
 

1 

TRAFFIC FLOW AND TACTILE INTERACTIONS ORGANIZE THE LABOR OF 
SUBTERRANEAN TERMITES DURING TUNNEL EXCAVATION:  AN ALTERNATIVE 

TO SCENT MEDIATED STIGMERY 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

By 
 

PAUL MICHAEL BARDUNIAS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
A DISSERTATION PRESENTED TO THE GRADUATE SCHOOL 
OF THE UNIVERSITY OF FLORIDA IN PARTIAL FULFILLMENT 

OF THE REQUIREMENTS FOR THE DEGREE OF 
DOCTOR OF PHILOSOPHY 

 
UNIVERSITY OF FLORIDA 

 
2013 



 

2 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© 2013 Paul Michael Bardunias



 

3 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To my father, who taught me how to think, and my mother, who taught me why 
 
 
 

 



 

4 

ACKNOWLEDGMENTS 

I thank my family, my wife Helaina, my daughter Arianna Rose, and my sons, 

Paul and Benjamin, for their enduring support throughout the long process of my 

education.  I never gave up because you never did.  I received invaluable emotional 

support from my brothers, Peter and John, my beloved aunt Paulette Merchel and her 

husband Paul, as well as Lloyd and Cynthia Greenberg, Sarah Greenberg, Andrew 

Greenberg and Marissa Lyons.  My parents, Peter and Bonnie, and my grandparents, 

Florence Mauro, and Helen, and Henry Posluszny were my inspiration.  I thank my 

advisor, Nan-Yao Su, the patron saint of second chances, for giving me the opportunity 

to study these fascinating insects.  I also thank those who supported my research 

directly and my collaborators, Paul Ban, Ron Pepin, Stephanie Osorio, Aaron Mullins 

Sang-Hee Lee, Thomas Chouvenc, Hou-Feng Li and Rou-Ling Yang for their 

assistance and scholarly discussions.  My gratitude goes to my committee, Robin 

Giblin-Davis, Bill Kern, and Monica Elliott, for not being risk-averse.  I hope their bet 

pays off.  Lastly, I thank my partner Caroline Efstathion for showing me that entomology 

is more than theory and saving lives in the process. 

 



 

5 

TABLE OF CONTENTS  

ACKNOWLEDGMENTS .................................................................................................. 4 

LIST OF TABLES ............................................................................................................ 7 

LIST OF FIGURES .......................................................................................................... 8 

CHAPTER  

1 INTRODUCTION AND LITERATURE REVIEW ..................................................... 11 

Introduction ............................................................................................................. 11 
Nest Excavation ...................................................................................................... 12 

More Than Pheromone Control Is Required For Excavation .................................. 13 
Tunnel Orientation .................................................................................................. 14 

Choosing Excavation And Branching Sites Without Scent Labeling ....................... 15 

2 EXCAVATION SITE SELECTION .......................................................................... 19 

Introduction ............................................................................................................. 19 
Methods .................................................................................................................. 21 

Results .................................................................................................................... 24 
Tunneling .......................................................................................................... 24 

Comparison Of Tunnel Widths ......................................................................... 26 
Distribution Of Lateral Excavation Distances .................................................... 27 

Discussion .............................................................................................................. 28 

3 BRANCH FORMATION .......................................................................................... 42 

Introduction ............................................................................................................. 42 

Materials And Methods ........................................................................................... 44 
Experiment 1: Proximity to Tunnel Tip .............................................................. 46 

Experiment 2: Size of Depression .................................................................... 46 
Experimental Results .............................................................................................. 47 

Experiment 1: Proximity to Tunnel Tip .............................................................. 47 

Experiment 2: Size Of Depression ................................................................... 48 
Discussion .............................................................................................................. 48 

4 EXCAVATION THROUGH WOOD ......................................................................... 56 

Introduction ............................................................................................................. 56 

Material And Methods ............................................................................................. 58 
Statistical Analysis .................................................................................................. 59 
Results .................................................................................................................... 59 
Discussion .............................................................................................................. 60 

LIST OF REFERENCES ............................................................................................... 69 



 

6 

BIOGRAPHICAL SKETCH ............................................................................................ 76 

  



 

7 

LIST OF TABLES 

Table  page 
 
2-1 A comparison of tunnel width (mm ± S.E.M.) at the digging face at the tip and 

at two distances from the tip ............................................................................... 33 

3-1 The mean number of excavation and deposition events (± SD) and the 
number of trials for which branches formed out of 15 replicates ........................ 51 

3-2 The mean number of excavation and deposition events (± SD) ......................... 52 

 



 

8 

LIST OF FIGURES 

Figure  page 
 
2-1  Two-dimensional arena design consist of two clear ........................................... 34 

2-2  A typical queue at the tip of a tunnel. .................................................................. 35 

2-3  Termites travelling down a tunnel ....................................................................... 36 

2-4  Antennation of the digging face at the tunnel tip ................................................. 37 

2-5  Tunnel propagation at three time intervals. ........................................................ 37 

2-6  The distribution of the distances of excavation events ....................................... 38 

2-7  The characteristic postures of a termite digging towards the lateral edges of 
the tunnel tip. ...................................................................................................... 39 

2-8  A model of termite excavation based on the bi-directional traffic flow in 
tunnels and the responses of individual termites to tunnel features and traffic 
congestion. ......................................................................................................... 40 

3-1  Experimental arenas. .......................................................................................... 53 

3-2  A 3 mm by 3 mm depression in the tunnel wall .................................................. 54 

3-3  The distal end of a tunnel during excavation showing termites in queue. ........... 55 

4-1   Two-dimensional arena design. .......................................................................... 63 

4-2  Two-dimensional arena 72 h after exposure to termites.. ................................... 64 

4-3  The dry mass of paper before and after 72 h exposure to termites. ................... 65 

4-4  Paper parcels deposited along the inside of tunnels .......................................... 66 

4-5  Paper parcels deposited within a tunnel, completely filling it .............................. 67 

4-6  Paper deposited within the opened introduction space ...................................... 68 

 



 

9 

 

Abstract of Dissertation Presented to the Graduate School 
of the University of Florida in Partial Fulfillment of the 
Requirements for the Degree of Doctor of Philosophy 

 
TRAFFIC FLOW AND TACTILE INTERACTIONS ORGANIZE THE LABOR OF 

SUBTERRANEAN TERMITES DURING TUNNEL EXCAVATION:  AN ALTERNATIVE 
TO SCENT MEDIATED STIGMERY 

 
By 

Paul Michael Bardunias  
 

May 2013  
 

Chair: Nan-Yao Su  
Major: Entomology and Nematology 
 

Stigmergy originated from the study of nest construction in termites and has been 

a model for self-organized systems.  All current models of termite construction rely on 

this type of indirect communication between termites in the form of the chemical 

marking of work-product.  We propose an excavation process that is governed solely by 

tactile interactions of termite excavators and patterns of traffic flow.  Coptotermes 

formosanus Shiraki tunnels are bi-directional and radiate away from an origin.  These 

vectors provide shared information that coordinates the labor of individuals.  When 

excavation sites at the digging face of the tunnel tip were occupied by other termites, a 

queue of excavators awaiting access formed.  Termites in queue responded to this 

delay by excavating soil from the tunnel wall. By examining excavation under conditions 

of high-flow and low-flow, we demonstrated that the rate of lateral excavation increased 

with queue length, a process we termed “digging pressure.”   This scales tunnel width to 

traffic flow.   
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 The presence of a queue mediates branch formation.  The likelihood that a 

depression became a branch was determined by competition between soil excavation 

enlarging it and deposition filling it in.  When 3 mm by 3 mm depressions were 

positioned within a zone of tunnel near the tip, branches invariably formed, but when 

these depressions were further away from the tunnel tip, branches were less likely to 

form.  Increasing the size of depressions did not greatly increase the likelihood of their 

becoming branches. 

Coptotermes formosanus excavates through food sources in a process that 

results in the deposition of masticated food particles within tunnels in a manner 

previously shown for excavated soil.  If soil Basidiomycota opportunistically invaded the 

microhabitat of fecal carton covered wood fragments along C. formosanus tunnels, then 

the basic mechanics of tunnel excavation through soil, when applied to a food source, 

serve as a preadaptation to evolution of the cultivation of fungi by termites.  If, on the 

other hand, C. formosanus is exploiting fungi and fungal conditioned wood sequestered 

in tunnels, then a novel form of agriculture, perhaps the first to exist between fungus 

and insect, may be described.               
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW 

 
Introduction 

As the saying goes, there is no substitute for a good first impression. Many 

people encounter their first termite with furrowed brow and opened wallet, as they 

examine the damage done to their houses by a hungry colony tunneling up from below.  

But for others, the first termites they meet are the happy families of industrious little 

gnomes that construct soaring fairytale spires as portrayed in the academy award 

nominated movie “Mysterious Castles of Clay” (1978), or more recently Calderone’s 

“Besieged Fortress” (2006).  From the titles of these movies, it is clear that the 

structures constructed by termites are the source of our fascination, and rightly so, for 

they build domiciles that on their scale are three times higher than the tallest human 

sky-scrapers (Hansell 2005), and incorporate architectural complexities that are 

instructing human builders (Holbrook et al. 2010).  This dichotomy of insidious 

burrowers beneath and inspired architects above is pervasive among termitologists as 

well.  Cryptic, subterranean or wood dwelling species, ironically termed “lower” termites 

(Wilson 1971), are primarily the subject of studies aimed at pest control, while studies of 

“higher” termites are seen as driving forward our understanding of evolution, social 

behavior and computer science.  If more primitive termites primarily excavate their living 

space (Wilson 1971), then the processes by which derived lineages build above ground 

may reflect a simple evolutionary tinkering with the mechanics of tunneling.  Just as all 

construction is only as firm as its foundation, so too a true understanding of how 

termites evolved the process by which they build the above ground structures requires 

knowledge of the mechanics of how they construct below.   
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The aesthetic form of nest mounds arises from the need to overcome the 

physiological challenges of their constructors posed by the environment (Aanen and 

Eggleton 2005).  The mounds can rightly be viewed as an extension of their 

constructor’s phenotype (Dawkins 1999, Turner 2005).  The termites cannot survive 

long outside of the mound’s protection and have exported physiological functions to the 

structure. In addition, the termites are ecosystem engineers (Jones et al. 1994), 

specifically soil engineers, whose actions modify the soil horizons in a manner that 

creates niches in the environment (Bignell 2006). 

If there is no centralized, top-down, control of laborers, then how is the workforce 

organized?  Grasse (1959) put forth a simple scheme by which termites organize their 

labor that became known as “stigmergy”, an indirect mode of communication between 

termites whereby the work product of a builder acts to guide the response of 

subsequent workers.  This process relies on the application of various pheromones to 

mark sites and to identify the work product of construction to induce positive feedback 

loops, wherein building by one individual stimulates additional construction at the scent 

labeled site.   

Nest Excavation 

The most basal lineages of termites primarily excavate their dwellings in wood or 

soil rather than build complex structures (Wilson 1971).  It may be accurate to say that 

the termite “castles” are simply the by-product of the excavation of nests below ground 

and result from a need for space to place the tailings from the clearing of tunnels and 

chambers (Li and Su 2008).  As with construction, termites work together to excavate 

soil.  They do this by removing soil in a rotation of individuals at the site of tunnel 

elongation, each of whom loads a parcel of soil by mouth (Li and Su 2009, Bardunias 
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and Su 2010).  Many cockroach species, related to the ancestor of termites, excavate 

soil, but they commonly do so by displacing and compacting soil with the forelegs (Bell 

et al. 2007).  This mode of excavation may be optimal for digging while moving through 

soil as an individual, essentially “swimming” through soil.   Because they use their 

mouths, termites digging alone would need to make many, long trips from the tunnel tip 

to a remote site to deposit excavated soil if the tunnel is to remain open and 

unobstructed.  However, as group excavators, they are able to form digging groups that 

form a “bucket-brigade” (Anderson et al. 2002), which increases the efficiency of 

excavation by mouth.  It may be important that the closest relative to the termite clade, 

Cryptocercus spp., are semi-social and excavate both by forelimb and by mouth. 

More Than Pheromone Control Is Required For Excavation 

Stigmergy forms the basis of all current models of nest construction, but when 

applied to the excavation of galleries within soil (Sudd 1975, Buhl et al. 2005, Kramer 

2005), each of these failed to produce elements of natural tunnels or required additional 

information and added complexity in the marking system.  Stigmergic marking faces 

challenges as an organizing force in excavation.  In the context of construction, termites 

are thought to apply a pheromone marker from their mouths as they place soil parcels, 

and these deposited parcels then attract other termites with loads to drop.  The use of 

stigmergy in excavation requires termites to label the void from which soil is removed in 

order to direct future excavators to the proper digging site.  Furthermore, the parcels of 

soil removed from a tunnel wall cannot be marked so as to attract other termites to 

excavate from wherever it is deposited or termites would be caught in a loop, picking up 

and dropping the same particles.  To overcome this constraint, high dissipation rates for 

pheromone labels or the addition of more scent labels have been hypothesized (Buhl et 
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al. 2005 Kramer 2005).  This added complexity, based on no empirical data, violates the 

simplicity that has been suggested as support for the stigmergic hypothesis. 

The three main organizational forces hypothesized by stigmergic marking in 

excavation: tunnel orientation, the selection of sites at which individuals remove soil, 

and the production of branches from main tunnels.  Focus on stigmergy as an 

explanation of how termites build tunnels may have obfuscated the importance of other 

methods used by termites to orient and propagate their tunnels. 

Tunnel Orientation 

The subterranean termite, Reticulitermes flavipes (Kollar), has been shown to 

orient the initial excavation of tunnels around the rim of an introduction chamber in a 

nonrandom manner that may increase termite foraging efficiency by spreading 

exploratory tunnels away from one another and thus reducing overlap in a search area 

(Robson et al. 1995). Tunnels radiate from a central point, and this initial nonrandom 

element might be sufficient to ensure an evenly distributed search pattern in featureless 

soil. Su et al. (2004) simulated the patterns of tunnels radiating from a central site.  

From this study it became clear that termite tunnels do not loop backwards as we might 

expect if the direction of propagation was simply a “random walk” from the origin.  

Termites appear to be orienting not just the origin of tunnels from a central introduction 

site, but the propagation of their tunnels in a nonrandom manner. 

Honey bees (Gould et al. 1978) and ants (Camlitepe and Stradling 1995) use the 

earth’s magnetic field to navigate, and magnetic reception may exist in termites as well 

(Becker and Gerish 1981, Maher 1998), but this remains to be studied. Although the 

use of physical irregularities (edge-following) and olfactory gradients in the soil as 

guides for orientation has been demonstrated previously (Evans 2003), olfactory 
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gradients can only cause a change in tunnel heading over a close range to the source 

(Su 2005).  It has been shown that termites only followed the edges of wooden 

guidelines (Swoboda and Miller 2004), which begs the question of whether the structure 

represents a guide to be followed or a goal in itself.   

One means of orienting foraging paths is dead reckoning, the integration of 

idiothetic or environmental cues to track position relative to a point of origination 

(Mittelstaedt 1983). Subterranean rodents use dead reckoning (Kimchi and Terkel 2003) 

to orient their tunnels in an efficient manner. Dead reckoning is common in insects 

(Collett and Collett 2000), and it has been implicated in termite orientation (Golberg 

1975). Bardunias and Su (2009b) demonstrated path integration in subterranean 

termites by forcing them to walk along an L-shaped path between the tunnel origin and 

the tunnel end where they were free to dig. The termites did not excavate at random, 

but elongated their tunnels following a vector that was directly away from the tunnel’s 

origin.  They termed this the Global Away Vector (GAV).  

 

Choosing Excavation And Branching Sites Without Scent Labeling 

Studies to prove that pheromone labeling is not the guiding force in tunnel 

excavation are not easy to design.  Because the stigmergic scent labels used in 

excavation remain hypothetical, any direct evidence against their existence could be 

challenged by invoking further hypothetical pheromones in a more complex scheme.  

For my thesis I have chosen a different tact.  Rather than disprove the current 

paradigm, I will propose another viable scheme and allow the scientific community to 

gauge the relative merit of each. 
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Stigmergic marking provides a straightforward means of directing future termites 

to excavate at specific sites.  But direct labeling of specific sites may not be necessary if 

the movement of termites themselves is constrained within narrow tunnels, causing 

termites to tend to loiter in the vicinity of sites where excavation is required.  The 

bidirectional flow of termites through tunnels, the movement of prospective excavators 

towards the tip and termites loaded with soil back toward the mouth, can serve to focus 

labor at the tunnel ends where excavators must halt or turn around.  Variation in the flux 

of termites at any point in the tunnel will change the tunnel environment, with an 

increase in worker-worker interactions that limit movement options and access to some 

digging sites, while focusing labor on others. Traffic flow can constrain termite 

movement in a manner that focuses labor at specific sites along tunnels.  We 

hypothesize that if subterranean termites in queue at the tip of a tunnel alter their 

behavior by switching tasks from attempting to move forward towards the end of the 

tunnel and the digging face to excavating from the tunnel wall at their current location 

(lateral excavation), then crowding and traffic congestion could focus excavation along 

tunnel walls near the tunnel tip.  The objective of this study is to analyze the process of 

tunnel excavation in the Formosan subterranean termite, C. formosanus, at the level of 

the individual termite to determine the mechanics of excavation.  In this study we will 

observe the behavior of individuals preliminary to digging and determine the location of 

excavation sites within tunnels as a whole and within the area of the tunnels where 

queue formation occurs.  By creating two distinct sizes of queue in tunnels, we 

examined how queue size affected the manner in which tunnels were widened as they 

were elongated. 
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The flow of termites moving past depressions may act as an alternate means of 

ordering termite labor.  The flow of termites between a tunnel tip and the tunnel’s origin 

may be crucial to the correct functioning of the system.  Bi-directional traffic flow through 

tunnels results in termites that are seeking to excavate moving outward to dig at the 

tunnel tip and termites loaded with excavated soil moving back towards the beginning of 

the tunnel to drop their loads of soil.  This may make excavation from depression near 

the tunnel tip more likely, while focusing the deposition of soil on depressions near the 

tunnels origin.  While stigmergy can account for branch formation from tunnels, the 

movement of termites along tunnels and the focus of excavation near the tunnel tip may 

be the primary force in selecting where branch tunnels arise.  We hypothesize that the 

orientation of potential termite excavators towards the tunnel tip and the formation of 

queues make excavation from depressions that are close to the tip more likely than 

those along the rest of the tunnel’s length.   

Termites are known to create hollows through wood that appear similar to tunnels 

excavated through soil (Delaplane and Lafage 1990).  Termites might simply “eat” their 

way into a wood source, producing tunnel-shaped artifacts, but they may excavate 

tunnels in wood following the same rules used in soil excavation.  Tunnelling through a 

food source may pose additional challenges to a scent-mediated system, because of 

the blending of stigmergic and gustatory cues.  If labor is organized by physical 

interactions between termites and their nestmates or the tunnel walls, then the physical 

nature of the substrate being excavated may not affect the process beyond the manner 

in which they contribute to, or alleviate, the formation of queues.  Density of soil may 

cause delays due to the difficulty of loading dense substrate, clay for example (Tucker 
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et al. 2004).  We hypothesize that tunnels through a cellulose food source arise not from 

the substrate being “eaten”, but by being excavated according to the mechanics 

previously outlined for tunnel creation in soil.  

If tunnelling through a food source follows the same mechanics as soil excavation, 

then we can expect tailings of wood will be dispersed throughout the tunnel complex.  

Wood fragment sequestered in this manner represents a resource that can be exploited 

by the termites later, and creates a niche for microbes.  Soil Basidiomycota may 

opportunistically invade this microhabitat of wood fragments, and produce a system 

which shares many elements of the type of fungal agriculture seen in higher termites 

(Aanen and Eggleton, 2005).  Thus, the mechanics that evolved to excavate soil may, 

when applied to a wooden substrate, serve as a preadaptation to the evolution of the 

cultivation of fungi by termites.   
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CHAPTER 2 
EXCAVATION SITE SELECTION 

Introduction 

 
The overall morphology of termite tunnel complexes has been quantified 

(Reinhard et al. 1997, Pitts-Singer and Forschler 2000, Campora and Grace 2001, Su 

and Puche 2003), but very little attention has been paid to the manner in which 

individual termites coordinate their digging efforts.  Nest construction might be expected 

to share common principles with tunnel excavation and has been examined in a few 

highly-derived termite species (Grasse 1959, Bruinisma 1979, and Jones 1979).  Based 

on these few empirical studies, self-organized nest building in termites has been 

extensively modeled (Courtois and Heymans 1991, Deneubourg and Franks 1995, 

Bonabeau et al. 1998, O’Toole et al. 2003). Grasse (1959) proposed the concept of 

stigmergy, an indirect mode of communication between termites whereby the work 

product of a builder acts to guide the response of subsequent workers, to account for 

the apparent coordination of effort.  A common feature of all these models of termite 

construction is the employment of various releaser pheromones to mark sites or 

pathways and to identify the work-product of construction to induce stigmergic feed-

back loops.   

Termites move large particles by gripping them with their mandibles, but in 

digging parcels of soil the mandibles play a secondary role.  The spread mandibles, 

along with the labrum and labium, form a cup for holding soil, while the maxillae move to 

load and pack soil into this cavity, with the maxillae alone having extensive contact with 

the hollow created by excavation (Li 2006).  This process of removing parcels of soil 



 

20 

from the working face at the tunnel tip provides far less opportunity for pheromonal 

marking of the site of labor than the placing of parcels of soil, which were held for some 

time in the mouth and theoretically infused with exudate before being used in nest 

building.  Even if we assume pheromone labeling occurs, the system in excavation must 

be more complex than in nest or gallery construction, for if a digging site is labeled to 

attract excavation, parcels of removed soil coated with this marker should not induce 

digging wherever they are dropped. 

Bonabeau et al. (1998) touched upon the notion of an asymmetrical flux of 

individuals being directionally “convected” to provide a template for construction.  Jones 

(1979) described a peculiar “halting” behavior in laborers of Nasutitermes costalis 

(Holmgren).  This behavior arose from direct interaction between termites and involved 

termites that could not complete their tasks because of traffic conditions that stopped 

them for a given period and kept them from taking action.  Recent models have taken 

into account halting times, as well as some ergonomic factors such as crowding and the 

periodicity of construction (O’Toole et al. 1999, 2003).  Contact between individuals has 

been shown to regulate traffic flow along foraging trails in ants in a self-organizing 

manner (Couzin and Franks 2003).   

  Our investigation of termite excavation breaks with previous theories of 

construction.  Rather than begin with the assumption that tunneling is governed by the 

pheromone gradients and markers associated with stigmergic communication, we 

hypothesize that pheromones play no direct role in the mechanics of excavation, 

relegating their role to trail marking and recruiting the labor force to tunnels.  Along with 

possible tactile stigmergic signals generated by labor, we looked to the similar 
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dimensions of the bodies of termite excavators, interactions between individuals, and 

the termites’ normative responses to environmental cues to order excavation.  Traffic 

flow is essentially bidirectional in tunnels that radiate from a common source, either a 

chamber or branch node. This provides common information to termites in the form of 

end points where termite movement is blocked or turning is required.  Variation in the 

flux of termites at any point in the tunnel also changes the tunnel environment, with 

worker-worker interactions increasing in frequency, limiting movement and access to 

tunnel walls.   

Herein we analyzed the process of tunnel excavation in the Formosan 

subterranean termite, C. formosanus, at the level of the individual termite and described 

the behavior of termites at the digging face and in queues awaiting access.  We 

demonstrated that a combination of bidirectional traffic flow in tunnels and local flux are 

sufficient to regulate the width of burgeoning tunnels. 

Methods 

Termites were collected from a C. formosanus colony as described by Su and 

Scheffrahn (1986) in the summer of 2006. They were stored at 27 ± 2°C in plastic boxes 

with thin, moist wood chips for no more than 30 days prior to experimentation.   

The experimental arenas are similar to those used by Lee et al. (2008a).  They 

consisted of three layers of clear acryl, top and bottom layers (13 ×13 cm × 5 mm),  and 

a 2 mm thick spacer in the middle to create a circular space (10 cm in diameter) in 

between (Fig. 2-1a).  The enclosed space of the arena was filled with sand (150–500 

μm sieves, Play Sand Bonsal, Miami, FL) moistened with deionized water ≈ 7% by sand 

weight (Fig. 2-1b).  At the outer edge of the top layer, a 1.5 cm diameter hole was drilled 

through it and the middle spacer.  A lidded cylinder (3 cm x 2 cm) was placed over this 
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hole to act as a termite release chamber (Fig. 2-1c). The chamber was provisioned with 

small slivers of pine wood and connected to the sand of the arena via a 1 cm x 4 mm 

tunnel formed by a cut-out in the inner spacer (Fig. 2-1d).  The arenas were placed 

horizontally on a raised platform and tunneling activity was recorded at room 

temperature (26°C) with a video camcorder (Sony GR-D22U, Tokyo, Japan) mounted 

below the arena.  

Many factors potentially could influence the number of excavators entering 

tunnels, such as the motivational state and health of the termites and recruitment to the 

tunnel in response to soil environmental factors, but the most easily manipulated is the 

number of termites in the arenas.  Two treatments were employed to create two distinct 

levels of flux in tunnels.  To approximate low flux, 30 termites (27 workers and 3 

soldiers) were introduced into the arenas, while 130 termites (117 workers and 13 

soldiers) were used to produce high flux conditions.  We ran five trials of each 

treatment, where tunneling was recorded and data was transcribed for a 60-min period 

following an initial tunnel distance of 1 cm.   

From these recordings we measured variables including tunnel dimensions, the 

number of termites and the location of excavation (Fig. 2-2).  Excavation could take 

place at the tunnel tip or occur when termites in a queue behind the individual at the 

tunnel tip take soil from the tunnel walls.  The taking of soil from tunnel walls by termites 

without access to the tunnel tip was termed “lateral excavation.” 

By definition the width of the tunnel at its tip is not due to lateral excavation, 

whereas any widening that occurs at a distance from the tip results from lateral 

excavation.  To determine the effect of lateral excavation on tunnel width, we compared 
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the width of tunnels every 10 min for 60 min at 0.0 (the tunnel tip), 0.5, and 1 cm 

distance from the tip to the nearest 0.25 mm.  Because of heteroscedasticity and 

departures from normality in these data, we used the Kruskal-Wallace test (Chi-square 

approximation) to detect significant difference among means and then grouped by 

Dunn's post test at α = 0.05.  The mean tunnel widths for both high and low flux 

treatments at 1.0 cm, its expected maximum, was compared using a t-test at α = 0.05. 

For each 10-minute interval for both high and low flux treatments, we also 

measured the change in tunnel length during the interval.  This elongation distance over 

time provided a rate of tunnel extension.  We compared the rate of tunnel elongation 

between high and low flux treatments with Chi- square analysis at α = 0.05. 

In order to determine if the queue length is proportional to the total number of 

termite placed in arenas, we recorded the length of queues for both high and low flux 

treatments. Queue length was determined by counting the number of termites in mutual 

contact at the tunnel tip at 5 min intervals over 60 min.  This resulted in 12 replicates for 

each treatment.  The mean number of individuals at the tunnel tip, including both the 

foremost excavator and those in line behind, for both treatments was compared using a 

t-test at α = 0.05.   

Further variables associated with tunneling were needed to elucidate the 

mechanics of the process, but we did not seek to conduct a comparison between high 

and low flux treatments. These were derived solely from the videos of the high flux 

treatment. We examined the average number of times that termites swept their 

antennae across the tunnel wall at the digging face prior to excavation, the average time 

(sec) spent at the digging face during the digging process, and the time (sec) spent in 



 

24 

the queue by those termites that excavate laterally prior to digging. We also determined 

the number of instances in which a termite excavated laterally prior to entering the 

queue at the tunnel tip. 

The termite’s place in the queue limits the location of any lateral excavation it 

carries out to the area around its head.  In the tight-packed conditions at the tunnel tip, 

the size and shape of other termites may determine how close to the tunnel tip a 

potential excavator in a queue can progress.  If there is a system of scent marking for 

excavation sites, we would not expect the peaks of excavation to match those predicted 

by the limitation of access due to packing.  We analyzed the first half hour of each of the 

five high flux recordings to determine the distribution of the distances of lateral 

excavation sites from tunnel tip.  All digging events that took place within 1 cm from the 

digging face at the tunnel tip were measured to the nearest 1 mm.  The number of 

excavation events occurring in each of these ten intervals of 1 mm width was compared 

by ANOVA at α = 0.05 (SAS Institute 1985)  

Results 

Tunneling 

 
Termites moved consistently from the tunnel mouth to the tunnel tip, antennating 

the tunnel walls as they passed (Fig. 2-3 A).  In some rare instances (6.7 %, n = 113 

excavation events), individuals stopped and excavated laterally prior to reaching the 

queue at the tunnel tip. This excavation appeared to be in response to a feature (Fig. 2-

3 B, a) of the relief of the tunnel wall, a depression or a bulge (Lee et al. 2006). 

Upon arriving at the end of the tunnel (Fig. 2-3 C, a), if the digging face was 

unoccupied, they antennated the soil an average of 2.48 ± 1.0 (mean ± SD, n = 25) 
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times before removing soil.  Each antennation event consisted of sweeping the 

antennae inwards and outwards across the soil surface.  Rhienhard et al. (1997) 

reported termites “touching” their antennae to wood where we might expect olfaction to 

be the primary sense in use. In contrast excavating termites pressed their moniliform 

(bead-like) antennae into the soil until they deformed to match the relief of the tunnel 

surface (Fig. 2-4).  

There was high variance in the time it took for individuals to complete the digging 

process, which included antennating the tunnel walls prior to digging, loading their 

mouthparts with soil, and leaving the digging face (14.36 ± 7.65 seconds, n = 50). The 

time increased if the termite did not fill its mouthparts with soil from one site, but moved 

between locations at the digging face, antennating and taking small portions of soil from 

each.  A common source of delay was the impenetrability of the queue behind the 

foremost excavator.  Often the queue had to unpack in order to give a loaded excavator 

a path to retreat through.   

 When the digging face was occupied, termites formed a queue behind the 

foremost excavator (Fig. 2-3 C, 2).  While in queue, they pushed against the termites in 

front of them and jostled those beside them in an attempt to move forward.  They often 

performed horizontal oscillatory movements (Stuart 1967), thought to have a 

communicative function, and in rare cases would grip the abdomen or rear leg of 

termites ahead of them and pull them out of line.  Individuals in queue could also turn to 

the tunnel wall at their current position and excavate laterally (Fig. 2-3 C, a).  For those 

individuals that excavated laterally, they did so after an average wait time of 7.005 ± 

4.207 (n = 50) seconds.   
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 After excavating a parcel of soil, termites walked backwards or turned 

around in the tunnel and moved back towards the tunnel mouth.  They either unloaded 

beyond the mouth of the tunnel or pressed the parcels of soil against the tunnel wall, 

anywhere from the tip to the mouth (Fig. 2-3 D).  The distance they traveled prior to 

unloading the excavated soil determined the length of their round trip and influenced the 

time between excavation events for each individual. 

Comparison Of Tunnel Widths 

Any increase in the width of a tunnel beyond that seen at the tunnel tip must 

have been due to lateral excavation along the tunnel wall.  The data from the high-flux 

treatment showed a wedge-shaped propagation of the tunnel because lateral 

excavation by those in queue widened the tunnel back from the tunnel tip (Fig. 2-5).  

There was a clear increase in tunnel width from the digging face at the tip to a distance 

of 1.0 cm at all time intervals at high flux (Table 2-1).  The data at 0.5 cm shows the 

trend towards widening, but the values were intermediate and not significantly different 

from both those at the tip and at 1.0 cm.   

 The low flux treatment data shows a more complex pattern, which changed over 

time (Table 2-1).  At time 0, when the excavated tunnel is 1.0 cm in length, no 

significant difference in width at the various distances was recorded.  As the tunnel 

elongated, there was a trend toward widening at the 0.5 cm distance, while at 1.0 cm 

the tunnel was narrower.  The apparent temporal structure of the low-flux treatment data 

can be explained by the elongation rate of ≈ 2 mm in each 10 second interval.  The site 

on the tunnel wall where the 1.0 cm value was recorded is roughly the same place the 

0.5 cm value was measured 2-3 time intervals earlier.  The tunnel did not narrow 
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between the two distances.  What occurred is that the whole tunnel gradually became 

wider, with the time delay explaining the difference in widths.   

The width of the digging faces at the tunnel tip for both high and low-flux 

treatments were usually less than the width of two termite heads (≈ 2 mm), limiting 

access to one excavator at a time.  The mean widths of tunnels at 1.0 cm were 

significantly different between high and low treatments (t = 18.731, df: 128, n = 65, P < 

0.0001).  There was no significant difference (P = 0.12, n = 35) in the rate of tunnel 

elongation (mm/hr) between high (15.3 ± 1.4) and low flux (11.8 ± 0.3) treatments.  The 

similar rates of tunnel elongation between treatments were due to this limitation of 

access to the digging face, for at the level of flux in both treatments there was an almost 

constant supply of workers at the tunnel tip.   

The average length of queues (number of individuals in line awaiting access to 

the digging face) differed significantly (t = 6.2; df: 102; P < 0.0001, n = 35), between the 

high flux (7.2 ± 0.2) and the low flux (5.1 ± 0.3).    

Distribution Of Lateral Excavation Distances 

The distribution of lateral excavation sites within 1 cm from the tunnel tip is 

shown in Fig. 2-6 A.  From a minimum value at 1 mm, the occurrence of lateral 

excavation rose to a significant peak at a distance of 3 mm, and then tapered to a 

second low at 7 mm.  A second, smaller peak occurred at a distance of 9 mm from the 

tunnel tip. Interestingly, the average number of excavation events was evenly divided 

between those that occurred at the tunnel tip, 540 ± 15.378, and those that occurred 

along the tunnel wall within 1.0 cm from the tip, 507 ± 7.368 (χ2 = 1.040, d.f. = 1,  P =  

0.3078). 
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Discussion 

We created differential queue lengths by increasing the number of termites in the 

arenas between the “low flux” and “high flux” treatments.  For both treatments the tunnel 

width was established not at the digging face at the tunnel tip, but by the lateral 

excavations of termites in queue along the tunnel wall.  The longer queues occurring in 

the “high flux” treatment led to wider tunnels.   

The distribution of lateral excavation sites resulted from interactions between 

individuals that limited the access of other excavators to specific areas of the tunnel 

rather than the detection of pheromonal marking.  Termites are slightly wider than they 

are high, so that when they pack in tight or pass in a narrow tunnel they tend to orient 

themselves dorsal to dorsal orientation to minimize the cross-sectional area of the pair 

(Fig. 2-3 B).  In our arenas, the vertical height was limited by the 2.0 mm vertical 

thickness of the inner spacer which led to tunnels with elliptical cross section.  This is 

not a biological artifact of arena design, because natural tunnels show a similar vertical 

compression and an oval cross-section (Bardunias and Su 2005).  

There is some variability in the postures that the foremosan termite could 

assume, or could be pushed into while excavating: hump-backed, body-down, or 

unbent.  These positions and the resulting density of packing could help explain the 

initial peak of lateral excavation events (Fig. 2-6 A, B).  Where the ≈ 4-5 mm long 

termites take soil from the tunnel tip limits the posture they can assume.  When digging 

towards one side of the digging face, they tended to assume a hump-backed stance as 

they lowered their mouth parts to the soil, their thorax humped up and their abdomen 

down (Fig. 2-7 A).  The forward progress of the second termite in queue behind an 

excavator at the tunnel tip in this position was limited to about 3 mm from the tunnel tip.  
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When termites at the digging face excavated directly ahead, along the direction of 

tunnel propagation, they were able to assume a posture that allowed the second termite 

in queue to move closer to the tunnel tip ( Fig. 2-7 B, 2-3 B) but no closer than the ≈ 1 

mm width of the termites head.  If a termite completely blocks access with its ≈ 4-5 mm 

long body, access is limited to that distance from that tip.  Because the second 

individuals in queue have probably been waiting the longest and are most likely to 

excavate laterally along the side wall, they cause the peak of lateral excavation over the 

range of distances, determined by how close to the tunnel tip the position of the termite 

in front of them allowed them to approach.     

The ≈ 4-5 mm length of termites makes 4-5 mm a likely distance for the third 

termite in queue to excavate (Fig. 2-6 B).  There is a zone between 6 and 7 mm where 

access is strictly limited by the bodies of other termites in a tighty-packed queue, 

followed by an increase in excavation events further from the tip (Fig. 2-6 B).   

Our findings, while not directly disproving pheromonal labeling, allow us to 

propose an excavation process that is governed solely by tactile interactions (Fig. 2-8).  

Termite tunnel geometry limited travel to two directions, out to the tip or back to the 

origin.  Individual termites travelled down tunnels (Fig. 2-3 A) until they were halted by 

some feature, a queue of termites or the tunnel’s end (Fig. 2-8 “Move”).  This focused 

excavation at the digging face and the surrounding tunnel wall with no need for specific 

pheromone labeling of digging sites.  As termites travelled down the tunnels, they 

antennated the wall surface (Fig. 2-8 “Antennate”) and might have responded to a 

feature (Fig. 2-3 B), an outcrop or a depression, if it was sufficiently stimulating to 

release digging behavior (Fig. 2-8 “Feature?,” “yes”).  The extensive deformation of the 
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whole antennae when exploring the wall, rather than just the antennal tips, may indicate 

that tactile examination of the digging face plays an important role in the choice of 

digging site.  Chemoreceptors are primarily found at the distal segments of C. 

formosanus antennae, while mechanoreceptors exist on all segments (Tarumingkeng et 

al. 1976).  Because they had yet to dig and were unburdened (Fig. 2-8 “Loaded?,” “no”), 

they excavated laterally (Fig. 2-3 C, b) from the tunnel wall at their current position (Fig. 

2-8 “Excavate”) and reversed their heading to move towards the tunnel’s exit (Fig. 2-8 

“Invert vector”).  They then repeated the steps of the previous cycle, but, because they 

were carrying soil in their mouthparts (Fig. 2-8 “Loaded?,” ”yes”), they would drop their 

load within the tunnel (Fig. 2-3 D) or beyond the tunnel mouth (Fig. 2-8 “Drop”) and 

invert their heading to return to the tunnel tip for more soil (Fig. 2-8 “Invert vector”).       

 If a feature failed to release digging behavior (Fig. 2-8 “Feature?,” “no”), then 

they continued on to the tunnel tip.  If they reached the tunnel tip and the digging face 

was occupied, their forward progress blocked by one or more termites (Fig. 2-3 C), they 

then formed a queue of termites (Fig. 2-8 “Queue”).  After a period of time (Fig. 2-8 

“Delay,” “yes”), these termites that had not yet picked up soil (Fig. 2-8 “Loaded?,” “no”) 

excavated laterally (Fig. 2-8 “Excavate”), and continued as above.  If the delay was not 

sufficient to release digging behavior (Fig. 2-8 “Delay,” “yes”), or there was no queue, 

they reached the tunnel tip (Fig. 2-8 “Tunnel end”) and excavated soil (Fig. 2-8 

“Excavate”) and continued as above.   

Many factors influenced the number of termites at the tunnel tip.  The time spent 

by the foremost excavators at the digging face to choose a site and take on a load of 

soil defined the minimum delay of those awaiting access.  The length of tunnel and the 
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walking speed of termites produced the round trip time for individual excavators.  

Longer trip times are expected to reduce pressure because termites will be spending 

less of their total excavation and travel time in queue at the tunnel tip.  The geometry of 

the tunnel may cause traffic delays or congestion, while any features along tunnel walls 

could cause the termite to stop and antennate them (Lee et al. 2006).   

Lateral excavation from the tunnel wall was directly proportional to queue length. 

We have termed this effect “digging pressure” because the manner in which the tunnel 

expands laterally in response to an increase in the number of excavators is analogous 

to the effect of increasing pressure in a closed system.  This expansion just behind the 

tunnel tip sets the width of expanding tunnels and leads to the characteristic wedge-

shaped advance of tunnel tips.  Nowhere else will the digging pressure be as high as in 

a stretch of tunnel occupied by a queue, such as the tunnel tip or a zone of traffic 

congestion.   

In longer queues, individuals can be flanked on both sides by fellow excavators 

and denied access to the tunnel walls.  Although the area of any stretch of tunnel may 

increase as it widens, the linear distance of tunnel wall from which soil may be taken 

remains constant.  The length of a queue is far more important than the density of 

termites in determining digging pressure, for only those termites that have access to soil 

can excavate and contribute to the widening.   

Lateral excavation could have resulted from interplay between conflicting forces: 

if there was an urge to reach the tunnel tip, it may have waned with time spent in the 

queue and been eclipsed by a rising urge to excavate.  If the termites were responding 

to a specific geometry they associate with a tunnel tip (Lee et al. 2008b), they may have 
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responded to the constriction formed by the tunnel wall on one side and the body of a 

fellow excavator on the other as a cue for excavation (Fig. 2-7, dashed line).  Waiting 

time would be less important in this case than positioning in determining the likelihood 

of excavation.  The delay in queue also increased the time of exposure of an excavator 

to a feature along the tunnel wall and would have increased the chances of generating a 

response, so there could be an interaction between queuing and tunnel geometry.  

There is another factor, only touched upon in this chapter, which underlies the 

excavation process.  Soil, once excavated, must be dropped at a remote location.  The 

manner and distribution of the placement of excavated soil along tunnel walls and the 

environmental cues that release dropping behavior or excavation away from the queue 

at the tunnel tip will be addressed in a separate chapter. 

Digging pressure can produce tunnel features beyond initial width.   The 

formation of queues due to the impeded flow of termites at any point in the tunnel, such 

as intersections or constrictions, will lead to widening.  This will scale the tunnel width to 

traffic flow.   

The termite tunneling system relies on the existence of starting and ending points 

to coordinate labor.  As a tunnel widens with increased pressure, the width of the 

digging face at the tunnel tip expands beyond a width that allows one or two workers 

simultaneous access.  When the digging face broadens, the location of the tip of the 

tunnel becomes unfocussed and fragments into multiple discrete digging sites.  Multiple 

tunnel tip formation is the precursor to bifurcation and branching, and the emergence of 

branching and tunnel branch patterns, from simple variations in flux and directed 

excavation. 
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Table 2-1. A comparison of tunnel width (mm ± S.E.M.) at the digging face at the tip and 
at two distances from the tip 

 
Treatment Time (min) 

 
Distance from tunnel tip (cm) 

 
  0 0.5 1 

 0 1.9 ± 0.1 a  2.9 ± 0.1 ab 3.7 ± 0.2 b 

10 1.9 ± 0.1 a  3.1 ± 0.1 ab 3.7 ± 0.2 b 

High flux 20 1.9 ± 0.1 a  3.0 ± 0.2 ab 3.5 ± 0.1 b 

30 2.0 ± 0.1 a  3.0 ± 0.2 ab 3.4 ± 0.1 b 

40 1.7 ± 0.1 a  2.9 ± 0.2 ab 3.2 ± 0.1 b 

50 1.7 ± 0.1 a  2.9 ± 0.1 ab 3.2 ± 0.1 b 

60 1.8 ± 0.1 a  3.0 ± 0.2 ab 3.4 ± 0.1 b 

 0 1.6 ± 0.1 a  1.5 ± 0.1 a 2.0 ± 0.1 a 

10 1.2 ± 0.1 a  1.6 ± 0.1 ab 1.9 ± 0.1 b 

20 1.3 ± 0.1 a  1.9 ± 0.1 b   1.8 ± 0.1 ab 

Low flux 30 1.6 ± 0.1 a  2.4 ± 0.1 b   1.8 ± 0.2 ab 

 40 1.8 ± 0.1 a  2.8 ± 0.1 b   2.4 ± 0.2 ab 

50 1.8 ± 0.1 a  2.9 ± 0.1 b   2.4 ± 0.1 ab 

60 1.8 ± 0.1 a  2.9 ± 0.1 b 2.8 ± 0.1 b 

*Values are the means of five replicates.  Means followed by the same letter in a row 
are not significantly different according to a Kruskal-Wallis test and then grouped by 
Dunn's post test (α =0.05). 
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Figure 2-1.  Two-dimensional arena design. A) These consist. of two clear 5 mm thick 

acryl plates and a 2 mm thick central spacer between them. B) An opened 
central space filled with sand. C) A cylindrical introductory chamber. D) 
connected to the sand-filled portion of the arena through a 1 cm × 4 mm 
channel. 
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Figure 2-2.  A typical queue at the tip of a tunnel. Each termite in queue is numbered 

successively (1-5), and arrows indicate the sites of excavation.  Termite (1) is 
excavating at the digging face at the tip of the tunnel, indicated by the extent 
of the dotted line.  The white dashed lines indicate the tunnel width at 
successive distances from the digging face: 0.0, 0.5, and 1.0 cm. 
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Figure 2-3.  Termites travelling down a tunnel. A) A termite antennating the tunnel wall. 

B) The back to back posture is assumed as they pass in a narrow tunnel; a 
feature, a, in this case a bulge in the tunnel wall that blocks passage, may 
stimulate excavation.  C) Termites at the tunnel tip.  Termite 1 excavates from 
the digging face, a, while termite 2 excavates laterally, b. D) A termite drops a 
load of soil by pressing it against the tunnel wall, a. 
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Figure 2-4.  Antennation of the digging face at the tunnel tip. A) Antennating the tunnel 
tip. B) The moniliform (bead-like) antennae deform extensively to match the 
relief of the wall profiles, indicated by the dotted lines. C) Subsequent 
excavation. 

 
 
 
 
 
 
 
 
 

 
 
Figure 2-5.  Tunnel propagation at three time intervals. Time intervals t-1, t-2, and t-3, 

traced from a high-flux tunnel, showing the characteristic wedge-shaped 
advance of the tunnel due to lateral excavation behind the digging face at the 
tunnel tip. 
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Figure 2-6.  The distribution of the distances of excavation events. A) The mean 

distances (± SD) from the tunnel tip within 1.0 cm compared by ANOVA (F = 
25.2, df = 9, 40, P < 0.0001).  Columns demarcated by the same letter are not 
significantly different.  B) Individuals in queue at the tunnel tip and excavating 
laterally.  The scale below is equivalent.  The dashed line indicates the 
relative position of the tunnel tip in both A and B.  Each termite in queue is 
numbered, (1-6), and the arrows indicate sites of excavation for direct 
comparison to the peaks of excavation in A. 
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Figure 2-7.  The characteristic postures of a termite digging towards the lateral edges of 

the tunnel tip.  A) The dotted line shows the “hump-backed” shape the body 
assumes, while the dashed lines indicate a geometry that a termite might 
react to by excavating.  B) The “body-down” posture assumed when digging 
ahead, along the direction of tunnel elongation.   
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Figure 2-8.  A model of termite excavation based on the bi-directional traffic flow in 

tunnels and the responses of individual termites to tunnel features and traffic 
congestion.  Prospective excavators Move towards the tip of the tunnel.  
Along the way they Antennate the tunnel wall and may react to a Feature, 
depression or bulge, in the tunnel wall.  If not Loaded, they will Excavate and 
Invert their movement vector.  In most cases they continue to move down the 
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tunnel to the tip where they may form a Queue with other excavators awaiting 
access to the tunnel tip.  If their Delay in queue reaches a critical level, or if 
they are able to reach the Tunnel end, and they are not Loaded, they will 
Excavate and Invert their movement vector.  The termites head towards the 
mouth of the tunnel and, because they are Loaded, they Drop the soil and 
complete the cycle. 
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CHAPTER 3 
BRANCH FORMATION 

Introduction 

Many species excavate extensive tunnel complexes for habitation and in the 

course of foraging for resources.  The mechanics of tunnel excavation by groups of 

social insects is not well understood, but heterogeniety in the subterranean environment 

influences the tunneling behavior of both termites and ants.  Variation in soil features, 

such as temperature (Arab and Costa-Leonardo 2005), soil density (Tucker et al. 2004, 

Nobre et al. 2007), gaps or objects in the soil (Evans 2003), moisture (Su and Puche 

2003, Mikheyev and Tschinkel 2004), and chemosensory gradients (Tschinkel 2004, Su 

2005) have been demonstrated to influence the tunneling behavior of either termites, 

ants, or both.  One feature common to ant and termite excavation systems is that 

digging behaviour has been shown to be stimulated by the presence of small 

depressions in the tunnel wall (Sudd 1970, Bardunias and Su 2009a), also termed 

“irregularities” (Lee et al. 2008b) or “anfractuousities” (Buhl et al. 2005).  When the 

depressions occur along the walls of a tunnel, excavation at the sites leads to branch 

formation.  The reaction of C. formosanus, to depressions in the tunnel wall of a range 

of sizes was examined by Lee et al. (2008b).  In that study, termites were presented 

with an artificial tunnel, a pre-excavated channel in the sand of the arena, stretching 

between two empty chambers.  Only a specific size range of depressions, placed at the 

mid-point of the tunnel, stimulated excavation. For example, 3 mm wide by 3 mm deep 

depressions in the tunnel wall of a 3 mm wide tunnel were not excavated into branches, 

while 5 mm by 3 mm depressions were (Lee et al. 2008b).  This suggested that the 

determining factor in whether a depression induced excavation behavior was the ease 
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with which termites could turn into the opening of the depressions based on the 

dimensions of both depression and tunnel. 

Sudd (1970) showed that single workers of Lasius  niger (L) and Formica lemani  

Bondroit, when isolated from fellow colony members, excavated at the location of 

depressions in tunnel walls.  In his study, roughly half of all excavation events for both 

species occurred along the lateral wall of a tunnel, presumably at the site of a perceived 

depression, instead of at the tunnel tip, though in F. lemani excavation events were less 

evenly distributed along the tunnel’s length and more likely to occur close to the tunnel 

tip.  Sudd (1971) added a second ant to form pairs of excavating ants, but this did not 

make digging at the tunnel tip more likely.   

Bardunias and Su (2010) described potential excavators moving down tunnels to 

form a queue awaiting access to excavate at the tunnel’s tip instead of taking soil from 

along the tunnel wall in the manner described by Sudd (1970, 1971).  This may have 

been the result of the type of group interactions shown to organize lane formation from 

traffic flow in ants (Couzin and Franks 2003, Dussutour et al. 2004) with physical 

encounters between termites reducing the likelihood of individuals stopping along the 

way.  If this is true then single individuals, and perhaps pairs, excavating in isolation 

from other colony mates will not display the same behavior as individuals excavating in 

groups. 

Lee et al. (2008 b), by placing the depression midway along a tunnel between 

two chambers, was unable to include two processes that might be crucial to tunneling in 

termites.  First, the artificial tunnel presented to termites had no “tip.” Thus, there was 

no clear end of the tunnel and no formation of a queue of excavators near the tunnel tip.  
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A similar loss of tunnel directionality may have occurred in Buhl’s arenas (Buhl et al. 

2005), where high intersection rates and convergence effectively eliminated many 

tunnel tips.  Secondly, because there was no tip, there was no movement of termites 

carrying excavated soil past the site of the depression.  When termites excavate soil 

from the tip of tunnels, it must be deposited in a manner that does not interfere with the 

growth of the tunnel (Li and Su 2008).  Bardunias and Su (2009b) showed that the soil 

that was excavated could be deposited back along the length of the tunnel within 

depressions in the tunnel wall, effectively closing them over.   

We hypothesize that the orientation of potential termite excavators towards the 

tunnel tip and the formation of queues make excavation from depressions that are close 

to the tip more likely than those along the rest of the tunnel’s length.  In this study, we 

examined depressions along the wall of a stretch of tunnel that is subject to the bi-

directional traffic flow of multiple termites and the movement of soil excavated at the 

tunnel tip back along the length of the tunnel.  In a series of experiments, we 

investigated the role of the size and location of depressions on the probability of branch 

formation. 

Materials And Methods 

Individuals of C. formosanus were collected from three field colonies in Broward 

County, FL, by using the methodology of Su and Scheffrahn (1986).  They were stored 

at 27 ± 2°C in plastic boxes with thin, moist wood chips for no more than 30 d prior to 

experimentation.  Horizontal arenas for the following experiments consisted of two 9 by 

7.5 cm2 sheets of transparent Plexiglas with a 0.2 cm inner Plexiglas spacer (Fig. 3-1a) 

surrounding an elongated hexagonal (6.5 cm width, 7.5 cm height) sand-filled space 
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(Fig. 3-1b).  The sifted sand (150–500 μm sieves, Play Sand Bonsal, Miami, FL) was 

moistened with deionized water at ≈ 7% by weight.  A 15 ml cryogenic vial (Nalge Nunc 

International, Rochester, NY) were used as an introduction chamber (Fig. 3-1c, 3 cm 

diameter x 4 cm height).  This was connected to the arena through a 1 cm length of 

opaque polyethylene tubing (Fig. 3-1d, 4 mm diameter, Watts, Andover, MA).  The 

arena was bisected by a 3 mm wide channel made by removing sand during arena 

construction to simulate a tunnel excavated by termites (Fig. 3-1e).  Along this 

simulated tunnel, at distances that varied by experiment, we carved a depression of 

varying dimensions into the tunnel wall in imitation of a natural depression that could 

lead to a newly forming branch (Fig. 3-1f). A short length of opaque polyethylene tubing 

(Fig. 3-1g), 4 mm inner diameter, Watts, Andover, MA) was joined to the arena at the 

terminus of the simulated tunnel opposite the introduction chamber on one side and to a 

10 cm length of clear vinyl tubing (Fig. 3-1h, 5 mm inner diameter, Watts, Andover, MA) 

on the other.  Both of these tubes were filled completely with blue sand (Activa 

Products, Inc., Marshall, TX) to facilitate the observation of deposition.  The introduction 

chamber was loaded with a (1 by 1 by 2 cm3) piece of wood as a food source and 40 

termites (36 larvae of ≥ 3rd instar, and 4 soldiers), and experimental trials were 

immediately conducted.   

Upon entering the arenas, excavators were allowed to travel through the 3 mm 

wide channel excavated in the soil of the arena that simulated a tunnel (Fig. 3-1e), 

encountering the depression (Fig. 3-1f) whose dimensions and placement along the 

tunnel wall varied in different experiments.  Upon reaching the tip of the simulated 

tunnel, termites were able to dig from the blue coloured sand in the adjoining tube (Fig. 
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3-1g) and bring the blue sand back down along the tunnel.  The arenas were placed 

horizontally on a raised platform and tunneling activity was recorded at room 

temperature (26° C) for 60 min with a video camcorder (Sony GR-D22U, Tokyo, Japan) 

mounted below the arena. Recording was done under the illumination of the overhead 

fluorescent lighting of the laboratory.  Most excavation within tunnels occurs at the 

digging face at the tip of the tunnel (Bardunias and  Su 2010), but in this study we 

recorded only the number of excavation and deposition events occurring at the site of 

the experimental depression in the tunnel wall over a period of 60 min. 

Fifteen replicates were conducted for each experiment, 5 from each of the 3 

colonies.  The numbers of soil parcels removed from or deposited into each depression 

were compared via a Mann-Whitney U test due to departures from normality in the data.   

Experiment 1: Proximity to Tunnel Tip 

In this experiment, we sought to determine the distance from the end of the main 

tunnel, where excavators form queues awaiting access to the digging face at the 

tunnel’s end, affects the likelihood of branch formation and the balance between 

excavation and deposition within a depression.  A depression in the tunnel wall was 

created at one of three distances, 0.5 cm, 1.0 cm, or 6.0 cm, from the digging face at 

the tip of the tunnel provided by the tube filled with blue sand.  The depression was 3 

mm wide, matching the width of the main tunnel, and 3 mm deep.  In a previous study 

(Lee 2008b), depressions of these dimensions in the absence of a clear tunnel tip did 

not result in branch formation. 

Experiment 2: Size Of Depression 

The formation of a branch from an initial depression is governed by competition 

between soil being removed and incoming soil being deposited (Bardunias and Su 
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2009a).  In this context, we sought to determine if a larger initial depression size, 

requiring more incoming sand to fill, would give an advantage to the excavators and 

make branch formation more likely.  This experiment was conducted as above at 

distances of either 0.5 cm or 1.0 cm, but the width of the depression was increased to 5 

mm, wider than the main tunnel, while the depth remained 3 mm.  In a previous study 

(Lee 2008b), depressions of these dimensions resulted in branch formation.  The 

depression at a distance of 6.0 cm in experiment 1 did not induce either enough 

excavation to form branches or sufficient deposition to fill them in the previous 

experiment, thus we did not seek to use depressions at that distance for a comparison 

of the effect of depression size on branching.  

Experimental Results 

Depressions (Fig. 3-2A) were either filled over completely by the deposition of 

soil (Fig. 3-2B), or successfully formed branches (Fig. 3-2C).  The mean numbers of 

excavation and deposition events for each treatment are presented in Table 3-1 along 

with a notation on whether the depressions were excavated to form branches by the 

end of the 1 h recording period.  A branch was noted as forming if the termites had 

extended the depression beyond its initial dimensions. 

Experiment 1: Proximity to Tunnel Tip 

Depressions (3 mm by 3 mm) located at 0.5 cm from the distal end of the tunnel 

invariably formed branches (Table 3-1).  Branch formation was reflected by the manner 

in which the number of excavation events significantly (P < 0.001) outweighed 

deposition at the same site.  When the distance of the depression from the digging face 

at the tip of the main tunnel was doubled to 1 cm depressions were completely filled in 

all but one trial (Table 3-1).  The mean number of excavation events when the same 
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sized depressions were placed at a distance of 0.5 cm and 1 cm were significantly 

different (P < 0.001), as were the mean number of deposition events (Table 3-2).  

Depressions placed at greater distance, 6 cm, from the distal end of the main tunnel did 

not form branches within the 60 min time frame of the experiment, and received a 

reduced level of deposition, insufficient to completely fill the opened space (Table 3-1).   

Experiment 2: Size Of Depression 

 
At the 0.5 cm distance, both the 3 mm by 3 mm and 5 mm by 3mm depressions 

invariably formed branches (Table 3-1). At a distance of 1.0 cm one of the 3 mm by 3 

mm depressions formed branches, while the wider, 5 mm x 3 mm depressions 

successfully elongated into branches in 4 of 15 instances.  The larger sized depressions 

attracted more excavation and deposition, but required more sand to be deposited to 

completely fill them in. 

Discussion 

The likelihood of a depression being excavated into a branch was not a simple 

function of depression size.  Depressions of a size that had not stimulated excavation in 

previous studies (Lee 2008b) invariably did so when they were placed in close 

proximity, 0.5 cm, to the tunnel tip.  This distance is roughly the body length of a termite 

(Fig. 3-3), so that when termites formed a queue behind an individual digging at the 

tunnel tip (Bardunias and Su 2010), some of them were adjacent to this depression.  

Our findings suggest that the presence of termites waiting next to the depression made 

their excavation at the site more likely.  Because these depressions were within the 

stretch of tunnel generally occupied by a queue of excavators awaiting access to the 

tunnel tip, they may form through the same process as a bifurcation of the tip itself.  
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Such bifurcations are much more common than branches that arise from tunnel walls 

(Bardunias and Su 2009a). 

The relative paucity of excavation at depressions at the further distances from 

the tunnel tip (1.0 cm and 6.0 cm) indicates that termites tended to walk past the same 

size depression (3 mm by 3 mm) without stopping to excavate when it was not near the 

tip.  This focus of excavation near the tunnel tip is counter to what was reported by 

Sudd (1970), where isolated, individual ants in his study readily excavated along tunnel 

walls.  Reduced excavation at depressions remote from the tunnel tip gave an 

advantage to deposition, which smoothed tunnel walls, thus eliminating cues that could 

have led to inefficient over-branching.   

Li and Su (2008) suggested that the relatively small amount of space needed for 

the deposition of the excavated soil in a tunnel system could be accounted for if soil 

were placed in the voids created by consuming wood.  The deposition of soil along 

tunnel walls is another means of conserving space while sequestering excess soil.  An 

increased number of excavators near the tunnel tip led to the widening of tunnels by 

termites excavating from tunnel walls (Bardunias and Su 2010).  If traffic flow later 

decreases, then the tunnel will be wider than necessary and sand may be deposited 

along the walls without hindering the movement of termites.  Variations in the flow of 

excavators at the tip as the tunnel elongates may result in tunnels that widen and 

narrow periodically, rather than extend at a uniform width.  Bardunias and Su (2009b), 

suggested that small stretches of wide tunnel caused by pulses of excavation from the 

tunnel walls by termites waiting in longer queues, flanked by narrower sections, appear 

as depressions of the type used in this study.  The effect of sand deposition in 
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depressions or at widened sections of a tunnel, such as at intersections, is to smooth 

tunnel walls and scale tunnel width to traffic flow. A result of the competition between 

excavation and deposition is that tunnels with little traffic flow may be completely filled in 

(Su and Lee 2009).  In this way the tunnel pattern may be optimized by reducing the 

number of tunnels that may be dead ends or simply longer paths to a destination for 

which shorter routes are available. 

Our findings act as a reminder to those who would model excavation that group 

behaviors by social insect colonies cannot be understood by viewing digging individuals 

in isolation from interaction with other colony members, and as a caution against 

oversimplifying the agents used.  In this system, the same stimulus, depressions, 

elicited either of two responses, based on the behavioural state of the termite and the 

context in which it encountered the cue.  We further suggest that simply modelling 

excavation upon the pooled probability of behaviours derived from haphazard sampling 

obscures variations in likelihood that are tied to localized heterogeneity in the 

environmental cues that release behaviors.  An accurate representation of an 

excavator’s social and environmental context based on its condition, location and 

heading within tunnels must be a feature of future models. 
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Table 3-1. The mean number of excavation and deposition events (± SD) and the 
number of trials for which branches formed out of 15 replicates 

Experiment n Dist.1 Size2 Excavation Deposition Branches 

1:Proximity 15 0.5 cm 3 x 3 mm 35.66 ± 5.23a 21.53 ± 1.84b 15 

 15 1.0 cm 3 x 3 mm 3.66 ± 6.58a 34.4 ± 2.16b 1 

 15 6.0 cm 3 x 3 mm 1.25 ± 1.28a 11.08 ± 0.9b 0 

2: Size 15 0.5 cm 5 x 3 mm 52.4 ± 8.91a 33.66 ± 3.75b 15 

 15 1.0 cm 5 x 3 mm 20.53 ± 18.41a 65.73 ± 21.22b 4 
Means followed by different letters within a row are significantly different at α = 0.05 (Mann-

Whitney U test). 
1 

Distance was measured from the tip of the main tunnel. 
2 

Depression size was measured as width x depth 
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Table 3-2. The mean number of excavation and deposition events (± SD) 

   Distance1 

Size2  n 0.5 cm 1.0 cm 

3 x 3 mm Excavation 15 35.66 ± 5.23a 3.66 ± 6.58b 

 Deposition 15 21.53 ± 1.84a 34.4 ± 2.16b 

5 x 3 mm Excavation 15 52.4 ± 8.91a 20.53 ± 18.41b 

 Deposition 15 33.66 ± 3.75a 65.73 ± 21.22b 
Means followed by different letters within a row are significantly different at α = 0.05 (Mann-

Whitney U test). 
1 

Distance was measured from the tip of the main tunnel. 
2 

Depression size was measured as width x depth 
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Figure 3-1.  Experimental arenas.  A) Two sheets of transparent Plexiglas with an inner 

Plexiglas spacer. B) An elongated hexagonal sand-filled space.  C) An 
introduction chamber. D) A 1 cm length of polyethylene tubing connected to 
the arena via a partially obscured by its insertion into the chamber and the 
chamber lid. E) The arena was bisected by a 3 mm wide simulated tunnel, a 
channel dug in the sand of the arena. F) A pre-cut depression that varied in 
geometry and placement by treatment. G) A short length of polyethylene 
tubing filled completely with blue sand joined to the arena at the terminus of 
the simulated tunnel opposite the introduction chamber on one side. H) A 
length of clear vinyl tubing filled completely with blue sand.  
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Figure 3-2.  A 3 mm by 3 mm depression in the tunnel wall.  A) Placed 1 cm from the 
digging face at the end of the main tunnel. B) The same depression after 
experimentation showing that it has been completely filled by the deposition of blue 
sand that was excavated at the tunnel tip. C) Shows a depression of the same 
dimensions, but at a distance of 0.5 cm from the tunnel tip, showing a fully formed 
branch. 
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Figure 3-3.  The distal end of a tunnel during excavation showing termites in queue. 

Termites labeled 1-5 and demarcations (dotted lines) a distance of 0.5 cm 
and 1 cm from the digging face at the tunnel tip where depressions would 
have been placed. 
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CHAPTER 4 
EXCAVATION THROUGH WOOD 

Introduction 

 
Termites in the subfamily Macrotermitinae (Termitidae) have evolved a 

mutualistic relationship with the fungi of the genus Termitomyces (Basidiomycota: 

Agaricales) (Bignell 2006). The “gardens” of fungus growing on fecal carton are a 

complex habitat, and a variety of microbial symbioses have been described (Visser et 

al. 2011), but the evolutionary origin of the garden system is poorly understood.  

Eggleton (2006) suggested that the evolution of the fungal garden system seen in the 

Macrotermitinae today originated in a Coptotermes-like (Rhinotermitidae) ancestor 

when the fecal carton of the central mound was opportunistically invaded by soil fungi.  

A major challenge to direct fungal infestation of fecal comb in the ancestor of the 

Macrotermitinae is the need to overcome antifungal properties of fecal carton 

demonstrated for Coptotermes and other Rhinotermitidae (Hamilton et al. 2011).  Where 

the fungus appears to have successfully invaded brood rearing portions of the nest of 

these termites, it was not as gradual invaders of fecal carton, but as egg mimics 

(Matsuura et al. 2009).  

If Coptotermes is a valid model for the ancestral condition of the Macrotermitinae, 

then perhaps an examination of their behavior may shed light on the process by which 

opportunistic soil fungi transitioned to living within fecal carton materials.  Subterranean 

termites encounter fungi commonly when foraging through decaying wood, and have 

been shown to benefit from consuming wood that has been conditioned by fungi 

(Smythe et al. 1971).  Delaplane and LaFage (1990) showed that C. formosanus Shiraki  
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make a series of “internally penetrating tunnels” within a wooden food source that act to 

increase the surface area available to feeding termites, and presumably opportunistic 

fungi as well.  Thus, fungi growing on the insides of tunnels within wood may be the 

earliest site of infestation, but there was an element overlooked in the study.  The 

authors described a process by which wood blocks were “cleaned of debris” (Delaplane 

and LaFage 1990) after exposure to termites.  Did the termites simply eat their way into 

the wood source, or could some of this debris have been parcels of wood excavated 

from the main source? 

Bardunias and Su (2010) have described the basic mechanics of tunnel 

excavation through soil in the subterranean termite C. formosanus. The process 

involves a queue of excavators that remove parcels of soil from the burgeoning ends of 

tunnels. These excavators then deposit their loads remote from the site of excavation. 

The tailings of soil may be placed along tunnel walls or into any available voids, such as 

unused tunnels, and subsequently coated with a fecal carton envelope (Bardunias and 

Su 2009a).  If termites dig through wood according to the same mechanics described 

for soil excavation, then tunnels in soil near wood sources would become lined, and 

lengths of unused tunnels packed, with excavated wood fragments.  

The infestation of fungi into these pockets of masticated wood fragments 

deposited along tunnel walls and sealed behind an envelope of fecal carton may have 

served as the route by which soil fungi evolved to exploit fecal carton.  In this scenario, 

termites did not alter their foraging behavior to begin consuming fungi within the 

structural carton of their central nest site, where the reproductives are located and 

where brood rearing occurs. Instead, they exploited pockets of wood fragments in 



 

58 

proximity to food sources that have undergone conditioning by fungus in a manner 

proposed to benefit fungal gardeners (Bignell 2006).  The shift in behavior would be the 

relatively modest transition from feeding on fallen logs, in which fungus may be present, 

to additionally feeding on sequestered wood fragments within tunnels adjacent to logs.  

Once a symbiosis was established between termite and fungus, selection may have 

then economized the gardening process by driving the gardens into the larger, 

dedicated growing chambers seen in the Macrotermitinae and closer to the central 

sections of the colony. 

In this study, we presented C. formosanus with a cellulose source in order to 

determine how they create tunnels within it, either by eating the material to create voids, 

or by excavating according to the mechanics previously outlined for tunnel creation in 

soil. 

Material And Methods 

 
Termites were collected from three field colonies of the Formosan subterranean 

termite C. formosanus in Fort Lauderdale, FL using the method described by (Su and 

Scheffrahn 1986) and processed via methods outlined by (Tamashiro et al., 1973).  

 Arenas (Fig. 4-1) consisted of 2 sheets of PlexiglasTM (12 x 12 x 0.2 cm) with 4 

0.2 cm laminates sandwiched between them in a manner that created a central void. 

Preliminary observation of termites presented with thin slats of wood (Picea sp.) or 

paper as a cellulose source showed no apparent difference in the manner of 

excavation. Thus, for ease of handling, a sterile absorbent pad (45mm diam.) was 

placed to serve as a cellulose source after the dry weight of the pad was obtained. The 

arenas were then filled with red colored sand (Activa Products, Inc., Marshall, TX), 
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moistened with deionized water 7% by sand weight, to maximize the contrast to the 

white cellulose pad.  Along one wall, a 2 cm void was left within the arena to allow for 

the introduction of 60 termites (54 workers of at least 3rd instar and 6 soldiers).  A small 

wafer (~1 x 1 cm) of wood (Picea sp.) was placed in the arena as a supplementary food 

source. In 15 trials, termites were allowed to excavate in the arenas for 72 h.  Arenas 

were subsequently opened and all fragments of paper separated from sand.  Dry 

weights were determined for the remaining mass of each pad and all fragments of paper 

recovered from the arena.  These weights were then compared to the initial dry weight 

of each pad in order to determine the mass removed from the pad that could be 

accounted for by deposition.  Any difference in the dry weight of the pad prior to the 

experiment and the sum of the remaining pad and paper particles recovered after the 

experiment might have been ingested. 

Statistical Analysis 

 
Dry weights of cellulose pads in each arena prior to exposure to termites were 

compared to the combined dry weight of the pad and pad fragments found in the arena 

after  exposure to termites via a paired t test at α = 0.05 (SAS 2002). 

 

Results 

 
The termites tunneled into the cellulose pads extensively (Fig 4-2). While there 

was a significant difference between the dry mass of paper before and after 72 h 

exposure to termites (t (14) = 3.05, p= 0.0086), the mass unaccounted for by deposition 

was very small (Fig 4-3). The cellulose pads had an average initial dry weight of 0.896 ± 

0.02 g (mean, std dev).  After 72 h, an average of 0.208 ± 0.014 g was removed from 
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the cellulose pads and deposited elsewhere in the arena.  When the remnants of the 

pad after the experiment and the paper recovered from arenas were added together, 

only an average of 0.027 ± 0.029 g of paper remained unaccounted for by deposition. 

Thus, the amount of paper deposited within the arena was roughly 10-fold greater than 

the maximum amount that might have been ingested by termites. 

Paper particles were deposited throughout the tunnel complex.  Deposition 

occurred along tunnels (Fig 4-4), and often deposition was so heavy that tunnels were 

completely obstructed and filled in (Fig 4-5).  Most of the paper was deposited within the 

void left in the arena upon initial construction (Fig 4-6).   The creation of a lining of feces 

over paper particles was initiated within the short duration of this study. 

Discussion 

 
Coptotermes formosanus excavates through food sources in a process that 

results in the deposition of masticated food particles within tunnels in a manner 

previously shown for excavated soil (Bardunias and Su 2010). Our findings should 

come as a caution to those who would determine wood ingestion as “consumption” of 

wood by comparing before and after dry mass of sound wood.  Clearly, much of the 

mass of removed wood may not be eaten by termites, but remains in the surrounding 

environment as deposited wood fragments within the tunnel complex. 

In sequestering wood fragments along and within tunnels, Coptotermes creates a 

microbial microniche (Bignell 2006). Fecal carton infested by fungi and/or bacteria that 

help to condition cellulose and lignin expelled in feces has been suggested to represent 

an “external rumen” (Nobre et al. 2011), where digestive function has been exported 

outside of the body into the tunnel system that represents an extension of the termite’s 
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phenotype. The obligate symbiosis between the Macrotermitinae and Termitomyces 

represents a derived condition, with no obvious outgroups representing the evolutionary 

stages that led to it (Aanen and Eggleton, 2005).  If soil Basidiomycota opportunistically 

invaded the microhabitat of fecal carton covered wood fragments deposited along C. 

formosanus tunnels, then the basic mechanics of tunnel excavation through soil, when 

applied to a food source, serve as a preadaptation to evolution of the cultivation of fungi 

by termites.  If, on the other hand, C. formosanus is exploiting fungus and fungal 

conditioned wood sequestered in tunnels, then a novel form of agriculture, perhaps the 

first to exist between fungus and insect, may be described.   

Sanchez-Pena (2005) suggested that fungiculture in Attine ants represented the 

acquisition of fungal strains previously domesticated by Scolytine and Platypodine 

beetles.  Given the early derivation of Coptotermes and similar subterranean termites 

relative to the other insect taxa shown to rear fungal gardens, it is possible that a 

facultative relationship between termite and fungus acted to select for fungal traits that 

facilitated the invasion of both ant and beetle galleries. 

Although it is unclear exactly how far the zone of directly deposited excavated 

wood fragments extends, cellulose from a food source may be deposited at greater 

distance in the form of feces.  Arquette and Rodriguez (2011) describe feces 

“contaminated” with food particles that when dried become a fine powder.  This is not 

directly deposited from excavation, but results from incomplete digestion in the gut of 

wooden fragments.  This paste forms the substrate from which tunnel linings are 

formed. There is some evidence for the reingestion of this type of fecal carton lining 

tunnel walls in soil-feeding termites, though it remains to be proved if microbial 
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conditioning is occurring (Bignell 2006).  It would be interesting to compare this 

“contaminated” feces to the so-called “first feces” produced by Macrotermes specifically 

to manure their fungal gardens (Aanen and Eggleton 2005). 

Excavated wood fragments cached within the tunnel complex are sealed behind 

a fecal paste envelope.  Deposited wood becomes sandwiched between fecal carton on 

one side and soil containing opportunistic fungal spores on the other.  This results in a 

gradient of any antifungal properties of the fecal carton diffusing through the 

sequestered wood to the soil.  Perhaps this facilitated soil basidiomycetes in invading 

termite colonies because the fungi could evolve to overcome diluted defenses along this 

gradient, eventually becoming competent to survive in whole fecal carton. 
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Figure 4-1.  Two-dimensional arena design.  Two clear 5 mm thick acryl plates and a 2 

mm thick central spacer between them. A) Red sand. B) An opened space for 
the introduction of termites. C) A piece of wood. D) A sterile absorbent pad 
(45mm diam.). E) A preformed channel through the sand connecting the 
introduction area with the pad. 
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Figure 4-2.  Two-dimensional arena 72 h after exposure to termites.  Paper particles 

have been deposited throughout the tunnel complex, and the introduction 
space at the top of the arena has been filled with excavated sand and paper. 
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Figure 4-3.  The dry mass of paper before and after 72 h exposure to termites. The 
“after” column shows both the dry mass of the paper pad after the experiment 
in red, and the aggregate of all paper particles recovered from within the 
arena. 
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Figure 4-4.  Paper parcels deposited along the inside of tunnels. 
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Figure 4-5.  Paper parcels deposited within a tunnel, completely filling it. 
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Figure 4-6.  Paper deposited within the opened introduction space. Note the initiation 
showing the initiation of a lining of feces over the paper particles. 
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