—Termite drinkers—that is available in the on-line supplementary material. Both
species take up water quite rapidly, but M michaelseni distributes water much more quickly
and more broadly to other termites than M natalensis does. On average, M michaelseni will
share their water loads with about three other termites. M natalensis workers share water
with two other workers on average.

These behavioral differences correlate with the differences in mound architecture. Specit-
ically, building behavior of M michaelseni appears to be more strongly driven by water, and
has a stronger tendency to move soil and water along gradients from wet to dry. Building
behavior of M natalensis, in contrast, appears to be more confined by a greater reliance on
cement pheromone to organize building. The taller mound of M michaelseni may therefore
be accounted by its being a more “exuberant builder”, organized more strongly by large scale
gradients in soil moisture than M natalensis swarms are. In M natalensis swarms, for their
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Fig. 10 (Color online) Water as
an organizer of soil movements
by termite swarms. (Top panel)
Mobilization of beads into
stigmergic build only. (Middle
panel) Dispersal of beads from
soil pellets that differ in moisture
content. “Wet” soil refers to a soil
pellet with water added to the
point of puddling, roughly 30%
by weight. “Damp” soil refers to
a soil pellet with just sufficient
water added to make the pellet
cohere, typically about 3% by
weight. (Bottom panel)
Movement of beads between soils
of different moisture contents.
Open diamonds: average of all;
Red triangles: M natalensis
swarms only; Magenta squares:
M michaelseni only
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part, the building behavior is more strongly stigmergic (and therefore focal) in nature. Be-
cause stigmergic building is self-limiting, M natalensis are therefore the more “restrained”
builders, therefore producing smaller structures.

6 Elements of termite swarm cognition

From these and other results, we have formulated a rough working model of swarm cognition
among termites. At its base are three fundamental sensory modalities that feed information
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a. M natalensis C M michaelseni

Fresh build

Proximity to soil plug centroid (mm)

Elapsed time from plug introduction (min)

Fig. 11 Response of different species to putative cement pheromone. Experiment measured the proximity
of worker termites to the centroid of a 30 mm diameter soil pellet. Pellets were made either from fresh build,
removed immediately prior to the experiment from an active site of stigmergic building, or from “neutral
build”, soil removed from a termite mound that had leached for several months. Time zero is the introduction
of the pellet to the swarm. M natalensis workers gravitate immediately to fresh build, but migrate only slowly
to moist neutral build. M michaelseni workers are indifferent to whether the soil pellet is fresh build or neutral
build

about the physical and social environment to individual termite brains. The first modality
is tactile inputs that arise through physical contact between termites, or between termites
and physical objects in the environment. These can include the self-constructed environ-
ment of the mound. Second, termites are sensitive to fluctuations in local conditions, such
as local CO, concentrations, humidity and air currents. Finally, there is a rich medium of
chemical communication between termites, mediated mostly by pheromones. These can be
air-borne chemicals or chemicals laid down by other termites. There is no visual cognition:
Macrotermes workers are blind.

From these sensory channels, the termite compiles a cognitive representation of its local
world. In addition to these cognitive inputs, internal drives may also impel termites to cer-
tain behaviors. We know, for example, that termites deprived of water for a few hours will
avidly seek out wet soil when it appears, so there is a thirst driver in operation. Termites
normally live in a rich cognitive world of tactile, environmental and chemical information.
Each of these modalities can shape swarm behavior in different ways. Tactile cues, for exam-
ple, elicit behaviors like edge following or clustering, a peculiar state where termites seek
each other out and form into dense assemblages. Environmental perturbations tilt swarm
behaviors toward recruitment, as described above. The pheromonal channel biases swarm
behavior toward stigmergic building, queen cell construction and trail following. Depend-
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Fig. 12 Water sharing in termite
swarms. Distribution of water is
measured by distribution of
fluorescein dye. Five water-sated
termites (“sharers”) are
introduced to 25 thirsty termites.
If water is transferred from a
sharer to a thirsty termite, the
latter becomes an “imbiber”,
which is detected by when it
glows under UV light. The 0 b
number of fluorescing ter{nl?e} is 0 5 10 15 20 25 30
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ing upon the particular mix of sensory information coming in, termite swarms may tend
toward one or the other of these swarm behaviors. In the initial stages of mound repair, for
example, termites face a mix of tactile, environmental and chemical signals. This produces
the confused initial response, whereby some swarms initiate stigmergic building, only to
be diverted from this from time to time by strong environmental perturbations. Ambiguity
declines in the later stages of repair, where pheromonal signals dominate and the swarm is
overwhelmingly directed by stigmergic building.

7 Swarm cognitive disorders?

A well-functioning cognitive system should provide a reasonably faithful mental represen-
tation of the real world. Real cognitive systems sometimes fail in this, and the result is a
cognitive disorder, such as schizophrenia. In brains, these appear to arise for the most part
from some disregulation of the various cognitive sub-systems of the brain: visual, auditory,
interpretive, mnemonic and so forth.

If there is, in fact, such a thing as swarm cognition, it follows that there should also
be swarm cognitive disorders. We have identified several instances of anomalous swarm
behaviors in termites that we believe qualify as swarm cognitive disorders. These could
serve as useful experimental probes into the diffuse process of swarm cognition.

7.1 Anomalous plug formation

The first example is driven by a disordered representation of the progress of mound repair.
In normal mound repair, the resolution of the many competing “hypotheses” outlined above
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concentrates stigmergic building at the site of damage. This culminates in the production of
a plug that seals the breach, which marks the end of the stigmergic building phase of repair.

Stigmergic building can be induced in artificial as well as natural situations. One tech-
nique that we have used is to place a 100-mm diameter PVC pipe into the mound, open at
the implanted end and capped at the outside end (Fig. 13). Termites will avidly build in this
situation, producing an advancing front of spongy build progressing up the pipe. At some
point, a plug is formed at the front’s distal surface, as occurs in natural repair. The putative

Fig. 13 Sequence of stigmergic
building in a 4” PVC pipe
implanted into a termite mound.
Top panel indicates placement of
PVC pipe in the mound. The

pipe’s proximal end (P) is open, \
giving worker termites access to

the pipe. The pipe’s distal end

(D) is capped. Bottom panels are

photographic of spongy build at
1,2 and 7 days. Cross-section
areas of void space are given
below each photograph. The
culmination of stigmergic
building is complete packing of
the pipe with soil

-

proximal build distal build

1,605 mm? 320mm?

7 days

103 mm? 24 mm?
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Fig. 14 Remodeling in a perforated PVC pipe. (Top panel) Side view of the perforated PVC pipe described
in the text. Access holes are visible on the labeled perforations. (Bottom panels) Three views of the remodeled
plug inside a perforated PVC pipe. Termites building in the perforated pipe have made the normal transition
from stigmergic building and plug formation to remodeling the soil, opening large voids similar to the mound
reticulum. Contrast with the course of building in the non-perforated pipe sections in Fig. 13. D: distal end of
pipe; P: proximal end of pipe; pf: perforations; vo: excavated void spaces; pl: remaining solid plug

cognitive disorder becomes evident in the subsequent course of stigmergic building within
the pipe. In normal mound repair, the plug produced is only a few centimeters deep, and the
cessation of stigmergic building and the initiation of remodeling takes place within a few
hours. In the pipe, however, stigmergic building continues for several days, culminating in
the pipe becoming completely packed with soil (Fig. 13). In short, the termites produce a
“plug” that extends the entire length of the pipe, usually half a meter in our experiments.
This anomalous result follows from a failure of the swarm to make the transition from stig-
mergic building phase to remodeling. When numerous holes are drilled in the pipe wall,
however, the transition to remodeling occurs normally (Fig. 14), appearing and numerous
large voids that have opened within the soil packed into the pipe.

The anomalous behavior results from a disruption of the cognitive cues that terminate
the stigmergic building phase. Let us assume that the intensity of stigmergic building is pro-
portional to the number of workers engaged in stigmergic building, which itself is a balance
between recruitment of workers to stigmergic building, and the reversion of workers from
stigmergic building to other activities. Recruitment is effected in two ways: by encountering
a transient perturbation sufficiently intense to trigger the conversion of a worker to a builder,
or by encountering a local concentration of cement pheromone sufficiently high to stimulate
stigmergic building. In the early stages of stigmergic building, pheromone concentration is
a weak recruiter, because few workers are involved. Transient perturbations, in contrast, are
initially strong, and this is the principal driver of stigmergic building then. As numbers of
builders (and pheromone deposition rates) increase, recruitment shifts primarily to being
pheromone-driven, and becomes autocatalytic and self-sustaining.

For its part, pheromone concentration is the balance between pheromone deposition rate
and its dissipation rate. Deposition rate is a direct function of the number of workers engaged
in stigmergic building, which is itself determined by the balance between recruitment and re-
version. Dissipation of the pheromone can come about in two ways, either through chemical
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decay or through dispersal. Chemical decay is peculiar to the particular pheromone: some
may degrade at faster rates than others. In some instances, when water is the “pheromone”
driving stigmergic building, as appears to be the case for M michaelseni, the decay term is
null. Dispersal is determined by the structure of the spongy build, in particular the connec-
tivity of the build’s void space to the larger air space of the mound. Dispersal is lowered
as the voids in the spongy build become smaller, more tortuous and more isolated from the
larger air spaces of the mound.

This conceptual model helps clarify the cognitive processes behind the normal course
of stigmergic building, as well as how these cognitive processes can become disordered in
the pipe. In normal mound repair, recruitment is either transient-triggered, or pheromone-
triggered. Prior to plug formation, transient triggering is particularly intense in the distal
parts of the build, so the most intense stigmergic building occurs there. It also means that
pheromone-triggered recruitment will be most intense there.

As the plug is formed, transient-triggered recruitment declines, leaving only pheromone-
mediated recruitment to drive stigmergic building. As distal soil deposition proceeds, it will
shrink the distal voids in the spongy build, restricting pheromone dispersal there, which
drives up local pheromone concentration, and which further enhances distal soil deposition.
This autocatalytic process produces backfilling behind the plug, deepening it until the back-
filling reaches the mound’s larger air spaces, where pheromone can disperse more easily.
At this point, plug formation stops and the swarm can proceed to remodeling. Thus, termite
swarms “know” when plug formation is finished because the interaction of building with
structure provides the swarm a cognitive representation of the plug’s completion.

When swarms build in a pipe, this cognitive representation is distorted, because the pipe
now interferes with the dispersal aspect of the cognitive cues that inform the swarm when
plug formation is “done.” Stigmergic backfilling thus continues for much longer than it or-
dinarily would, packing the pipe solidly with soil, essentially producing an anomalously
thick plug. This also explains why plug formation and the transition to remodeling occur
normally if the pipe has had numerous holes drilled in the side (Fig. 14). Pheromone disper-
sal is no longer compromised, restoring the cues that tell the swarm when plug formation is
complete.

7.2 Swarm aphasia

Termite swarms are organized through a complex language of tactile and chemical signals
between individual members of the swarm. These drive the process of recruitment in re-
sponse to transient perturbation of the environment, as might occur following mound injury,
as described above. An individual termite can either experience such a perturbation directly,
or experience it vicariously, being informed of it by other termites.

This process can be easily observed in vitro. Termites are placed in a chamber consist-
ing of two “lanes” joined by a common well (Fig. 15). Air is precisely metered through
both lanes. Introducing a short pulse of CO; into one lane exposes the termites in that lane
directly to a transient perturbation. Termites in the other lane cannot directly sense the per-
turbation, however, but can be informed of it indirectly by tocsins. Recruitment is indicated
by movement of termites in this second lane.

As swarm density increases, there appears to be a breakdown of the language that drives
recruitment, a kind of crowding-induced swarm aphasia (Fig. 15). When the swarm contains
50 termites, a transient pulse quickly activates termites in the directly exposed lane, and there
follows a vigorous recruitment in the vicariously sensed lane. When the swarm is increased
to 75 termites, activation in the directly exposed lane is still vigorous, but now recruitment
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Fig. 15 Density induced swarm aphasia. Top panels depict the apparatus used to partition direct respon-
siveness to perturbations from indirect recruitment. Graphs depict total swarm motion in the two lanes and
the well connecting them. Total swarm motion is measured from image analysis of video recordings of the
respective regions of the apparatus. It is assessed by measuring the change of position of termites at 100 ms
intervals, and so represents the collective motion of the swarm. Total swarm motion is measured as a grayness
value that ranges from O to 255. Left graphs represent motion at low swarm density, middle graphs represent
motion at intermediate swarm density and right graphs depict motion at high swarm density. A video of
density-induced swarm aphasia is available as Video 2 in the online supplemental material

in the vicariously sensed lane is poor. Recruitment still occurs in the well, where termite
densities are lower. With a 100 termite swarm, all termites are insensitive to the perturbation,
even when it is experienced directly. High density appears not only to compromise the direct
language between termites that produces recruitment, but also to desensitize the termites to
higher-order cognitive cues such as transient perturbations of their environment.

The model for swarm cognition outlined above provides a useful interpretation of this
apparent swarm aphasia. If termite brains have a capacity limitation on processing sensory
input, it follows that increasing intensity in one modality will crowd out other modalities. As
swarm density increases, one can expect the inputs through the tactile channel to increase,
perhaps to the point where the termites become insensitive to other inputs. Thus, termites in
intermediate density swarms are resistant to recruitment, even if they are directly sensitive to
a perturbation stimulus: the swarm is responsive, but partly aphasic. In high density swarms,
even the receptivity to environmental perturbations is diminished, and the swarm becomes
completely aphasic. A video of this transition to crowd-induced aphasia is provided in Video
2—A swarm cognitive trap—in the on-line supplemental material (Turner 2009a, 2009b,
2009c).

7.3 Signal persistence/habituation mismatching

The mound is an AC filtering device for turbulent wind, largely because it is built by crea-
tures whose cognitive systems are tuned AC devices themselves. In more conventional
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terms, termites habituate to sensory stimuli, so that termites become less responsive to a
particular level of sensory input, say that arising from a particular concentration of CO,, the
longer they are exposed to it. The response to a change of CO, concentration, in contrast, is
much more intense.

It follows that there must be some degree of matching between the time domains of
transient environmental stimuli and habituation. The mathematics behind such matching
is complex, but it is analogous to the well-known phenomenon of impedance-matching in
electrical and acoustical systems.

In a nutshell, the habituation to a particular sensory stimulus is quantified by some time
constant of decay. Any activity stimulated by a step change of the sensed property, say an
increase of CO, concentration, will therefore decline with time. Transient stimuli, for their
part, also have a time domain that can be described as a frequency of variation. To be re-
sponsive, there must be good matching between the time domains of sensory habituation
and environmental stimuli. When the period of a transient environmental stimulus is less
than the receiver’s habituation time, the system will be responsive. When the transient stim-
ulus period is longer than the habituation time, the system’s responsiveness is diminished.
To reiterate, this is why mound building is a surface phenomenon: the high frequency (short
period) components of turbulent winds are relatively unfiltered and so have periods much
less than the termites’ habituation times: in short, there is good impedance matching be-
tween termite and environment. Deep in the mound, where only the low frequencies have
been admitted, periods of transient stimuli are longer than the habituation times, so that these
are essentially invisible to the termites. Impedance matching between cognitive system and
environment is poor there.

The effects of mismatches in time domains can be modeled in an agent-based simulation
platform such as NetLogo. Snapshots of one such simulation is depicted in Fig. 16 (Turner
2009a, 2009b, 2009c¢). A video of these simulations is available as Video 3—Cognitive trap
demo—in the supplemental online material. Here, agents lay down attractive pheromone
trails whose persistence times can be altered through adjustments of diffusion rate and evap-
oration rate. This changes the time domain of the environmental stimulus. In this simulation,
the termites’ habituation time can also be altered, essentially by changing the strength of at-
traction to pheromone.

Fig. 16 (Color online) SIGNAL PERSISTENCE
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When habituation is rapid (that is, the habituation time constant is short), agents move
about more or less at random, irrespective of whether the persistence of the pheromone is
long or short (Fig. 16). This is because pheromone attractiveness very quickly “wears off” in
rapidly habituating termites. With long habituation times, though, termite swarms enter into
a self-perpetuating cognitive trap. Once a termite has entered a pheromone cloud, it tends
to stay there, because the attractive power of the pheromone persists, i.e., it does not “wear
off”. The trap becomes self-perpetuating because termites deposit more pheromone as long
as they reside within the cloud. Thus, the effect of a mismatch in signal persistence/sensory
habituation is to drive termites into a “cognitive trap” from which they cannot escape. It is
the swarm equivalent of an obsessive/compulsive disorder in human cognition.

8 Does swarm cognition exist?

At its root, cognition is a means of creating a representation of an environment in which an
organism lives. This representation must be accessible to the organism in such a way that it
can be interpreted, and acted upon appropriately. The representation so created should also
map the environment with reasonable fidelity. To do so, cognitive systems require a minimal
set of elements. Among these are sensors, for transducing whatever physical signature of
the environment is being mapped (patterns of light, sound, pressure, chemicals, etc.) into
some form of information that is accessible to the cognitive agents. These devices can either
sense the environment directly, as photosensors do; or vicariously, as simple cells of the
primary visual cortex, or cells in the lateral geniculate nuclei, do. There must also be a phys-
ical interface between the sensors and the environment, such as the structures of the optical
eye (cornea, iris, lens, vitreous body and aqueous humor) that focus light information into
a usable image. Finally, cognitive systems seem organized into hierarchies, so that multiple
incomplete mental representations are formed between initial sensation and ultimate cogni-
tive map. The information processing structures of the retina, lateral geniculate nuclei, and
visual cortex are examples of this.

Brains and sensory systems are the usual context for our thinking about cognitive sys-
tems, but there is no inherent reason why cognitive systems need be circumscribed in this
way. Life occurs at multiple scales of organization, ranging from cell to organism to super-
organism. If cognition is useful for one level of organization, as it clearly is for organisms, it
is difficult to argue that cognition would not be useful, or possible, at higher organizational
levels as well. So by simple logic alone, swarm cognition is not only imaginable, it should
be likely.

In this article, I have argued that there exists a superorganismal cognition that operates
at the level of the termite colony and its affiliated structures. My case is largely analogical.
The mound, for example, is a physical interface between the colony and an aspect of its
environment that is important for the colony to know—the interaction with turbulent wind.
In this instance, the mound serves the same function as the optical structures of the eye,
even though the nature of the images are radically different in the two: a two-dimensional
light image in the one case, and a three-dimensional map of turbulent perturbations in the
other. Similarities also exist in how the respective systems solve a cognitive problem. Re-
constructing 3D information from the 2D image projected onto the retinas often requires the
resolution of conflicting information from the two eyes, for example, and this often involves
competition between multiple “hypotheses” constructed by the various centers of the brain
on what the “true” representation is. These are then resolved through a competitive process
of inhibition and facilitation. We see something similar in the termite mound following per-
turbation to its structure, where the swarm poses multiple “hypotheses” about the location of
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damage, which are then resolved through a competitive interchange of information between
subsets of the swarm. Finally, there is a component of memory, as Passino et al. (2008) indi-
cate, that is involved in honeybee swarm cognition in the context of choosing among various
candidate sites for the swarm to inhabit. Similarly, one can say with some confidence that
collective memory, both long-term and short-term, resides in termite swarms, although these
are likely to be embodied in the structure of the mound, in transient structures that arise in
the context of mound building and maintenance, and in the distributions of perturbation,
water and pheromones.

It is possible to draw other analogies, but what seems to unite them all is that cognition
involves much more than the interchange of information between cognitive agents. Rather,
swarm cognition depends upon patterns of information exchange and processing between
cognitive agents, and with the built structures that shape the functional interaction between
agent and environment.
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