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Preface

It is a family story, and therefore probably untrue, that when at the
age of about six I went missing on my short walk to school, I was
eventually found watching a beetle negotiating the gutter. My first
natural history enthusiasm was certainly insects. Later, an under-
graduate project on the case-building behaviour of caddisfly larvae
led to a doctoral thesis on the same subject. By that time I knew
more than most people would wish to know about caddis larval cases.
Leaving them completely behind, I spent two years teaching at the
University of Khartoum in the Sudan, returning to the UK as an
Assistant Lecturer at the University of Glasgow in 1968. On arriving
there I was asked to give three lectures that probably changed the
direction of my career.

At that time, Glasgow final-year Zoology students were given,
apart from their special subject lectures, a series of occasional lectures
called the ‘A Course’. This in essence consisted of a handful of us aca-
demics each giving a few lectures on whatever took our fancy. Three
lectures on caddis cases seemed excessive, so I decided to go to the
other extreme and talk about everything that was built by whatever
animal. This, I decided, was not to be a mere parade through the
animal kingdom but an attempt to make some sense of, and discover
some pattern in, the behaviour of that miscellaneous bunch of web
spinners, house, case, mound, and nest builders. That is what I have
tried to do ever since, and this book is an attempt to explain that
biology, the biology of animal architecture and building behaviour,
to anyone to whom that sounds appealing. It is a book about who
builds, how they build and what those buildings do. It touches upon
environmental impact, animal intelligence, architecture, engineering
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Preface

and building materials, on the organization of workforces, on traps,
tools and art.

Writing this book has not been the lonely experience that some
authors complain about. I would like to thank all those colleagues
and friends who, through their daily interest and encouragement,
contributed to its completion. This is my first experience of writ-
ing for a non-specialist audience, so I am very grateful to Lorna
and Rowland Mitchell who, in the role of general readers, gave
me valuable feedback, and to Jacquie Marshall who read and tact-
fully commented on the whole text. For specialist biological infor-
mation and advice, I would like to thank Martin Burns, Robin
Dunbar, Geoff Hancock, Felicity Huntingford, Bob Jeanne, Bill
McGrew, Aubrey Manning, Maggie Reilly, John Riddell, Flavio
Roces, Douglas Russell and Richard Wrangham. For very helpful
information on human architecture, I must thank Jonathan Hale.
For an enjoyable adventure to find the church of All Saints, Little
Shelford, my thanks to Martha Jennings. Finally, I want to express
my enormous appreciation to Graeme Ruxton. His broad interests,
his enthusiasm, and his readiness to sit down and discuss points of
biology have contributed immeasurably to the development of the
final text. He was not only prepared to read everything but also read
again my revised drafts. I dedicate this book to him.
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The Builders

Standing with its back to the Atlantic atop a 90m (nearly 300ft)
vertical cliff, at the base of which the ocean seethes and foams, is the
great semi-circular, prehistoric fort of Dun Aengus. The location is
the very westernmost fringe of Europe, the Aran Islands off the coast
of Ireland. On the landward side, the fort’s protection from attack is
man-made. The half-moon inner sanctuary of the fort (45m or 148ft
across) is embraced by a drystone rampart reaching over 5Sm high
and nearly 4m thick. Beyond this are a further three irregular semi-
circles of defensive walls and, should even the outer one be overrun,
the attackers must then negotiate a field of massive limestone shards,
jagged and stood on end. This is a chevaux-de-frise, a term also used
to describe the barbed-wire enlargements that protected First World
War trenches, but literally ‘horses of Friesland’, spiked obstacles used
at least from the seventeenth century to break up cavalry charges. The
age of Dun Aengus is uncertain, although it is probably over 2,000
years old: more surprisingly, we still do not know what threat could
have stimulated the building of such formidable defences. Our need
for protection is not any different from that of other species. Animals
have always had enemies, in particular the climate, and other species
seeking to prey upon them. We are just a newcomer species resorting
to building to protect ourselves in a threatening world which includes
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our fellow humans among our enemies, and we are not the first
species to make use of a chevaux-de-frise.

Think of the dangers that beset insects in a tropical environment.
Probably the two greatest are predation by birds and by ants. The
hairiness of some caterpillars is a defence against one or both of
these, but ultimately the caterpillar must become an adult butterfly
or moth. This requires a radical reorganization in its body design—
crawling around eating leaves is replaced by flight, nectar feeding and
mating. This transition can only be accomplished as an immobile,
and therefore vulnerable, pupa. The commercial silkworm typifies
the defensive strategy of moth caterpillars. It spins a silken cocoon
to enclose itself completely, then it casts off its caterpillar skin to
become a pupa from which a moth will later hatch. The silkworm
is a hairless caterpillar, but imagine the consequences of a hairy
caterpillar pupating inside its cocoon. Not only will it be shedding a
hairy skin that crowds the inside of the cocoon, it will also be casting
away protection that has already served it well against the threat of
ants and even birds.

The caterpillar of the moth species Aethria carnicauda, is densely
covered in long hairs. When ready to pupate in its native habitat
of Central American forests, it selects a straight plant stem as a site
to prepare its pupal defences. Facing down the stem, the caterpillar
reaches back over its body to pluck out its hairs one by one with its
jaws. Each hair in turn is secured to the stem, using the silk thread
which is extruded from its mouth. In this way, the caterpillar builds
up a disc of radiating bristles, a barrier to anything trying to pass
up the stem. On completing this, the caterpillar backs up the stem a
short distance and pulls out another series of hairs to create a second
barrier and after that a third, even a fourth. It now turns round and
moves up the stem a few body lengths and attaches another whorl
of hairs above itself, backs down the stem a bit before plucking out
more of its hairs to complete one or more additional barriers. The
caterpillar is now secured by multiple lines of defence from ant attack
directed up or down the stem, but it still has some body hairs left.
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These are plucked out as the cocoon is spun and incorporated into its
wall as a last-ditch defence against ants or other predators. Inside the
hairy cocoon, the caterpillar now sheds its denuded skin to become
an immobile but well-protected pupa.

A chevaux-de-frise, which features so impressively in the fort at Dun
Aengus, is an ingenious defensive concept, so it is a fascination to us
that a mere caterpillar is able to build a comparable device. We, as
the world’s pre-eminent builders, can’'t help admiring such skill and
ingenuity. But, if asked to explain the basis of our admiration, we
are confused. Is it because such a simple creature is able to make
something so complicated, or is it that the animal has revealed itself
as not so simple as we had thought? What goes on in the brain of
the caterpillar when it is building? Is it anything like the way that we
think when creating a similar structure? That is, does it have a plan? If
not, and the construction sequence is a simple ‘mindless’ programme
of assembly, how can the outcome be so sophisticated? Our delight
and our confusion are essential themes of this book, a book that is
about animal architecture—a subject that, before going any further, I
need to define.

The Great Barrier Reef is not so much a wall of coral as a string
of thousands of separate reefs that stretch 2,000km along the north-
eastern margin of Australia to touch the southern shores of New
Guinea. It has been created from the calcium-based secretions of
coral polyps, colonial creatures closely related to sea anemones and
indeed jellyfish, colonies of different species creating different shapes,
‘stag-horn’ and ‘brain’ corals, names illustrating some of the variation
in shape that they show. I've heard the Great Barrier Reef described
as ‘the largest structure on the planet built by living things’. I am
happy to agree with that, certainly for non-human structures. But I
am not going to discuss coral reefs any further within these pages.
The reason for this is that we cannot usefully ask of coral polyps
what goes on in their brains—or, rather, in their nervous systems
since they have no obvious brain—when they are creating their reef.
It is not informative to ask this question in the same way that it
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tells me nothing about how your toenails grow to ask you what you
think about when you are growing them. Coral polyps just secrete
coral skeleton, gradually building up reefs. The caterpillar building its
pupal defences on the other hand employs behaviour. In this book I
focus on building that requires behaviour. This is no arbitrary demar-
cation because to have behaviour an animal must move different parts
ofits body in a coordinated way. This in turn necessitates instructions
based on decisions. Nervous systems or brains make decisions, even
if they are very simple ones, and nerves carry the instructions as nerve
impulses to activate muscles to create movements.

My use of the word ‘decision’ in this context needs some clarifica-
tion. I certainly don’t mean to imply that the decision is a conscious
process, and so the mind of a caterpillar is like our own. I mean
something that could be a lot more simple. At its simplest, I mean the
point at which information flowing along a single nerve A, comes to
a point of contact with two other nerve fibres (B and C). Only one
of these will be activated. If the signal in A is weak it will be B, if
the signal in A is strong it will be C. This is a point of assessment
of the signal in A; the point at which a decision is made. This is a
familiar usage of the word in the context of information technology.
Of course, it is true of essentially all the species of builders in this
book that we have no idea what nerves perform what functions
when the animal is building. Instead we use the powerful ‘black box’
technique to investigate their decision-making process.

The principle of the black box technique is to treat the animal
as a closed box containing a mechanism which we cannot examine
directly but which we can gradually come to understand by seeing
how it answers certain questions. That probably sounds a bit abstract,
but consider the giant golden digger wasp. The female of this hand-
some insect digs a short burrow angled into the ground, at the end
of which she hollows out a horizontal, rounded chamber. Let’s just
ask the wasp one simple question about this sequence: ‘when does
she stop digging the tunnel and start building the chamber?’ I say
she stops digging when she feels that she has done enough work
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(i.e. by checking her internal state), but you say she measures the
length of her burrow (say, by the number of steps it takes her to
get to the bottom). We test which one of us is right by playing an
experimental trick on the wasp as she interrupts her bouts of digging.
‘We will do a little bit of the digging ourselves when she is temporarily
away (feeding perhaps). My explanation predicts that she will do
her normal amount of work and so end up with a burrow that is
too long (her bit plus our bit). You are predicting that her burrow
will be the normal length, and we will have just saved her a bit of
digging. As it turns out, you are right. We now know how one type of
decision is made within the black box of the wasp’s mind. By further
experimental interrogation of this kind, we can fill in further details. I
hope that explains why from this point I'm going to ignore the corals
of the Great Barrier Reef, and focus on building behaviour. We want
to explore the complexity of decision-making processes associated
with building behaviour.

I should point out in passing that you and I have just done some-
thing fundamental to science. We have conducted an experiment. We
have observed the behaviour of an animal and, on the basis of that
evidence, come up with rival explanations or Aypotheses about its
decision-making. These explanations have the crucial attribute that
they make different predictions of what the animal will do when
placed in a particular situation. We create that situation and see
which hypothesis can be rejected, and which (if either) will be sup-
ported. Hypothesis testing is a crucial tool in science. This book will
repeatedly refer to it.

To create buildings, another essential ingredient has to be com-
bined with the behaviour—the materials. These may be collected
from an animal’s surroundings or secreted by the animal itself. Either
way, according to the definition of building used here, behaviour
must be used to create the structure. What the silkworm secretes is a
continuous fine thread; only by shifting its body about does it build a
structure (the cocoon) from this raw material. Birds nearly always use
collected materials, grass or moss for example, to make their nests.
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A theme that runs through this book is how behaviour is applied to
different materials to make structures.

Now for a couple of housing stories. Standing on stilts in the
waters of Loch Tay in Scotland is a round wooden-framed family
house with a conical thatched roof, its only link to the shore being a
narrow raised walkway. The vertical poles that support the house are
embedded not in the mud of the loch floor but in an artificial rubble
mound. This house is a reconstruction based on local archaeology
of a crannog, a type of lake dwelling built in Scotland and Ireland
around 2,000 years ago, the remains of which can be detected today
as low circular mounds of rocks standing in shallow water. Building
a house like this was clearly much more work than building a home
on solid ground by the water’s edge. The extra effort required to
build a crannog must have been worthwhile because of the security
offered by the encircling water. The same concept is embodied in the
design of the lodge of the North American beaver (Castor canadensis).
The lodge is a family home in the centre of a pile of branches rising
above the water of a small lake. Beavers, being excellent swimmers,
do not need a walkway to lead them from the shore to their front
door. In fact the entrance to the house is underwater and so not
apparent to a passing predator such as a wolf. The only significant
connection between the single dwelling chamber and the outside air
is through the upper part of the roof where the branches are packed
more loosely, allowing fresh air to percolate down to the beavers
within.

This lake house is, however, not the limit of the achievements of
these beavers because the water in which it stands is frequently an
artificial lagoon resulting from the construction of a dam created by
the beavers themselves across what may initially have been quite a
small stream. This dam is no randomly arranged barrage of woody
debris either, but built with design elements that we can clearly
recognize in our own engineering.

At the start of building their dam, beavers place sticks and branches
where rocks or boulders are already obstructing the water flow. From
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this foundation, a low barrier is extended across the whole width of
the stream causing a pool to back up behind it. Branches are then
dragged through the water and over the top of the dam to be pinned
into the stream bed on the downstream side or angled against the
dam to form buttresses, with one end in the stream bed and the other
against the dam wall. These supports reinforce the dam against the
growing pressure of water in the lagoon. On the upstream side, not
only are more branches added, increasing the thickness and height of
the dam, but boulders from the stream bed are pushed up against the
base of the dam while mud and fine debris are used to seal the wall.
In this way, the height and thickness of the dam increases, but at all
stages the top of the dam remains more or less level ensuring that no
building effort is wasted. A completed dam may easily extend 50m
(164ft) in length and exceptionally up to 200m, and be 5m in height.

Even this is not quite the extent of the building achievements
of beavers, because the lagoon does not simply represent a broad
defensive moat but also a larder. Beavers eat tree bark. During the
summer they cut down sizeable trees, dismember them and drag the
branches into the lagoon through specially constructed canals that
radiate from it; there the branches gradually waterlog and sink. In the
winter, when the lagoon is frozen over, the beaver family is still secure
in its thick walled lodge and, should any of them feel hungry, they
only need to dive out through the doorway and under the ice, across
which wolves may roam, to retrieve a few branches to chew on.

Well, isn’t that just wonderful! But what is the point of the beaver
story? I have over the years been involved in radio and television
programmes that celebrate animal builders. I'm very happy with ‘Isn’t
nature wonderful!’ programmes because to watch animals build, or fly
or perform courtship displays is indeed a delight and a wonder. But
in this book we are not allowed to have it so easy. ‘Isn’t nature won-
derful?’ is now a serious question, and we need to do some serious
wondering. So it is essential to confront what is, in this context, a
problem. It is our emotional attachment to the living world and in
particular our feelings towards animal builders.
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Humans love music. This love supports a multi-billion pound,
worldwide industry. I asked two friends, who are great opera enthu-
siasts, for their choice of most wonderful operatic experience. After
deliberation, they decided upon the aria ‘Casta Diva’ from Bellini’s
Norma sung, in a live performance they had attended, by Jane
Eaglen. My musical favourite would be the voice of the gospel singer,
Mahalia Jackson, but I also experience a thrill at the distant conver-
sation of a flock of geese heralding the approach of winter. To us
these are wonderful sounds with evocations that are impossible to
articulate. Animal-built structures also have an element of that for
me. The nest of a long-tailed tit is one of the most intricate of any
British bird. This neat rounded ball is dappled on the outside with a
mosaic of pale lichens and flecked with a sprinkling of white spider
cocoons. The glimpse of soft feathers seen through the small circular
entrance conjures up feelings of comfort and intimacy, an emotional
response to the natural world that I suppose I could call joy. Nothing
wrong with that, unless it begins to cloud scientific objectivity.

There is a second obstruction to our rational judgement of animals,
one that specifically besets scientists in the field of animal behaviour:
anthropomorphism. This is the tendency for us to attribute human
aims, thoughts and feelings to other animals without proper evidence.
I was warned as a student that anthropomorphism was a sin against
science. In 1872 that brilliant and versatile scientist Charles Darwin
published his book The Expression of Emotions in Man and Animals.
This includes, among many skilful etchings by a certain T. W. Wood,
the face of a chimpanzee bearing the caption ‘Chimpanzee disap-
pointed and sulky’. Soon after this, it became impossible for a sci-
entist in the field of animal behaviour to say such a thing and still
retain their scientific credibility, and remained so for the best part
of a hundred years. The reason was that by the start of the twen-
tieth century, scientists were frustrated by fruitless debates on the
relationship between mind and body generated by the approach of
so-called psychological introspection (what you might call ‘thinking
about thinking’). Scientists in the then young discipline of animal
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behaviour, keen to stress their experimental approach and objectivity,
rejected this method. Obtaining data on whether or not chimpanzees
went into sulks seemed unrealistic, and speculating about it in the
absence of such data, pointless.

I have to admit to always rather liking anthropomorphism not, I
must emphasize, as an explanation but as a source of ideas or, as I
should say, of hypotheses for stimulating lines of investigation. It was
therefore a landmark for me and for the science of animal behaviour
when in 1976 Donald Griffin, at the end of a distinguished scientific
career studying the mechanism of echolocation in bats, published
a book of a very different character entitled The Question of Animal
Awareness." It was an announcement to animal behaviour researchers
that their discipline was now mature enough and should be confident
enough to investigate, through experiment and hypothesis testing,
the nature of animal minds. The chimpanzee might indeed be dis-
appointed, even sulky. These were questions which we could admit
to being interested in, and which we should try to find methods to
study. While writing the first draft of this chapter in late 2005, I
saw an obituary to Donald Griffin written in an august scientific
journal, actually entitled ‘Thinking about Thinking’. The message for
the study of animal building behaviour is therefore that no question
about what animals think or feel when building should be considered
out of bounds to scientific enquiry. As a consequence I shall try in
this book to push explanation to the limit and speculate on how
our understanding could be extended, at the same time admitting
candidly the extent of our ignorance.

Anthropomorphism can be a sin, or perhaps I should say a vice,
because it is so easy for us to slip into it as a form of explanation
rather than of speculation. When we see a beaver in a wildlife pro-
gramme pushing a stake into the bed of a stream or positioning a
branch to support its dam, we admire it for using engineering princi-
ples that we also use. In a similar way, we identify with the caterpillar
for its ingenuity in creating a chevaux-de-frise from its own body hairs.
In making use of these construction ‘ideas’ beavers become ‘like us’.
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‘We are special animals and one thing that confirms our belief that this
is so, is the extent of our accomplishments as builders. It is interesting
to look at the landscape in the Steven Spielberg film Jurassic Park. We
see dinosaurs ambling or galloping through it, but it is easy enough
in one’s mind to substitute this scene of over 100 million years ago
with one of only three million years ago when (after the extinction of
the dinosaurs) the land was populated by large mammals resembling
elephants and antelopes, all doing their own ambling and galloping.
But look at our landscape now with its skyscrapers, shopping malls
and motorways; how different it is from the one that prevailed for the
previous 100 million years and more. We are, if nothing else, builders,
and that leads us to admire other builders.

This has been something of a diversion from investigating builders
and what they do, but I think that it is essential to bear in mind
from the start the influence of these two powerful forces that can
distort our understanding of animal builders. The first, a general
emotional attachment to the living world; the second, anthropo-
morphism, which, in this case, is a feeling that animal builders are
somehow special because they share some of the attributes that make
us think of ourselves as special.

There is a third distortion to the mirror of our judgement: builders
leave the products of their behaviour. This claim may seem a bit
perverse since, having the tangible outcome of an animal’s behaviour,
a hairy caterpillar cocoon for example, to study at leisure separate
from the animal itself is clearly very helpful. The problem is that,
by comparison, it becomes easy for us to underestimate the skills
and cognitive abilities that non-building species exhibit on a daily
basis. So here are a couple of examples of behaviour which leaves
no material evidence of its complexity yet, on careful observation
shows sophistication. One concerns object manipulation by an ape,
the other cognition in a bird.

Mountain gorillas are vegetarians but, in spite of first appearances,
a mountain gorilla doesn’t just tear a leaf off a nearby plant, jam it in
its mouth and chew it. Leafy plants generally and unsurprisingly have
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evolved features that make them unattractive to leaf eaters, neces-
sitating specialized feeding behaviour. One such species is a thistle
that forms part of the diet of mountain gorillas. The leaf margins
of this thistle are beset with spines as are the ridges that run up the
main stem. The obvious discomfort shown by juvenile gorillas when
eating these thistles demonstrates that feeding on them successfully
requires experience. However, adult gorillas handle the thistles with
confidence by holding the stem, orienting the spines, and folding
the leaves in ways that effectively neutralize the thistle’s defences,
before the leaves enter the mouth. To become skilled in processing
this and other food plants requires the gorillas to learn quite complex
manipulation routines employing both hands. A detailed study has
revealed 222 different handling behaviours. But, since many of these
are minor variants, it has been possible to reduce this list to 46 func-
tionally distinct elements; however, these are not employed randomly
but organized into a total of 256 recognizable handling techniques
or sequences of elements.” This remarkable dexterity goes largely
unrecognized because the carefully prepared bundles of thistle are
ground to a pulp and swallowed. For me to make a paper aeroplane
probably requires less complex processing. If gorillas made paper
aeroplanes rather than food bundles, then every museum would have
one and every schoolchild would know about them.

Another feeding example illustrates reasoning processes in ani-
mals; it comes from a North American bird, the Western scrub jay.
Like a number of corvids (birds of the crow family) it hides or caches
food items to recover and eat at some later time. It is also a group-
foraging species so that, when a bird hides a piece of food, there is a
danger that this is noticed by a flockmate who later steals it. Field
observations reveal that such theft commonly occurs, and aviary
experiments show that a bird observing another caching food is quite
skilful at relocating it. To counter this kind of theft, birds that know
they have been observed when initially caching, later move food
items to another location when there is no other bird present. This is
in itself very interesting, but young naive birds don’t in general exhibit

11
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this re-caching behaviour. However, they begin to do it after the first
time that they have stolen from a cache that they saw another bird
make. Having been a thief, they apparently come to appreciate the
possibility of being stolen from. This level of cognitive sophistication
is almost certainly greater than anything that a termite can muster,
yet we celebrate the marvels of termite mound architecture. What
are we celebrating? That animal builders leave a permanent record of
their behaviour is certainly an advantage to scientists but, in assessing
the significance of their behaviour, we must be careful to make fair
comparisons with the behaviour of species that leave no such record.

Three million years ago, let’s imagine a Martian space-traveller
meeting up with a Venusian time-traveller over a glass of something
in a hyper-space bar. They fall to talking about Earth, which the
Venusian has recently visited in his time-travelling. ‘Guess what,” he
says, ‘in three million years time they will have quite an advanced
technology, with air travel and the beginnings of space travel.’

‘Surely not,” says the Martian. ‘I was on Earth a couple of years
ago and saw scarcely a sign of technology just an assortment of
creatures making primitive shelters. Where do their engineers and
technologists come from?’

‘“Would you believe it,” says the Venusian ‘from the apes!’

‘What, from that lot? You’re kidding me. They don’t build any-
thing. I have had a stick waved at me once or twice and I've heard
they can shape stones a bit but I would have put my money on the
birds. I brought back a nice bird nest from Earth last time. I have it
on my mantelpiece. Clever craftsmanship using several materials.’

This same point is made compellingly in the opening sequence of
Stanley Kubrick’s film of Arthur C. Clarke’s 2001: A Space Odyssey,
where a looming, angular, alien monolith presides over the discovery
by our ape-like ancestors that a bone can be broken by striking it with
another bone. How else could a bunch of ham-fisted, hairy Earth
creatures have done it, if it wasn’t with some outside help? We need to
try amongst other things in this book to answer that question, but first

12
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we need to review the whole range of builders that currently inhabit
this planet.

The distribution of builders throughout the animal kingdom is
apparently haphazard, so it is first necessary to recognize this before
attempting to understand it. ‘Kingdom’ in this context is no mere
poetic flourish, but a technical term in biological classification. Tra-
ditionally, the highest level of classification in the hierarchy of living
things has been a kingdom. There are recent variations on or alter-
natives to this, but separating all living things into five kingdoms
is still a simple way of recognizing fundamental distinctions. Under
this system, the plants, fungi and animals are all separate kingdoms.
The other two kingdoms are the protista, and the bacteria. The
former is a miscellaneous collection of mostly single celled, simple
organisms, which includes the amoeba. The latter is self-explanatory,
except to say that around thirty years ago biologists began to discover
minute organisms living in extreme environments such as volcanic
hot springs, that superficially resembled bacteria. They are now allo-
cated a group of their own, the archaea, with roughly the equivalent
status of a kingdom, so you might say that we now have six king-
doms. That is by the by since the archaea have no relevance to the
theme of this book. However, their ability to survive in extreme and
unusual environments has enlivened the debate on what planets or
moons might be capable of supporting life.

The next level down the hierarchy of classification is a phylum.
All the vertebrate animals belong to a single phylum, the chor-
dates, which contains around 100,000 species. Most chordates have a
jointed, bony support along their back (i.e. are true vertebrates), but
some possess a less well-developed skeletal support. The invertebrate
animals, by contrast, are divided into over thirty phyla. Together, they
have been estimated to contain between 10 and 300 million species.
These numbers may sound so vague as to be largely guesswork,
which is not far from the truth. What we can be sure of is that our esti-
mate of the number of vertebrate species is quite accurate, while that
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of the invertebrates is not. We do continue to find the odd new species
of mammal and bird almost every year, but they are essentially all
known to science; even for the fish species it is estimated that over 90
per cent have already been discovered. By contrast, the invertebrate
phylum the arthropods, which includes the insects, crustacea (crabs
and relatives) and spiders, is estimated to have a massive 85 per cent
of its species still unrecognized and unnamed by science.

Moving down the hierarchy of biological classification again, the
next level is a class. The mammals are a class of vertebrate; the birds
also are a class or, according to some more recent schemes, it is the
group of repto-birds (Reptiliomorpha) that are more properly a class,
with the birds being a bunch of feathered dinosaurs that have so far
evaded extinction.

Beavers, chimpanzees, ourselves: we are all mammals, so called
because all infants of this group are fed initially on mother’s milk,
which is secreted by mammary glands. That is of no significance
here other than to say that mammals share this feature for the very
important reason that, through evolution, they all diverged from a
common ancestor that had this character. So, as we nearly all have
come to accept, chimpanzees are our relatives as, more distantly, we
are also related to Brants’ whistling rat (Parotomys brantsii) and, more
distantly still, to the Australian marsupial mammal, the hairy-nosed
wombat (Lasiorhinus latifrons). ‘More distantly’ in this sense refers to
how far in the past we shared a common ancestor with these kinds
of mammals. The divergence of the marsupial (‘pouched’) mammals
and the eutherian mammals (those like us that develop in a true
placenta) seems to have occurred about 60 million years ago, shortly
after the great extinction of the dinosaurs. This has given us modern
marsupials, such as kangaroos, the koala and the hairy-nosed wom-
bat, and modern eutherians that include the North American beaver,
Brants’ whistling rat and ourselves.

Below the level of class in the scheme of classification, we get
order. Humans belong to the order of primates, which includes the
monkeys and apes. The first primates appear in the fossil record
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about 55 million years ago. The primates are divided into a number
of families, the names of which don’t concern us here. Humans, we
know from pub quizzes or just ironic observation, are referred to
scientifically as Homo sapiens (literally ‘wise man’). These two words
define us according to our genus (Homo) and to our species (sapiens),
the lowest two levels of the classification hierarchy. There have been
other species of Homo before us, most recently Homo erectus (‘upright
man’). Others may follow us.

Beavers, as we have seen, are rather expert builders and so prime
candidates for inclusion in any TV wildlife programme on animal
architects, but what about the rest of their order, the rodents? There
are rather a lot of species of rodents, and they make up a large
proportion of the modest total of all mammal species. More than one
in three, that is 1,500 out of 4,000 species of mammals, are in fact
rodents. But what rodent other than the beaver should be included
in any animal builders TV programme? Not a lot else springs imme-
diately to mind. Nevertheless there are some competent if less cele-
brated rodent nest builders. The harvest mouse (Micromys minutus),
widespread in Western Europe, builds a hollow ball of interwoven
grasses typically supported by the stems of corn. In Africa, the tree
rat (Thallomys paedulcus) builds an irregular nest of twigs and grasses
in the branches of acacia thorn bushes. In Australia, the greater stick-
nest rat (Leporillus conditor), a creature of about 350g (120z), builds a
family nest that may become a metre high and one and a half metres
across on the ground, under the cover of a shrub.

But the typical shelter for the overwhelming proportion of rodents
is not up a tree, on the ground, or indeed a pile of wood in the
middle of a pond, but an underground burrow. However, are these
burrows examples of animal building and, even if they are, does their
completed design or the excavating of them show any degree of intri-
cacy? The burrow system of the deermouse (Peromyscus maniculatus)
is a single chamber at the end of a short tunnel. Not very exciting
but it does at least have two parts to it: the entrance tunnel and
the nest chamber. The burrow system of the woodmouse (Apodemus
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Figure 1.1. Brants’ whistling rat burrow system: 115 burrow entrances
(black dots) allow a foraging Brants’ whistling rat to make a rapid escape
from predators; arrows mark six nest chambers.

After Jackson, T. P. (2000). Adaptation to living in an open arid environment: lessons from
the burrow structure of the two southern African whistling rats Parotomys brantsii and P.
littledalei, Journal of Arid Environments 46, 345-55, Figure 1, part (a). © 2007 with permission
from Elsevier

sylvaticus) usually takes the form of a loop of tunnel protected by the
root system of a tree and containing possibly separate food and nest
chambers. From this ring, there radiate maybe five or six burrows that
exit on different sides of the tree, giving the mouse additional security
when entering or leaving. This level of complexity alone forces us to
take burrow digging seriously within the pages of this book, but it
looks modest in comparison with the burrow architecture of Brants’
whistling rat.

In one location in southern Africa where this rat species was
studied, the average number of entrances to a burrow system was
41, and they are known to have up to 500 (Figure 1.1). You might
guess that this rat is a highly social species, its burrows teeming

16



The Builders

with scurrying tails and the patter of tiny feet, but you would be
wrong. Each system is normally occupied by a single rat, and the
number of occupants rarely exceeds three. What is going on? Brants’
whistling rat is an inhabitant of desert with scattered, stunted plants
and very little cover from predators. The rat is a herbivore, feeding
only on the sparse green vegetation, making it very vulnerable to
predators when foraging. However, with a branching network of
tunnels extending under the desert, which incidentally is probably
not expensive in terms of energy to dig because of the soft sandy soil,
and with multiple entrances, a rat is only ever a short dash away from
safety.’

Naked mole-rats (Heterocephalus glaber) (which are indeed rats, not
moles) are also inhabitants of the desert regions of southern Africa.
Their branching burrow system can comprise more than a kilometre
of tunnels often in hard compacted soils, but with few exits to the
surface, and these rarely used. In this species such a system can
easily be occupied by fifty individuals living in a complex society.
Their burrow system is essentially their whole world as they rarely
venture above ground. In this unvarying environment which is nei-
ther cold nor hot, the mole-rats manage without fur. This effectively
makes them slimmer, allowing them to dig narrower burrows which
therefore require the removal of a smaller volume of spoil and are
consequently energetically cheaper to dig. These burrows are dug in
search of food which takes the form of giant turnip-like tubers which,
once located, can sustain the colony for several months.

It seems that we should certainly take burrowing behaviour seri-
ously, in which case the rodents do represent the most important
building abilities of mammals, at least in terms of their numbers. It
is, in fact, hard to find much other building of significance occurring
among mammals. Dogs, cats and mongooses as builders, antelopes,
pigs and horses as builders? Not much more here than a bit of
nest building and some modest burrowing. Over 20 per cent of all
mammals are bats (more than 900 species), yet bat architects do
not spring readily to mind, although perhaps surprisingly some of
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them are accomplished if unsophisticated builders. Typically these
bat architects are inhabitants of wet tropical forests where they make
shelters by biting through the woody veins of large palm leaves to
create a structure a bit like an umbrella with all its spokes broken
and hanging down. This leaves one major group of mammals yet to
consider, the primates, that is the monkeys, apes and us. Of them
I am tempted to say, like the hypothetical Martian, that apart from
ourselves, there is little to impress. However, I need to be rather more
careful.

Nest building in the primates, excluding ourselves, is confined to
the great apes (orang-utan, gorilla, bonobo and chimpanzee). Chim-
panzees routinely make night nests, which are generally used only
once then abandoned. We would not ourselves put a great deal of
effort into making such a temporary structure, and chimpanzees
don’t appear to either. Typically, the chimpanzee stands at a major
fork in the branches of a tree and bends two or three branches in
towards itself and then stands on them, fracturing them to create a
platform which stabilizes as the branches splinter where they bend.
Side branches on these broken limbs are now bent towards the mid-
dle, building up the platform, and a few additional leafy stems may
be broken off elsewhere and added to the centre of the bed. The time
taken to do this is generally less than five minutes. This might appear
to show that nest building in chimpanzees requires little skill, but
then I could argue the reverse: to build a nest so economically is
evidence of skill. This is an issue that I will return to later in the
book.

But, unimpressed as the Martian was by our ancestral primates, it
was not their nest building which struck him as worthy of comment,
it was the waving of sticks and the shaping of stones, that is, their
tool use and tool-making. In fact a diverse range of species use tools,
although their numbers are small, and a proportion of these even
make tools. Asian elephants will use branches held in the trunk as
fly switches. In a study of a small group of captive Asian elephants
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supplied with branches that were too big to be used as switches, more
than half reduced the branch to a handy size, mostly by standing
on the main stem and pulling bits off with the trunk. The elephants
then used the trimmed branches as fly switches. Observations of this
kind are biologically interesting because they invite us to believe that
the tool user has some special insight into the consequences of its
actions, even that it invented the idea. As you read this, you may find
yourself charmed by the image of an elephant finally employing its
skilfully crafted and carefully planned switch to take its revenge on
the pestering flies. If so, let me ask you now as I shall do again in
Chapter 7, what evidence would you put forward to justify that view
of the elephant’s mind?

But are tools a proper subject for consideration in this book? Tool-
making involves construction behaviour—how could it not? So we
certainly should assess not simply the importance of tools in human
evolution but also whether the making and using of them by animals
generally is something special. To do that it will be necessary to
be ruthlessly objective. That is an approach I will try in Chapter 7;
until that time, I am going to suspend judgement on toolmaking.
That being the case, so far it would seem that the most consis-
tently impressive group of mammalian builders is actually that of the
rodents.

The number of bird species, at nearly 10,000, is twice the number
for mammals, and the overwhelming majority of them build some
sort of nest. These are located in all sorts of places: holes in trees or
the ground, on cliffs and supported by or hanging from branches. The
hanging nests are perhaps the most impressive. They need to have
special attachments to secure the nest to an overhead support and
be strong enough that the bottom does not split open, releasing the
contents. The nest of the little spiderhunter (Arachnothera longirostra)
hangs from the underside of a large leaf of some bushy plant found in
Asian tropical rainforests. Looking at the upper surface of the leaf as
you walk past, all you see are dozens of small white spots scattered
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Figure 1.2. The nest of the long-billed spiderhunter, made largely of strips
of plant material, is suspended from about 150 silken pop-rivets which the
bird has driven through to the upper leaf surface with its beak.

M. Hansell, Animal Architecture and Building Behaviour (London: Longman, 1984)

over its surface; these are actually pop-rivets made of silk. The bird,
which has a long, curved beak, can apparently hang under the leaf,
and drive through it a tiny lump of spider or caterpillar silk with
just the right force to create a hole through which the silk nodule
simultaneously passes. As the beak is pulled back, the aperture in the
leaf contracts. The lump of silk is trapped on the upper leaf surface
while the bird still holds a thread of silk hanging down through the
hole. This silk strand will become one of about 150 from which a
nest will hang like an airship gondola (Figure 1.2). It is hard to say
quite how difficult all this is as the nest-building behaviour of this
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shy forest-dweller has never been observed. My examination of the
nest and leaf to which it is attached shows that the holes in the leaf
are certainly struck from below, but my account is an interpretation.
This spiderhunter nest appears to be one of the more complicated
that birds make. Intricate nest structures of various designs abound
among the birds, unlike mammals where the dam building of beavers
is unique. There are also bird tool-users, even tool-makers, but more
of them later.

In the remaining vertebrate groups, there is not a lot to report
in terms of construction behaviour, let alone tool manufacture, by
reptiles and amphibians (i.e. frogs, salamanders and company). The
fish do show some interesting building and burrowing behaviour, and
will feature again in later pages. To sum up the building activities
of vertebrates then, for strength in number of species and depth
in technique, the birds are the tops. It should not come as a sur-
prise if important conclusions on the nature of animal building
come from the study of them. Even so, the majority of species
we will be looking at are not vertebrate but invertebrate builders.
They have a huge advantage over the vertebrates in the number
of species available for entry into any ‘best builders’ competition,
but the best of what they can build rivals even some of our own
achievements.

Several of the invertebrate phyla have very few species, less than a
hundred, or, in some phyla, a single strange species may be given a
whole phylum to itself. The larger the phylum, obviously the more
likely it is to be mentioned here, but as the book progresses it will
become more and more apparent that, as a source of examples, the
arthropods totally dominate. This is in large measure because they
constitute an extraordinary 75 per cent or so of all described animal
species, vertebrate and invertebrate. Arthropods are everywhere—
land, sea or air. They are creatures characterized by external skele-
tons and jointed limbs, and familiar to us as house flies, spiders,
woodlice, crabs, scorpions and the like. It is a formula that has proved
impressively versatile and adaptable.
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The majority of arthropod phyla are found in a dozen or so
classes with technical names that are unfamiliar to most, including
professional biologists, but, sticking to common names, the most
notable arthropod builders are found among the spiders, where
nearly all species build something, and the insects, where building is
widespread. Of special interest are the so-called social insects because
they often live in large groups and build nests that can house the
whole colony. A worldwide example of this is the domesticated
honeybee.

A honeybee nest may contain around 10,000 adult insects that
have constructed hexagonal cells made of wax for the storage of
honey and for the rearing of their maggot-like larval stages. This
is an extraordinary development of social living that has no equal
among vertebrate animals other than ourselves. In some aspects of
their building, social insects even surpass us, for example in the scale
of their structures. The nests of South American leafcutter ants (Atta
vollenweideri) are subterranean labyrinths extending as much as 6m
under ground and containing as many as 8 million adults (perhaps
another 2 or 3 million for larval stages and eggs) (Figure 1.3). This
one colony therefore equates to the population of the largest human
cities, living all in the one structure. The colony is sustained by the
constant import of freshly cut pieces of grass leaf which are not eaten
directly by the ants but chewed to a pulp and used as compost to
nurture fungi grown in special fungus gardens to provide the colony’s
food. Exhausted garden waste and other colony debris is dumped in
huge underground silos.*

This vast structure of underground passages and chambers, domes-
tic and horticultural areas needs to be ventilated, and a system to
accomplish this is built into the structure as well. At the surface,
the excavated soil forms a shallow mound on which are numerous
entrance holes, topped by small earthen turrets. The passage of wind
over the mound surface is sufficient to cause a lowering of air pressure
over its highest part compared with the lower parts. This causes air
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Figure 1.3. Leafcutter ants’ nest: excavation of the chambers and highways
made by the leafcutter ant (A#ta laevigata) in Argentina after the nest had
been flooded with 6.7 metric tonnes of cement mixed in 9,000 litres of water.
Martin Bollazzi
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to flow out of passages that exit at the top of the mound and into
passages at the edge. This induced flow mechanism of nest ventilation
exploits the same principle that causes lift on aircraft wings but, in
the case of the mound, a pressure difference is created regardless of
wind direction. Incidentally, although of all the architectural prowess
shown by leafcutter ants we may be most impressed by the nest ven-
tilation mechanism, the same principle is also shown by the mounds
of some termites, the burrows of some rodents and, in flowing water
systems, by some burrow-dwelling fish and mud shrimps. All have
multiple burrow exits at least one of which is raised above the level of
the others by the creation of an artificial mound. Are all these species
cleverer than their relatives or is the evolving of a ventilation system
relatively easy? More on that in Chapters 3 and 4.

We can now see where in the animal kingdom builders are to be
found, but it is also worthwhile considering very briefly what these
animals build for. Overwhelmingly, animals build homes. I mean
‘home’ in a rather general sense as a secure refuge, protected to
some degree from the physical hazards of extreme cold and heat
and the biological hazards of predators. Nests, burrows, cocoons,
all are homes in this sense. They may of course be more than
simply secure places. Like our own homes they may have addi-
tional features: food stores, waste disposal and even food production
areas.

There are essentially only two other functions of animal-built struc-
tures: as traps or as displays. In terms of the numbers which build
them, these two are far less important than homes, but both raise
challenging issues, so I want to discuss them in a lot more detail.
What creatures build these structures? Well, the most obvious trap
builders are the spiders. We think of the orb webs of late summer,
but across the spider species there are a lot more trap designs than
that, and there are certainly trap builders other than spiders. Display
structures may be hard to think of at all but you have very likely
heard of the ‘bowers’ built by male bowerbirds. These are not nests
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and male bowerbirds have nothing to do with nesting. The structures
they build are simply to attract females. Bowerbirds are virtually
the only animals to make such display objects and their remarkable
elaborateness may tell us something about ourselves, but that needs
to wait till the last chapter of the book. The job of the next chapter
is to look at the consequences of builders altering the world in which
they live.
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‘Wombats Detected from Space’ is the title of a scientific paper
published in 1980 in the journal Remote Sensing of Environment." The
burrowing and associated soil disturbance, it goes on to explain,
damages the surrounding vegetation to such an extent that, even with
the satellite imaging available a quarter of a century ago, it could be
detected and mapped from space. The southern hairy-nosed wombat
(Lasiorhinus latifrons) is a sturdy beast about 1m (3.3ft) long, weighing
up to 30kg (66lb). For burrowing in the compacted desert soils of
Southern Australia, it also has powerful legs and strong claws. A
single wombat burrow is not a very complex or extensive thing, 6 to
8m of tunnel with generally one, but sometimes two, openings. Bur-
rows, however, usually occur in clusters or warrens amounting to over
80m (263ft) of tunnel and twenty or more entrances. This produces
a distinct mound, rising a metre or so above the flat surroundings.
An individual warren may be 30 or so metres across and warrens
themselves may be clumped. The result of this disturbance is bare
patches in the scrub landscape of a few hundred square metres or as
much as one square kilometre, easily visible from space. This chapter
examines how, in so many ways that we fail to notice, builders change
the world.
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Incidentally it is worthwhile noting what the wombats use their
burrows for, as different species use burrows in different ways. Of
course, a burrow provides a secure environment buffered against
extremes of climate and a refuge against predators, but the wombat is
an extreme animal, extremely idle; this makes a secure home partic-
ularly important in its life. Hairy-nosed wombats could be described
as nocturnal but to say so is a bit misleading. An average day for
a southern hairy-nosed wombat is: spend over twenty-one hours in
the burrow, emerge during darkness for no more than two-and-a-half
hours to feed, cover an average of 200m (a distance covered in twenty
seconds by Olympic athletes), before going to ground again. It is
not an energetic life and it is energy or rather the lack of it that is
a wombat’s problem. Its diet consists of grasses and sedges, which
for most of the year are tough to digest and low in nutritional value.
The wombat solution is to move little and slowly, and use the long
periods in the burrow for patient digestion.

What about the cost of burrowing? Given the hard soil, this could
be high, but that depends upon whether wombats actually do much
digging of fresh burrows rather than mostly low-cost maintenance in
a warren that has been on that site for, say, 100 years. Is a warren
likely to be that age? Well, all right, let’s say 1,000 years then. I don’t
actually know the possible age of a warren, but neither does anyone
else. However, it has been seriously suggested that some burrow
systems of the European badger (Meles meles), referred to as setts, may
be several hundred years old.2

Badgers in Britain, surprisingly for a largish carnivore, feed mainly
on earthworms. Living in quite productive habitats for earthworms,
badgers have little need to change the location of their sett. Over
time, a sett can be gradually extended to become very large. One par-
tially excavated in England a few years ago had 879m of elaborately
branching burrow, 50 chambers and 178 exit holes. This will have
probably been occupied at any one time by a mere handful of badgers.
The question here is whether this same sett had badgers in residence
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when George III lost the American colonies in July of 1776, or
even on 14 October 1066 when William, Duke of Normandy, beat
King Harold at the battle of Hastings, making way for the Norman
conquest of England.

In Old English, the name given to badgers was ‘brock’, a name now
given as a surname for badgers in children’s stories. If you look at a
basic road atlas of mainland Britain you will probably find twenty-
five or more place names that begin with either ‘badger’ or ‘brock’,
Badgers Mount in Kent for example, and Brockholes in West York-
shire. It is completely unscientific to say so, but I like to imagine that
the permanence of a badger sett in the landscape led naturally to the
naming of farms, hamlets and then villages to indicate their proximity
to a major badger sett. This is not to say that the tunnel system now
present in a particular sett is the one present hundreds of years ago.
Rather, it indicates that the site has been permanently occupied by
badgers for that time, that parts of the system are traceable to its
ancient layout, and that the landscape we now see round about it
owes something to its long association with badgers.

Let us think of a human equivalent, for example the church of
St Peter and St Paul in the village of Brockdish, just on the Norfolk
side of the gentle River Waveney, which marks its boundary with
Suffolk. It is a church largely rebuilt in the 1870s, as can be seen
from the splendid Victorian tiles that decorate the wall behind the
altar. However, parts of the mediaeval church remain: a piscina (for
washing up vessels used in the Mass) dating from the thirteenth
century and one window of Saxon date, a remnant from the tenth
century. This church, although continually changing itself, has been
exerting an ecological influence on the local landscape for a thousand
years, and the shape of the village and surrounding fields bear witness
to this. If any local badger sett were of similar age, we should expect
that it also, in its smaller way, would have engraved some mark of
its history on the local ecology. There is in fact evidence from some
English badger setts that tonnes of soil have been excavated over
time, and that there is a typical vegetation associated with these areas
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of disturbed soil: one of elder bushes (Sambucus nigra) and stinging
nettles (Urtica dioica). Builders, human and badger, do change the
world.

Looking round at our landscape now, we see so much of its ecol-
ogy dominated by human activity, but we have only very recently
appeared on the planet and our history as major ecosystem engineers
only extends over a few tens of thousands of years. Other creatures
have been altering landscapes for tens, even hundreds of millions of
years before us. Can we see physical evidence of that? If so, how great
and from how long ago? Some animal built structures are very fragile,
but others are durable. A burrow, for example, can become fossilized
when filled with a deposit of a different type from the soil in which
the burrow was dug. Such ‘fossils of behaviour’ are referred to as
trace fossils and they are very common in some rocks, for example of
former seabed sediments.

A sandstone deposit recently excavated in South Africa was found
to contain the fossil remains of a system of branching tunnels dug by
a land-dwelling vertebrate.> These were so well preserved that they
still showed the scratch marks of the animals that dug them about
240 million years ago. The widest of the tunnels, which were about
15cm (6in) across, had two grooves in the floor, one each side of a
central ridge. This suggests that these tunnels had two lines of traffic
and therefore that the burrowers lived socially. This is supported by
the discovery of fossil skeletons in one of these burrows of around
twenty individuals of a small mammal-like reptile of the genus Trira-
chodon. The jumble of skeletons and the sediment filling the burrow
suggests that they were all drowned together when their home was
overwhelmed by a sudden flood.

This is an interesting snapshot of an ancient tragedy, but have these
burrows and their subsequent traces significantly altered the local
ecology? Possibly not very much, but consider this, on the face of it,
modest environmental modification: some small lumps of mud found
on the walls of rock overhangs and caves in the Kimberley region
of Western Australia. These are the remains of the nests of mud
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dauber wasps (probably Sceliphron species), hardly worth a glance
were it not for their association with prehistoric rock paintings. This
led to a dating of the wasp nests by subjecting the quartz grains
of the mud to a technique called Optically Stimulated Lumines-
cence (OSL). This gave an age for the mud nests of 17,000 years.*
That is certainly an exceptional feat of endurance for something
so apparently insubstantial as a small wasp nest, but the question
we are concerned with here is whether these blobs of mud really
alter the local ecology. I'm not sure, but I know some blobs of mud
that do. Nests of mud dauber wasps located on walls under bridges
in the United States are, because of their firm attachment to the
vertical concrete surfaces, used by barn swallows (Hirundo rustica)
and eastern phoebes (Sayornis phoebe) as foundations on which to
build up their own mud nests. If that sounds to you just a modern
effect, then I give you the 2kg (4.41b) mud nest of the white-necked
rockfowl (Picathartes gymnocephalus) in Ghana. This, the heaviest of
all rock wall-attached mud nests is, by preference, built where the
remains of mud dauber wasp nests help secure it to the difficult
surface.

These examples, the badger setts and the mud dauber nests, show
the surprising endurance of built structures on the environment, but
are not the best examples to show how builders can actually change
the appearance of landscapes. In parts of Washington State and
California in the USA there is a grassland landscape characterized by
regularly spaced shallow mounds about 0.8m in height and around
15m across. Once thought to be the product of physical forces such
as repeated freezing and cooling, it is now clear that they have been
created by burrowing rodents such as the pocket gopher (Geomys).
Above ground, the gophers defend territories around their burrows;
below ground they maintain separation of their tunnels by listening
to the vibrations of their burrowing neighbours. The result is an even
spacing of gophers. This, together with the excavation of spoil from
the burrows, leads over time to the even spacing of mounds across
the landscape.
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How long it takes for this landscape to be created we have no clear
idea, but it also occurs in the plains and desert scrub of Argentina
where it is created by the burrowing activities of rodents such as
the tuco-tuco (Ctenomys). This type of animal-generated landscape
has been given its own special name, mima prairie. In South Africa
there is a similar phenomenon—regularly spaced mounds in this
case occupied by both common mole-rats (Cryptomys hottentotus) and
by the termite Hodotermes viator. These mounds, which average 2m
height and about 28m across, apparently come about because in both
the rodent and the termite colonies, there is competition between
neighbours, while the termites and rodents within each mound tol-
erate each other. One study has carbon dated material from the core
of a mound. This gave a date of between 4,000 to 5,500 years ago
for their foundation. Each mound is a living site built on its own
archaeology, like the hearts of many human cities.

The effect of even small organisms altering landscapes on this sort
of time-scale can be impressive. In Botswana, in southern Africa,
there is a landscape of regular corrugations with parallel gullies about
50m apart separated by ridges about 2m in height. Not especially
impressive at ground level but, from the air, ridges can be seen
to extend for up to a kilometre. These landscape features are of a
different order of magnitude from mima prairie mounds, but cur-
rent interpretation is that they are created by termites of the genus
Odontotermes.

This phenomenon of habitat modification has been termed ecosys-
tem engineering and the creatures responsible for it, ecosystem engi-
neers. There are some problems with the use of this term, which it is
as well to be aware of. Any living thing, critics of the concept argue,
alters the landscape to some degree; a tree creates shade, alters soil
moisture and nutrient availability, but from the point of view of this
book we can ignore that. Here we are concerned with a specific aspect
of ecosystem engineering; how animals through their building behaviour
physically alter the environment. These effects alone are significant
enough to make ecosystem engineers worth studying.
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We should again acknowledge a debt to Charles Darwin.
No, it is not another tribute to his insights on evolution. The
acknowledgement is for a book Darwin published in 1881, shortly
before his death, The Formation of Vegetable Mould through the Action of
Worms with Observations on Their Habits. Now, we can recognize this
as an early study on the ecosystem engineering of that burrowing
creature, the earthworm. At Down House in Kent, where Darwin
lived in secluded domesticity for forty years, he conducted observa-
tions and experiments on all kinds of biological phenomena, orchid
pollination, carnivory in plants and, particularly in his later years, on
the burrowing of earthworms.

Earthworms feed by passing soil through their guts, which may
then be excreted at the soil surface like the squeeze of a tooth-
paste tube—a worm cast—much to the distress of the keepers of
golf greens. Darwin collected and weighed these bits of earthworm
excretion over a period of time on a particular patch of ground,
did the arithmetic and came up with the figure of 8.4 pounds per
square yard per year (that is an impressive 4.6kg per sq m per year).
He estimated that this amount of soil movement could, over time,
effectively bury archaeological remains. This was no idle armchair
exercise. He conducted an experiment with the assistance of his son
Horace, to see how quickly a large stone would disappear into the
ground as it was at once undermined by earthworms and covered
by their casts. On one occasion, attending the excavation of a Roman
villa concealed beneath Surrey farmland, he noted that as the archae-
ologists exposed the structure so also did earthworms in their small
way cover it again with their casts. From the number of casts detected
during the next seven weeks over the area of the atrium floor, he
was able to estimate the worm population under it and, from Roman
coins found during the excavation, calculate that in the 1,500 years
since it had been abandoned, the depth to which the villa was buried
could be simply the consequence of earthworm activity. That is a
remarkable and pioneering example of field ecology. It is also another
example of the extent to which builders can, surreptitiously in this
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case, change the world. However, the evidence presented so far this
chapter, of how builders change the world over time and space, fails
to make a key point: the extent to which the environments created
by builders alter the world not only for themselves but for a mass
of other species. It is that important effect which we now need to
explore.

You will yourself have noticed, as you walk across a beach exposed
by the outgoing tide, similar worm casts to those observed by
Darwin. Many species of worm, as well as other kinds of creatures,
burrow into the muddy sediments of the sea floor. The population
densities of these burrowing worms can be very high. A figure of
5,000 per sq m has been calculated for the predatory polychaete
worm Nereis (Hediste) diversicola and 50 per sq m for its near rela-
tive the lugworm Arenicola marina, which feeds in a similar way to the
earthworm. These marine burrowers are therefore, like earthworms,
moving the sediment, although in ways that differ between species.
The mud shrimp Upogebia stellata, which filters the water current
to obtain fine food particles, digs a burrow down to about 30cm,
bringing the spoil up to the surface; another mud shrimp Callianassa
subterranea digs right down to 90cm. Other burrowers move the sed-
iment in the reverse direction. The worm Maxmuelleria lankesteri, for
example, feeds by leaning out of its burrow to skim off the freshly
deposited surface layer of sediment within its reach which, after
passage through its gut, is deposited at a depth of about 80cm. A
study echoing that of Darwin calculated from the natural density of
mud shrimp (Callianassa) burrows, and the rate of burrowing in an
aquarium, that they must be bringing to the surface of the seabed
15.5kg dry weight of mud per sq m per year. The marine mud,
apparently passive to a passing Scuba diver, is in its top metre at least,
a restless, dynamic ecosystem.

The very high densities of creatures living in marine mud are an
indication of what a rich food source it is. This is something of a
puzzle since mud is notably lacking in oxygen, upon which organic
decomposition and hence nutrient release depends. Lack of oxygen
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in waterlogged deposits is after all why hundreds of human bodies,
some dating back 10,000 years, have been recovered from European
peat bogs, one (the 2,000-year-old Tollund man from Denmark) was
so well preserved that the local police were called in to investigate
his murder. It has been shown that in undisturbed marine sediments
the depth to which the oxygen-loving bacteria responsible for most
organic decay can flourish is a mere 1 to 6mm. But the mud is
disturbed; it is being penetrated and redistributed by burrowing crus-
tacea, worms and bivalve molluscs (clams). By their activity the mud
environment is transformed.

Lugworms ventilate their burrows actively, by driving water
through with their body contractions, bringing dissolved oxygen not
only for their own gills but incidentally to oxygen-loving bacteria.
The mud shrimp Callianassa truncata, a creature of only 2cm in length,
lives in a complex arrangement of chambers and tunnels that pene-
trate to a depth of 50cm. All that can be seen of Callianassa at the mud
surface is a view of one or two funnel-shaped depressions beside a
mound of mud with a hole in it (Figure 2.1). This is the marine
equivalent of the prairie dog burrow ventilation system. As fluid, in
this case water, passes over two apertures connected by a tunnel, one
placed higher than the other, a pressure difference is created such
that the water is drawn out through the top of the mound and into the
burrow through the funnel. This burrow system is passively ventilated
by the induced flow, bringing oxygenated water deep into the mud.’
Marine mud is rich in organic material, but it is the habitat modifying
powers of the burrowers which bring about the release of energy and
nutrients. This tells us something very important about the density of
lugworms in the mud sediments. It is due in a substantial way to the
activities of the lugworms themselves. They ventilate the sediment
with oxygenated water, allowing a population of oxygen-loving bac-
teria to break down organic debris, releasing nutrients. The bacterial
population flourishes and, as a consequence, supports a food chain
of protzoans, diatoms and nematode worms, enriching the mud on
which the lugworms feed.
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Figure 2.1. Mud shrimp burrow: water is induced to flow into the mud
shrimp burrow by the ‘mound’ and ‘funnel’ openings; this ventilates the
tunnels, which penetrate deep into the sediment.

Adapted by permission from Macmillan Publishers Ltd: Nature, W. Ziebis, S. Forster, M.
Huettel, B. B. Jorgensen, Complex burrows of the mud shrimp Callianassa truncata and their
geochemical impact in the sea bed. Nature 382 Aug. 15, 619-22 Figure 2 1996 © 2007

These examples show that burrowing creatures, by introducing
a new complexity (their burrows) into the mud, can increase its
productivity. But surely they must also be introducing an additional
level of structural complexity into an environment—microhabitats
(niches) for other kinds of organisms. Is there evidence that burrow-
ers, or indeed any animal builder, can enhance biodiversity through
ecosystem engineering?

The sand tilefish (Malacanthus plumieri) is found off the Caribbean
coast of Colombia in the rather featureless sandy areas that occur
inside and beyond the coral reefs. In contrast to the obvious richness
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and diversity of species on the reef itself, marine life in this habitat
seems very limited. However, it is significantly boosted by this one
species of fish.® Each male tilefish generally shares a burrow with
a female harem and, since males are territorial, burrows are fairly
evenly spaced. This is not, however, a story of the effects of the
burrows themselves on biodiversity, because over each burrow the
sand tilefish also build a mound of several thousand pieces of coral
rubble, stones and mollusc shells that is up to 1.5m in diameter and
25cm high.

‘What purpose the mound serves for the tilefish is not clear (protec-
tion of the burrow during storms, sexual advertisement?), however, a
study of these mounds has found them to be occupied by thirty-two
other species of fish of diverse ecology: herbivores, debris feeders and
carnivores. Some of these fish only occur in the mounds as juveniles,
showing that the rubble mounds act as nurseries for species that as
adults live in other habitats. The species diversity in the mounds is
of course not confined to fish; many species of invertebrates were
also found to be present: marine worms and snails, sea urchins and
brittle stars, various crab species and other crustacea. Here is an
example showing not only that animal-built structures add variety to
the habitat, but also that the builders in creating new niches induce
other species to join them. This in turn further adds complexity that
may draw in additional species, predatory fish for example, to feed
on one of the other species of immigrants.

Let me not get too carried away. Strictly, I am making an assertion
based on the correlation between habitat complexity and species
diversity. What as a scientist I would like to do is present you with the
results of an experiment in which diversity is compared between an
experimentally manipulated habitat and an unaltered control. Here
is such an experiment, elegant yet so simple in equipment terms
that you can repeat it yourself if you wish. All you need is a few
paperclips. This experiment concerns the effect on local biodiversity
of folding over or rolling up a leaf. There are a number of species of
insects and some spiders that do this to make shelters. One such is
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the caterpillar of the small moth Acrobasia betulella, the ‘birch tube-
maker’, which rolls up a birch leaf to make a retreat to use when it
is not feeding on the neighbouring leaves. Examination of these rolls
shows that they may be occupied by more than one caterpillar not
always at the same growth stage, suggesting that opportunists may
make use of shelters already made by another. The rolls may also be
occupied by caterpillars of other species, evidence suggesting that leaf
rolls enhance local biodiversity. But let’s test that with an experiment.

Such an experiment compared diversity on branches of cotton
wood (Populus species) where some leaves were rolled up and fas-
tened with a paper clip, with unaltered branches acting as controls.’
Creation of these simple leaf rolls not only resulted in seven times
the abundance of insects on ‘experimental’ branches compared with
‘controls’, but also a rather staggering four times the species diversity.
Many of the colonists exploiting the leaf rolls were not leaf feed-
ers themselves but predators. A supplementary experiment, which
attached paper rolls in the experimental patches instead of rolling
the leaves, showed that even for leaf feeders, the paper rolls were
attractive as shelters.

The examples of the tilefish mounds and caterpillar leaf rolls
reveal species diversity prospering where islands of refuge are spread
through habitats of relative exposure. This may well be one of the
effects of gopher burrows in mima prairie, but closer examination
shows a variety of less obvious ways in which the patchiness they
produce in an otherwise rather uniform environment creates oppor-
tunities for species diversity.

The activity of the resident rodents in mima prairie is focused
on the mound where an individual comes and goes and deposits
freshly dug soil. This constant disturbance permits little vegetation
to grow. However, beyond this central bare patch there are subtly
different concentric zones of vegetation. The first is a zone of more
stable soil, enriched by nutrients released from recently dug soil
and the excreta of the mound occupant, resulting in luxuriant plant
growth. Beyond this, the plants show rather weak growth due to
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lower levels of nutrients and the shade cast by the vigorous growth
beside them. Beyond this zone, with increased access to light, plant
vigour partially recovers. These zones of course are not just zones of
plant luxuriance but of plant differences, different species preferring
different conditions. This in turn results in different communities of
insect herbivores, and insect and spider predators. There is in fact an
additional influence on diversity because the patch system in mima
prairie is to an extent dynamic. If a mound owner dies as the local
population is in a phase of decline, he or she may not immediately be
replaced. This is an opportunity for pioneer plant species to colonize
the bare patch at the centre of the mound. You might suppose that,
because such patches are small, one specialized plant species would
be able to out-compete all rivals for these sites. However, this is
not likely to be the case. Instead, simply because the patches are
small, the first species to start growing on the patch then excludes
the latecomers. By chance, the seeds of different species arrive first at
different bare patches, promoting diversity.

The evidence is strong that builders enhance biodiversity by
increasing habitat complexity, but is it not possible that animal
builders will destroy habitats so reducing species diversity? This is
most likely to be the case where, unlike the grassland plains or seabed
sediments that we have been concentrating on, the habitat already
has high diversity. One such is the forest and stream habitat of the
beaver, and there is indeed some evidence that beavers do reduce
biodiversity. They feed on deciduous or broadleaved trees, to the
extent that they may reduce them at the expense of conifers. By
blocking rivers and dams beavers may also destroy the spawning
areas of some fish or disrupt the migration paths of others. But, on
the other hand, they also bring about changes that promote diversity.
Their felling of trees can create clearings where flowering plants can
flourish, encouraging insects that attract additional species of birds.
The still water behind the dam is habitat for planktonic crustacea
and mosquito larvae. Planktonic feeding duck species, such as teal,
benefit as a result. In winter, adult mosquitoes can shelter in the
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beavers’ lodge alongside the residents, biting them from time to time
for a blood meal. The net effect of beaver ecosystem engineering is
still probably to enhance biodiversity.

So, builders attract and benefit other species, but to what extent
do those other species depend upon the builders to provide the
environment they need? This question clearly has implications for
conservation. If many species are utterly dependent upon builders
for their homes, the loss of the builders from a habitat could lead
to a dramatic decline in biodiversity. What, also, is the relationship
between the builder and the squatter? Does the builder ever benefit,
or is the relationship merely neutral? Do some squatters exploit their
hosts, or even cause them harm?

To start answering those questions, we need first to consider the
species diversity associated with the tubes built by a marine worm
by the name of Phyllochaetopterus socialis. Worms of this species, as its
second name suggests, clump together and, in so doing, form dense
tangled masses of dwelling tubes in an otherwise rather uniform
muddy substrate. A study, which looked at all organisms greater
than one millimetre in length associated with these tube aggrega-
tions, came up with a list of sixty-eight species, mostly crustacea
and molluscs. However, the majority of these could also be found
in other habitats in the area. Their association with the worms was
non-specialized and opportunistic. Builders, as we have established,
are mostly makers of shelters; leaf rollers, pocket gophers and sand
tilefish all exemplify this. A shelter in its simplest form is just a barrier
between the organism and a hostile world beyond. It is generally a
quite unspecialized microhabitat and one that many non-builders can
therefore take advantage of, although they may also find alternatives
elsewhere.

Some species, however, are more dependent on shelters made by
specific builders. In the steppe plains of China and Tibet, two species
of snowfinch (Montifringilla) are largely dependent for nest sites on the
burrows dug by a relative of the rabbit, the pika (Ochotona). A better-
known example of a bird that nests in mammal burrows is probably
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the so-called burrowing owl (Speotyto cunicularia). This, in spite of its
name, is not much of a burrower but depends upon mammal burrows
for nest sites. In some grasslands of the United States, for example
Oklahoma, it depends heavily upon the extensive burrow systems
of the black-tailed prairie dog (Cynomys ludovicianus). Black-tailed
prairie dogs are found from Montana in the United States down into
Mexico, but the burrowing owl also occurs in grassland and savannah
habitats in South America. In Argentina it can be found nesting
in association with that moustachioed and bewiskered rodent, the
plains viscacha (Lagostomus maximus), the maker of complex burrow
systems which extend over several hundred square metres and have
anything up to forty entrances. These burrow systems are known
locally as viscacheras, and some, incidentally, are thought to be several
hundred years old.

Other bird species also make use of mammal burrows for nest sites,
but some do in fact dig their own homes within those burrows. In
grassland areas of Nigeria and Tanzania the sooty chat (Myrmecoci-
chla nigra) can be found nesting inside the burrows of aardvarks, a
substantial mammal of 70 kilos or more, which has powerful claws
not simply for digging a burrow, but also to demolish the mounds of
the termites on which it feeds. The chat, weighing no more than 40g,
avoids accidental damage of its nest from the aardvark by excavating
a nest cavity in the roof of the burrow. Exactly the same solution has
been arrived at in South America by the common miner (Geositta
cunicularia) which digs a tunnel in which to make a nest. One of
the sites where it chooses to make its burrow is inside a viscachera.
These bird species may not be entirely dependent upon mammal
burrows for nest sites but their ranges may well be extended by using
these secure sites where few are available. It goes without saying that
the nest cavities dug by the birds offer habitats for something else.
The cavities dug by common miners in viscacheras are sometimes
taken over by blue and white swallows (Notiochelidon cyanoleuca), a
species we shall come across again as an opportunist cavity nester
that utilizes a variety of sites. Some birds exploit less obviously useful
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sites of animal construction, spider’s webs for example. This requires
some explanation.

Spiders as a general rule lead solitary lives, predatory towards most
species, cannibalistic when the opportunity arises. However, there is
almost no rule in biology without there being exceptions, and there
are a number of species of spider, largely in the tropics, that live in
colonies of hundreds or thousands within complex spaces enclosed
by sheets of silk draped between branches. These structures are large.
The African species of social spider (Agelana consociata) weaves a mass
of sheet webs that envelope a volume up to 3m across—large enough
to envelope both you and I, let alone a bird nest. In Africa, three
species of sunbird (small birds similar in appearance and habits to the
hummingbirds of the New World, i.e. of The Americas) are recorded
as nesting in such web complexes, as is also another species, the
little grey alseonax (Muscicapa epulata). In South America, the royal
flycatcher (Onychorhynchus coronatus) appears to make use of social
spider’s webs too. This may sound a little vague but this reflects the
vagueness of the descriptions we so far have. More study of what lies
within social spider’s webs will I am sure increase our list of birds
that nest there and of other squatter species besides. What do the
birds gain from this? Well, I'm not aware of any bird or mammal
species other than our own that is afraid of spiders, and I don’t think
the social spiders themselves pose much threat to a predator of bird
chicks such as a snake or rat. However, these spider’s web complexes
certainly conceal the bird nests, and smaller vertebrate predators may
well be put off by getting swathes of silk web wrapped around their
faces.

Another kind of socially living invertebrate whose homes are used
as nest sites by birds is the termite. Here we have a lot more solid
evidence of the bird species involved, chiefly parrots and kingfishers.
Around the tropical grassland areas of the world are mound-building
termites, notably the Macrotermes species in Africa and the Amitermes
species in Australia. Their mounds can easily reach the height of
the tallest humans at around 2m, and may reach 6 or even 7m,
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significantly taller than that British unit of measurement, the (sadly
missed) Routemaster double-decker bus, height only 4.4m. The mate-
rial of which termite mounds are made is predominantly soil mixed
with faecal cement to form a tough composite. In the tropical forests
of Asia, Africa and the New World there are also smaller, globular
termite nests located in trees. All these are potential nest sites for a
variety of bird species that peck through the outer wall of the nest and
carve a cavity through the softer material that divides the interior into
tiny chambers. At least seventy species of birds are known to do this,
parrots by nibbling, kingfishers by chiselling.

Looking at the consequences to builders of their companions, the
nest of the sooty chat seems unlikely to bring any significant dis-
advantage to an aardvark by excavating a nest cavity in the roof of
its tunnel, nor will the common miner inconvenience the viscacha.
Some relationships between builder and joiner even seem to be mutu-
ally beneficial. At least twenty-nine species of fish of the goby family
are found in association with thirteen known species of burrow dig-
ging, snapping-shrimp (Alpheus species), one fish and one shrimp per
burrow. The fish gets the shelter of the burrow, contributing little to
the digging; it may also benefit by being groomed of ectoparasites by
the shrimp. The grooming of course provides the shrimp with a few
morsels of food, but more particularly the shrimp gains intelligence
of approaching danger through contact with the fish using its long
antennae, some goby species signalling alarm with specialized fin
flicks.

A more compelling example of mutual benefit is not between
builder and cohabiting animal, but between builder and associated
fungus, the builders in this case again being termites. The Macrotermes
species of the African savannah overcome the problem of digesting
tough grasses with their own tiny guts by outsourcing the diges-
tive responsibility to fungi. These fungi, which belong to the genus
Termitomyces, have evolved a specialized relationship with the ter-
mites. The termites cultivate the fungi in special horticultural areas of
their mounds, the fungus gardens. The fungi of course benefit in turn
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by being propagated by the termites. Indeed every potential queen
that leaves the natal mound with the aim of founding a new colony,
carries a gut rich in fungal spores, the innoculum for new fungus
gardens.

Natural history is littered with examples of good solutions to prob-
lems that have evolved independently in different organisms. Even so
it is very satisfying to find that this is also true of the unlikely habit
of fungus cultivation by insects, which is found not only in termites
but in the only distantly related ants. The ants in question are the
leafcutter ants (Atta and Acromyrmex) of the New World, which cut
fresh green leaves to compost in underground fungus gardens. As
with the termites, the fungi themselves have evolved a specialized
relationship with the insects, but they are different fungi. The fungi
of leafcutter ant colonies are not closely related to Termitomyces,
belonging to a different family, the Lepiotaceae.

The digestive problem the ants have is, to be precise, rather dif-
ferent from that facing the termites. In the forests of the temperate
regions, such as much of Europe and North America, trees can get
rid of their burden of leaf-chomping insects by shedding their leaves
in the autumn. Next spring the insects have to get established all
over again. In the wet tropics trees can remain green throughout
the year, so they have evolved chemical countermeasures as one of
their main methods of limiting damage from leafeaters. The lush
green vegetation of tropical forests, for all that it looks inviting, is
generally rich in toxins. The fungi break down the toxins and prosper;
the ants eat the fungi and multiply. Such a mutualistic relationship
between nest builder and occupant is not so much between the built
structure and the joiner as directly between the two organisms. A
large leafcutter ant nest can perhaps be thought of as a city-state from
which the ants stream out into the surrounding forest or savannah
to harvest green leaves to nourish their fungi. Their impact on the
local ecology can be great; it has been estimated that in some tropical
forests, Atta species alone will consume around 15 per cent of the
plant growth.
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Figure 2.2. Magnetic termite nests: the ‘high-rise’ profiles of magnetic ter-
mite mounds dominate this Australian grassland landscape, their flattened
faces catching the evening sun.

Martin Harvey/NHPA

One place where it is easier for us to visualize directly the influ-
ence, even dominance, of large social insect colonies over ecosystems
is in parts of the Cape York Peninsula of Queensland and the North-
ern Territories, in Australia. Here, in the dry season the mounds of
the ‘magnetic’ termites (Amitermes meridionalis) stand, evenly spaced,
their flattened profiles uniformly oriented like the tombstones in a
giants’ graveyard, casting their long shadows across the golden grass
where, in the wet season, they stand in a shallow lagoon, their 3m
high outlines reflected in the water (Figure 2.2). Their flat surfaces
face East and West, or in other words their long axes are aligned
North—South, hence ‘magnetic’. This very specific mound orienta-
tion was shown, over thirty years ago, to be for temperature control.
The flat Eastern face is warmed by the rising sun, the Western face by
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the setting sun; in the heat of midday, the upright slab of the mound
that tapers to a sharp jagged edge at the top presents only a small
area to the sun’s rays. This ensures that nest temperature rises quickly
to a useful 33 to 34°C, which it maintains with little variation until
the evening. At night the termites radiate out from their mounds, to
gather pieces of dried grass which are stored in chambers back in the
mound, stores that can be used during the dry season and in the rainy
season, when each mound becomes an artificial island.

I, and many others like me, have found this a convincing and
convenient story of functional design to tell the students over the
years, but it now seems that it may not be true, or at least not entirely
true. The problem is that other Amitermes species in Australia and
Mactotermes species in Africa build tall mounds, but all are rounded,
lacking the dramatically flattened shape of magnetic termite mounds.
The most obvious special feature of the magnetic termite habitat is
its exposure to seasonal floods. Researchers are now investigating
whether the flattened mound shape is a device to increase the surface
area of the mound relative to its volume, to allow rapid drying of
the stored hay after rain. So, perhaps the flattened mound design is
not ideal for temperature control, because it results in rapid cooling
within the mound after sunset, but is the best possible design given
the constraint of keeping the food stores dry in the wet season.

Foraging trips into the countryside from the metropolis of a mag-
netic termite mound costs the residents time and energy. The further
away that food has to be collected, the less net value it therefore
has, and the more likely it is to be of greater net value to a neigh-
bouring mound. Over decades, centuries perhaps, economics rather
than warfare have spaced these cities across the land; some colonies
die out, their towers crumble and fade back into the landscape. A
young royal pair, queen and king, fortuitously land in unexploited
terrain. They found a new colony in a new mound, the growing
profile of which symbolizes their local control. Gradually, a quite
even spacing of cities settles into the landscape. It is a world fashioned
by termites. This reads a bit like the opening passage of some fantasy
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novel but it is nevertheless a fair description of the ecology of that
Northern Territories and Queensland habitat. The energy of the sun,
locked up in new plant growth after the rains is channelled through
the termites to rematerialize as building work and new generations
of termites. They, the buildings and the termites, in turn provide
respectively places for other organisms to live and prey for other
animals to hunt. The termites bring continuity and stability to the
land. Within the mound, they have blunted the peaks and troughs of
the daily temperature cycle and, over the course of the year, they have
ensured continuous food availability in a habitat which shows only a
brief phase of explosive productivity after the rains.

How long have habitats shaped by social insects been around? For
ants we have some evidence from fossils. In colonies of social insects
different individuals have different tasks. In a honeybee colony there
is a single queen and thousands of workers that are actually sterile
females, periodically there are also males, sometimes called ‘drones’.
Physically these three castes, queen, worker and drone, all look
different. In ants, castes are generally much more distinct, and fre-
quently greater in number. The ‘workers’ may even be physically
distinguishable as foragers, nest attendants, major and minor soldiers.
The presence in the fossil record of a worker ant of whatever kind
would therefore indicate that it lived alongside other workers in the
service of a queen. The problem is where to find a fossil ant. The
answer may be hanging round your neck.

If you happen to like amber jewellery, you will know the attrac-
tion of a tiny piece of plant or perhaps a whole insect that was
trapped in the golden resin flowing down a tree trunk one afternoon,
100 million years ago, and that still survives entombed, preserved
and mineralized in perfect detail. There are various amber deposits
from different past ages around the world, but a fossil worker ant
in a piece of New Jersey amber, of that dinosaur-populated era the
mid-Cretaceous, confirms that socially living ants did exist at least
100 million years ago and that consequently so did their nests. For
termites you can double that figure and we have the fossil nests
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to prove it. Sandstone pillars in a location on the South Africa-
Zimbabwe border have proven to be the remnants of termite mounds
of the Early Jurassic, about 180 million years ago.® The preserved
architectural detail shows these to have been complex structures
reaching about 3m high. Termites had obviously been around for a
while before these were built, indeed we have much simpler fossil
termite nests from the Late Triassic, more than 200 million years
ago. We can fairly conclude that there has been a long period of
evolutionary time for social insects to create habitats through their
building that other species could have become adapted to.

Over the millions of years, the influence of social insects on land-
scapes will have grown. Now, in tropical habitats, ants and termites
can truly be said to be dominant among the animals. In parts of the
Amazonian rainforest it has been estimated that ants and termites
together represent about one third of the total animal biomass, that
is, of the total weight of all animals, vertebrate and invertebrate. That
is a lot of ants and termites when you consider that it would take
about 30 million ants to balance the scales against a 140kg (3091b)
jaguar.

T will give you results of just one study on a single species of termite
(Cubitermes) in West Africa to suggest the extent to which social
insect nests can influence their local ecology. Cubitermes build rather
charming little nests of mud that look like fat-stemmed toadstools,
about 35cm high that, if painted red and yellow would look just
right alongside some plastic gnomes in an English suburban garden.
This study showed that the number of ant species taking advantage
of the space offered by Cubitermes nests was 151, eleven of them
previously unknown to science.” Note, this is of ant species alone.
However, these ant species appear to be non-specialists, opportunists
that do not depend simply on termite nests for living space. However,
millions of years of social insect evolution have given rise to many
species that are indeed dependent upon the nests of termites and of
ants to the exclusion of all other micro-habitats. Of the thirty or so
different orders of insects, for example, at least ten have species that
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depend upon the nests of ants. Of beetles alone, there are probably
hundreds of species, belonging to about thirty-five families, with ant
nests as their natural habitat. Many butterflies, particularly those of
the ‘blue’ and ‘hairstreak’ family, Lycaeneidae, have larval stages that
are cared for by ants in their nests. In Europe the caterpillar of the
large blue (Maculinea arion) initially feeds on wild thyme. However,
when partly grown, an ant of the species Myrmica sabuleti will carry
it inside its nest, apparently seduced by secretions from the cater-
pillar’s body surface. Once inside, it repays the ant’s hospitality by
turning carnivore and eating the ant grubs. The full-grown caterpillar
becomes a pupa within the protection of the nest, and from it emerges
as a striking blue butterfly.

Now it is the turn of humans to attract species to the new habitats
we have built. We are the dominant habitat-altering species; no other
single species has altered the world so much by their building activity.
Do the effects on habitats and biodiversity brought about by builders
that have come before us tell us anything about what effects we may
have? The initial impression is that, far from enhancing biodiversity,
we are in the process of substantially diminishing it. The history of
life on earth is recognized to have included five episodes of mass
extinction. That is where between 10 and 40 per cent of species
diversity has disappeared within a relatively short space of time,
usually a few million years. The last of these was the extinction of the
dinosaurs around 65 million years ago. I support the growing view
among biologists that we are now in a sixth era of mass extinction
and that it is caused by us. Notice, not ‘about to enter—unless we
are very careful’ but ‘in’ a period of mass extinction. It began with
the migration of Homo sapiens out of Africa (about 100,000 years ago,
although this is a matter of some debate), completing our envelop-
ment of the globe with the Maori colonization of New Zealand a
mere seven or eight hundred years ago.

The accumulating evidence of our contribution to extinctions is
that soon after our arrival in Europe and the Americas, large mam-
mals became extinct. Large mammals never colonized New Zealand
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before humans introduced them; instead their grazing, browsing and
predator roles were taken by large birds, including moas—species of
flightless birds, two or more species towering above you or me, at 3m
tall. Soon after human arrival, the moas became extinct, probably
twelve species of them, along with several other species, including
the largest eagle that ever flew, Haast’s eagle (Harpagornis moorei).
With an estimated wingspan of 2.6m, this was probably a predator of
moas. If we compare ourselves with beavers, therefore, our capacity
for habitat destruction is immensely greater. Nevertheless, we are
undoubtedly creating new habitats and these provide potential living
space for some species.

If a spider runs across the carpet as you are watching television or
appears in the middle of the night stranded and sharply silhouetted
against the white background of your bath, you may not just be
startled but also upset at its invasion of your private space. However,
this spider has almost certainly stumbled into your space in the house
from one of its spaces, the roof, the wall cavity or the under floor. Do
you ever consider what it is doing there? Spiders are after all the top
predators of the invertebrate food chain in your house. There is a
whole ecosystem ‘below’ them down to the tiny insects and mites
that feed on your food crumbs, skin scales, and on the fungi growing
on your house’s damp patches.

Most of these house dwellers, like the ant species in Cubitermes
mounds, are opportunists, but some of them are nevertheless heavily
dependent upon us. The house martin (Delichon urbica), for example,
is so called because its nests are found almost exclusively attached
to the walls of houses, and rarely on the rocky cliffs where their
ancestors nested. Some species, by occupying habitats made by us
have extended their ranges dramatically. The brown rat (Rattus nor-
wegicus) is so uniquely associated with human habitation around the
world that, although scientifically termed the ‘Norway’ rat, it seems
to have originated somewhere in Asia. The American cockroach
Periplaneta americana seems to have been introduced into the New
World from Africa, but what hotel in the world is now entirely safe
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from its intrusion? But are these species evolving under selection
pressures exerted by us? This is an important question because we are
a species that is exceptional in the rate at which it is altering its built
environment. There is an Irish jig tune ‘Cricket on the Hearth’ that
is a musical reference to the song of the male house cricket (Acheta
domesticus), once a common resident in the thatched cottages of rural
Ireland, but I don’t suppose that there are many crickets now singing
in the fitted kitchens of the smart bungalows now populating that
land.

Electric and electronic gadgetry are habitats that proliferated in
houses of the twentieth century. TV sets have been a potential house-
hold habitat for insects or spiders but, after a mere fifty years, the
bulky cathode ray tube set is being replaced by the slim plasma screen
set; far too little time for any creature to become specially adapted to
its environment. The ‘clothes moths’, or at least their caterpillars that
once fed on the woollen coats and carpets of our great-grandparents,
have now retreated in the face of the human countermeasures of
synthetic fibres and insecticides. For all our professed love of wildlife,
we generally do not like to share our houses with it, particularly if it
causes the least bit of damage. Nevertheless, however much human
dwellings change, and let us be clear there are no guarantees of
continued rapid technological change, the human house will remain
a home, shaped to provide for our basic security and comfort. There
will always be other species able to take advantage of that.

In Britain, the concrete ledges or exposed steel I-beams of high-
rise buildings provide perching and nesting sites for feral pigeons,
and peregrine falcons; our flat roof tops are the new cliff tops for
nesting gulls. Spaces under houses, even in fully urban areas, are
increasingly homes for that archetypal creature of the countryside,
the red fox (Vulpes vulpes). So humans are creating new habitats by
their building and, in spite of the rapid change of our way of life,
other species continue to take advantage of these structures for their
homes. Many of these also take advantage of other aspects of our
biology, human domestic refuse in the case of urban foxes, but that
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is exactly the situation of beetles whose habitat is the rubbish dump
chambers of leafcutter ants. How long will it take us to evolve the
close mutualistic relationships that we see between, say, the goby
and the shrimp, or between leafcutter ants and their fungi? Well, we
have similar intimate relationships already: they are with our dogs
and cats.

In the church of All Saints, in Little Shelford, Cambridgeshire,
there is a fourteenth-century brass effigy of the knight Robert de
Frevile in full armour, and of his lady, Clarice. They lie formally,
side by side, staring expressionlessly at you, so it is with a shock of
pleasure that you notice his right hand, ungloved, reaching across to
gently hold her right hand, as her left hand touches her breast as if to
muffle a 600-year-old catch of breath. But the brass tells us more of
the domestic life of the de Freviles. His feet rest upon a fine hunting
dog that gazes obediently up at its master, while at her feet, nestling
in the folds of her long gown, are two lap dogs, the little bells on their
collars once the everyday sound of the de Frevile home.

We like dogs. Some might say that we exploit dogs. Lap dogs
or work dogs, we have bred them to our liking, but they are also
exploiting us. We pay for their food and their vet bills. Initially, as
a wild species, they had attributes that humans benefited from but
we have now bred them to be more desirable to us. Their benefits
are acknowledged as human companions, even as therapies for the
mentally ill or the antisocial. In return we are securing their future as
a species. As long as there are humans, dogs will not become extinct.

Somewhere, perhaps not very far from you, deep in the hillside is
an elaborate and formidable bunker. In the event of any impending
apocalypse, it will be the refuge of your Emergency Regional Govern-
ment. Let me suggest to you who will get in, if and when the time
comes: the ruling elite, some military, assorted partners, lovers, mis-
tresses and children, and their dogs and cats. The spiders are probably
already there.

So we live largely in a human built world, but so do termites live
largely in a termite built world, and orb web spiders, largely in a web
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world. Animal builders are in a special relationship with the selection
pressures that act upon them. They themselves create part of that
environment. The final investigation of this chapter is to help us
understand the evolutionary consequences of this, not simply for the
evolution of the organisms that are builders, but upon all species that
are in some way dependent upon them. This is the theme of ‘niche
construction’, a term that is effectively synonymous with ecosystem
engineering.

Both ecosystem engineering and niche construction explore the
consequences of organisms modifying their environments through
their activities. However, whereas the former emphasizes ecological
effects, the latter stresses evolutionary ones. The term ‘niche con-
struction’ has faced the same criticism as that of ‘ecosystem engineer-
ing’, that it is too broadly defined to be useful. Nevertheless, habitat
modification by organisms is increasingly recognized as having far-
reaching evolutionary consequences and the part of it that we are
interested in, building behaviour, to be a very important aspect of it.

If the design of a spider’s web is inherited from its parents, then
those spiders must possess genes for features of that web building
behaviour. I will talk more on the inheritance of building behaviour
in Chapter 5, but suppose in the case of this web building, that there
is inherited variation between individuals of a certain species in the
number of radial threads (‘spokes’, if you like) in their orb webs. We
can say that, at this gene location, there are alternative forms of the
gene (referred to as alleles), for the number of radii in the web. Natural
selection will act on this variation. So we might imagine that in a
windy location, where stronger webs are more durable, webs with a
greater number of radii will be more successful, so locally selecting
against spiders carrying alleles for low radius number and therefore
increasing the frequency of alleles for higher radius number. We are
expressing evolutionary change as changes in allele frequency and
explaining it in terms of straightforward natural selection.

The web of a spider, wind or no wind, is not going to last very
long, much less even than the spider that spun it. But what about the
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casts made by an earthworm? There, as we discovered from Darwin’s
studies, the situation is very different. Young earthworms not only
inherit from their ancestors the ability to burrow, but also a world
altered by their burrowing. That is two pathways of inheritance, with
the modified environment modifying the selection pressures that act
upon the current earthworm generation.

Think back to the opening of this chapter: “‘Wombats Detected
from Space’. As we now see, not simply earthworms but termites,
beavers and other builders, by their cumulative action over genera-
tions, can also substantially alter habitats, bequeathing those changes
to their descendants. Attempts are now being made to predict how a
niche-constructing species might influence its evolution through eco-
logical inheritance. This is very difficult to do in a natural population
of any organism, even one as relatively simple as an earthworm. This
is where mathematical modelling by theoretical biologists can give us
valuable indicators. Such a model has been devised and tested, and is
explained in the interesting and challenging book, Niche Construction,
written by John Odling-Smee, Kevin Laland and Marcus Feldman,
published in 2003.10

Their model strips the evolutionary problem down to the simplest
level possible. It asks the question: ‘How can habitat-altering building
behaviour over generations influence the evolution of some aspect of
the organism in subsequent generations?” However, this is expressed
in terms of allele frequencies, so the question is how do alleles at
a single gene location responsible for building, influence allele fre-
quencies at some other gene location over generations. Their model
is a virtual creature with just two genes. You might well ask how
such a highly simplified model, run on a computer using artificially
chosen parameters of habitat change, can tell us anything. The best
answer I can give is that you need to start somewhere and it is better
to start simply. A theoretical model also has the merit that, although
it is necessary to incorporate some assumptions because knowledge
is incomplete, the assumptions are at least clearly stated. Later, addi-
tional evidence may invalidate certain assumptions, but we can then
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refine the model accordingly. Meanwhile the model shows outcomes
of dynamic relationships that give us an idea of what we should be
looking for in the real world.

So this two-gene model envisages that the organism’s influence on
changing the environment through building is affected by alleles at
a one-gene location, which we shall call E. The environment, we
are asked to imagine, contains some resource (R) which is altered by
present and past levels of niche construction. R is, in other words, a
function of the frequencies of alleles at gene location E over a number
of recent generations. To make it less abstract, we can imagine a
virtual earthworm where alleles at E determine the amount of its
burrowing; this influences soil fertility, leading to plant growth and
therefore the availability of more dead leaves, which provide food
(resource R) on which earthworms can feed.

The amount of resource in the environment in turn determines the
contribution made to the organism’s fitness by alleles at a second
gene location we will call A. Let’s say, in the case of our virtual
earthworm, that alleles at A influence a behaviour—the readiness
to reach out of the burrow to grasp leaves. This completes feedback
through the environment back to the builders. The influence on the
habitat exerted by alleles at E alters the availability of R, which
selects for certain types of allele at A, so changing allele frequencies
at A, and, in our case, leading to worms that are more or less ready
to reach out of their burrows than were their ancestors.

This model makes some significant predictions, but let’s look at
one, just by way of illustration: The time lag with which changes
in allele frequency at the E location would impact on alleles at the
A location. Suppose that the E alleles, which influence (through
the worm'’s burrowing behaviour) the availability of the resource (R)
(leaves), only begin to have a significant effect on R after a large
number of generations of the burrowers. This results in a long time
lag before the effects of alleles at E begin to impact on the alleles
at A. This creates an evolutionary inertia which could, for example,
see a particular allele at A continuing to decline in spite of the fact
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that an allele at E is altering the environment to its advantage. Less
obviously, the feedback time lag could also generate evolutionary
momentum. This would be seen if selection at the E location stopped
or reversed. Because of the time lag on changing R, this does not pre-
vent the resource continuing to accumulate for several generations,
with the result that evolutionary change (in allele frequencies) at the
A location persists for a while in the original direction in spite of the
selection at E having stopped. In other words, the time lag produces
a ‘supertanker’ effect on evolutionary direction: slow to get moving;
slow to alter direction.

So, niche construction does appear to have important implications
for evolution through two lines of inherited information: conven-
tional genetic inheritance from parents, and through the inheritance
of altered environments. But there is a third pathway for the trans-
mission of information across generations, one that is immensely
important for humans, the transmission of learned information.
Humans store knowledge accumulated over generations, in libraries
and databases, which is passed on to each new generation through an
elaborate system of formal education. Is there anything equivalent in
other species? The answer is that education in non-human animals is
virtually absent. At a site in Guinea, West Africa, the chimpanzees
crack oil-palm nuts by placing them on a stone anvil and striking
them with a stone hammer. It takes at least three years for a young
chimpanzee to learn how to do this, more to become skilled. To
achieve this, he or she initially pays close attention to what the adults
are doing and copies them. However, in spite of the fact that adults
do leave hammers and anvils lying about, there is no convincing
evidence that they are offering the youngsters a structured education.

There are of course a great number of species of animals that
are able to learn. Any insect that builds a nest (ant, bee, wasp or
termite) must learn how to get back to it. In a number of vertebrate
animals, learned information passes from one generation to the next
by youngsters copying the example of parents or other adults, but for
the great majority of non-human animals there are really only two
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routes for the inheritance of influences that alter the environment: the
genetic route, and the inheritance of an environment already altered
(i.e., the ecological route).

For humans, the situation is dramatically different. It is now over-
whelmingly through education (the cultural route) that we inherit
our ability to change our environment. Students take degrees in
engineering and science to be able to continue changing our world,
and to discover new ways of doing it, which can be passed on to the
next generation. So, what remaining importance do the other two
routes of inheritance, genetic and environmental, continue to have
for us?

The transmission of information encoded in DNA molecules is
very effective when the message to be sent is relatively simple and
when it is more or less equally applicable to the next generation as it
was to this. It copes well with gradual change. Cultural transmission
by education across the generations allows rates of change in behav-
iour that far exceed what is possible through genetic transmission;
a radically new idea arising in one generation can become widely
understood and applied in the next. However, even faster rates of
social change than this are possible through individual learning.
Individual learning becomes beneficial when environmental change
is so rapid that the older generation have very little left to teach to
the younger. Parents teach their children how to behave at table; the
children teach the parents the special features on a mobile phone.
Human inventiveness can bring about such rapid changes.

With rates of technological change appearing to become ever
faster, parents may begin to wonder if they have a future role in
raising children. However, we can exaggerate the rate at which we
are altering the world and so altering the selection pressures acting
upon us. Through the cultural transmission of acquired knowledge,
we are the world’s pre-eminent niche constructors. However, because
we are already genetically and culturally adapted to live in a particu-
lar environment, we tend to create new environments that resemble
past ones. We may have central heating with thermostatic control,
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but the room temperature we try to create probably resembles an
environment that humans have preferred since the time they lived
in simple shelters or natural caves. We saw how the mounds of
Armitermes termites in the Northern Territories of Australia buffered
the insects against the daily fluctuations in temperature and the
seasonal fluctuations in food availability: it made termite lives more
predictable, and their predictable way of life and relative population
constancy brought greater stability to the whole habitat. The mounds
of those termites are a conservative influence on change. Our niche
construction, for all its innovation, has that aspect to it as well.
However, as human history gets longer and our numbers increase, so
we create more archaeology; that is, more altered habitat to pass to
succeeding generations. These modifications may be to our current
advantage, or merely haphazard outcomes of our varied activities,
but for good or ill they will form part of the selection pressures acting
upon our descendants.
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You Don’t Need Brains
to be a Builder

It is a sphere composed of a few hundred stones cemented together,
with a large circular hole at the bottom. The top of its dome bears
seven or eight sturdy spikes, each a cairn of stones, larger ones at
the base, the smallest at the tip creating a sharp point. The most
distinctive architectural detail, the one that gives the name to the
species that builds it, is the collar to the circular aperture. It is a
pleated coronet constructed from particles too small to be distin-
guishable from the cement that binds them. The diameter of this
whole dwelling, for that is what it is, is about 150 thousandths of
a millimetre (i.e. micrometres, written pm). Smaller than the full stop
at the end of this sentence, it is the portable home of Difflugia coronata,
a species of amoeba (Figure 3.1).

As we established in Chapter 1 an amoeba is not an animal at all
but a member of the kingdom Protista. Its single cell does everything
an organism needs to do. It feeds, excretes, moves about and repro-
duces. It moves by flowing across the debris at the bottom of a pond
or the like, sending out a ‘pseudopod’ (false foot) like a glacial flow,
in one direction, and gathering up its irregular shape behind it. As
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Figure 3.1. Amoeba case: a single-celled amoeba (Difflugia coronata), an
organism with no nervous system, is able to build this intricate, portable
sand grain house.

© The Natural History Museum, London

it moves, it engulfs tiny food particles and digests them, ejecting the
remains in its wake. In this way the amoeba grows and periodically
reproduces by dividing its body, and the nucleus which controls it,
into two. What is probably less familiar is that an amoeba can also
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build a portable house that it carries round for protection, as a snail
carries a shell, but only some species of amoeba do this; Difflugia
coronata is one of them.

How does this single-celled creature build such an elegant house?
Well, we don't really know. The only information we have at the
moment is a description of what we can observe. An individual
Difflugia flows around, carrying its case with it. While doing this,
it not only engulfs food particles but also tiny sand grains that accu-
mulate inside the amoeba as a large ball. When the time to reproduce
arrives, the nucleus of the amoeba replicates its DNA to create two
complete nuclei. The cytoplasm (the body material) then begins to
divide, one nucleus going into each half, to form two independent
organisms. One of these will inherit the existing house, but the other
takes the ball of stones in its cytoplasm. As the two organisms are
created, these stones move to the surface and arrange themselves as
a new house.

That last sentence may sound pretty unsatisfactory. It is like a
magic trick that leaves you wanting to know how it was done rather
than simply enjoying the moment, but we simply don’t have the
information. You may also have another feeling of dissatisfaction. An
amoeba is a single cell. Isn’t this therefore a story about cell biology
not about behaviour and so has no business in this book? Well, I
think case building by Difflugia makes a fundamentally important
point about building behaviour. You don’t need brains to be a builder.

I hope that we can agree that an amoeba, with or without a
portable case, has behaviour. When it sends out a pseudopod in
one direction rather than another it is showing behaviour based on
some decision. Even if you wish to say that the direction chosen is
random, still there must have been some instruction generated within
the organism to do something rather than do nothing, and indeed to
engulf this particle but not that. I've no idea how that can be done,
but let’s imagine some essentially mechanical process. Some sand
grains are too small to be grasped and carried into the cytoplasm,
some too large. The result is selection. But clearly the house-building
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amoeba is making more decisions than that. It needs to ensure that
it has enough sand grains to build a new house. Maybe it also avoids
having too many. It needs very small particles as well as large ones.
Can it tell as it goes along that, for example, it is still short of very
small ones? Finally, what about the construction process? Clearly,
there is a process that moves particles to the appropriate places and
assembles them in a very special way. That process requires some
equipment to manipulate the building material. We use hands to
manipulate bricks and mortar. Difflugia coronata uses some intra-
cellular equipment. This amoeba does show building behaviour, for
which it needs equipment to decide what to do and equipment to
carry out the building instructions. If a single celled organism can
do those things and produce such a seemingly sophisticated result,
then there must be ways of building that are very much more simple
than the methods that we use: simpler in both decision making and
building equipment. This chapter is an exploration of simple ways to
build elaborate structures.

Animals, unlike the Protista, are all multi-cellular, with cells spe-
cialized to form different tissues, brain, nervous system and muscle.
Decision-making and communication are the jobs of the nervous
system. Movement is achieved by muscle contraction which often,
although not always, operates a system of levers that we call the
skeleton. Dissect out a human brain and it will weigh about 1,400g,
and have a volume of around 1,450cu cm. The volume of the total
central nervous system of one of the largest of the orb web spinning
spiders is 303 x 10% cubic micrometres (cu um). That gives the
average human around 5 million times the brain size for decision and
instruction that a spider has. From this comparison we should have
certain expectations about how building behaviour in non-human
animals, particularly among the invertebrates, should be organized.

These expectations can be expressed as three predictions. The first
is that animal building behaviour will be kept simple. The process
of natural selection will favour building routines that have a limited
repertoire of behaviours, each of which is rather stereotyped and

61



You Don’t Need Brains to be a Builder

invariant. This does bring with it certain difficulties, in particular
it cuts down the capacity for individuals to improve building skills
by learning, but learning would require additional brain cells and
circuitry. This leads us to a second prediction: that animals will tend
to use standardized materials because, if the building materials are
predictable in character, then the handling process can be invariant,
offering the prospect of stereotyped repetitive building routines.

Simplicity in the construction process is not without benefits even
to us; it can save on time and effort, and that in our currency means
cash. Building a brick wall is an illustration of exactly the behaviour
we are predicting in other animals. If a truck dumped a load of bricks
in front of the cave of a Neolithic family, I could describe to them
over the phone how to make a wall. We could leave the mortar out
for the sake of simplicity, but they would quickly grasp the principle.
However, there is one obvious stumbling block, if you will excuse the
building pun: that is the problem of the cave folk getting their wall
started. It would be easy to describe to them the rules for adding the
next brick to a wall that has already been started, and each successive
brick is subject to the same, simple set of rules and can be handled in
the same way, but what about getting the wall started? Is, for example,
the cave mouth flat or uneven? Maybe there is a big tree growing
there. These are just the kinds of contingencies that make some kind
of flexibility in the behaviour desirable. Once a structure has been
started, then new structure is added to existing structure. This, the
builder has control over, so stereotypy works. This brings me to my
third prediction: getting started should be the part of the building
sequence where the builder will exhibit its most variable and complex
behaviour.

Now, what about building equipment? What predictions can I
make about the personal apparatus (the design of skeleton and mus-
cle) which simple animals should use in their building? Building
behaviour evolved from behaviour that was originally nothing to do
with building. There is no controversy in saying this. It is the way
that anything, behavioural, physiological or anatomical evolves. No
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committee sat round a table, deliberating and designing from scratch:
it arose from the modification of something that in previous gener-
ations worked in a rather different way and had a rather different
function. So, what did building anatomy evolve from?

One of the pleasantly predictable attributes of TV sci-fi series,
established by Startrek and accepted ever since, is the appearance of
aliens. From whatever strange new civilization, from whatever part
of the galaxy they may hail, vary as they may in the number or colour
of scales and lumps on their heads, they will still have two eyes,
two arms and walk about on two legs. I very well see the economic
argument of the studios that dressing up some workaday actors in
funny head costumes is a cheap way to create exotic life forms, but
I like to think that this may well be the reality, that in some parts of
the galaxy there really are exotic metropolises, streets thronged with
workaday commuters who, but for a few lumps and scales, look not
unlike you or me. There is a biological justification for this. It is the
argument that there are only a few good solutions to any problem
and that in our body design we have incorporated a number of good
solutions.

I want to apply this argument in a somewhat speculative way to
the evolution of the anatomy of builders. In other words there are
only a limited number of bits of the body of any organism—human,
fish or spider—which are suitable for modification as building equip-
ment, and only a limited number of ways that they can be effectively
modified. This may be a rather weak argument, but it is simply a
hypothesis with some clear predictions that we can test by looking at
the evidence. So here are three predictions it yields on the nature of
the anatomy of builders.

The first is that the degree of specialization in the design of build-
ing anatomy will depend on the extent to which it still retains its
original function. The second, based upon the argument that there
are only a limited number of good solutions, is that we should expect
that parts of the body used for building will have similar origins in
vertebrates or invertebrates—in fish, spider, wombat or wasp.
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Building requires some manipulative skill, so anatomical adapta-
tions should reflect this. However, there is another aspect of building,
and that is power. My third prediction is that adaptations in anatomy
will be evident where building requires power and the most obvious
place to look for it will be among the burrowers, since they need
considerable power for digging. For the moment I am going to leave
this as a bald, unsupported assertion, but I will come back to it later.

These predictions probably sound a bit abstract, so here are some
illustrative examples. The beaks of swallows and martins are an
example of the first prediction: that degree of specialization reflects
degree of use. The sand martin (Riparia riparia) is a burrower, using
both beak and feet to create its nest tunnel and cavity. The purple
martin (Progne subis) utilizes natural cavities or, nowadays, nest boxes,
only using its beak to gather a few scraps of building material. Barn
swallows (Hirundo rustica), cliff swallows (Petrochelidon pyrrhonota)
and house martins (Delichon urbica) use their beaks to gather and
fit together mud pellets to build up nests of varying complexity
(page 126, Figure 5.2).! With that in mind, look at Figure 3.2 which
shows the heads of these four species and, without looking at the cap-
tion, decide which is the burrower. Well, they all look pretty much the
same. There is no obvious specialization in their beaks for their par-
ticular form of building. So what are the beaks for? Well, obviously,
in addition to building, they are used to capture and handle prey, and
in the case of all these species, to catch insects while on the wing.

Let’s do a second test, this time on the feeding habits of birds. This
time we’ll use a group of birds found only on the Hawaiian islands:
the Honeycreepers. These birds are an even more dramatic, albeit less
well-publicized example of what Charles Darwin found in the finches
of the Galapagos Islands: the diversification from a single pioneer
species of a clutch of species adapted to different local habitats. The
total area of the eight Hawaiian islands is somewhat larger than that
of the Galapagos, but with more luxuriant vegetation and mountain
peaks of over 4,000m, compared with the 1,700 maximum in the
Galapagos. This has contributed to the adaptations shown by this
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Figure 3.2. Similar beaks, dissimilar nests: (d) the sand martin, digs a bur-
row nest; the other three species, (a) barn swallow, (b) chift swallow and
(c) house martin, all construct nests of mud pellets.

bird group. Now look at the head profiles of some of these Honey-
creepers shown in Figure 3.3 and, again before reading the caption,
decide what sort of food is eaten by each species.

After checking the caption, you are probably rather pleased with
your success. But now try to decide what sort of nest each of these
species builds. You are forced to guess, aren’t you? The beaks provide
no information. In fact, across the group, the nests are generally cup-
shaped, placed in the branches of trees. They are made of a variety
of mostly plant materials, but essentially they are not that different
between species. So, in spite of the fact that all these species depend
utterly upon their beaks for nest construction, there is no way of
deducing anything about their nest building from their beak design.

One of the most attractive birds that comes to the thistle seed
feeder in my garden is the goldfinch (Carduelis carduelis). These are
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small, neat finches with scarlet faces framed by a black cap and
white cheeks. In winter they come with the morning light and only
leave at dusk. For a large part of every day a goldfinch is using its
sharp triangular beak for splitting open small seeds. So, how much
time does a goldfinch spend building a nest? There is no precise
information on this, but let’s say three hours a day for four days. So,
about twelve hours a year a goldfinch uses its beak for nest building,
and that’s only the female; the male generally provides no assistance.
The nest of the goldfinch is a beautifully neat cup made of moss,
rootlets and plant down, but for all that, the bird’s beak is adapted
and used almost wholly for feeding. Birds as a group uphold our first
prediction about the anatomy of building. Its specialization reflects
the proportion of time it is used for building.

Let’s consider the first of the predictions on building behaviour;
that it will be selected to favour a limited repertoire and stereotyped,
repetitive actions. Evidence for this is offered by both brain anatomy
and behaviour itself. There is almost no evidence that building behav-
iour is associated with specialized brain areas. I have to admit this
could be due to lack of curiosity from researchers, but if we take the
birds again as an example, what does the evidence show? Birds have
a large brain relative, let’s say to spiders, and build elegant nests,
yet we know of no specialized nest-building areas in their brains.
This is in contrast to the known situation for birdsong. For song
production there are a small number of very obvious ‘nerve centres’
(termed nuclei) that are concerned with the learning and production
of song, that is discrete localized concentrations of nerve cells linked
by highways of parallel nerve fibres—a dedicated song production
system. To the initial surprise of biologists, some of these birdsong
nuclei are also dynamic structures, shrinking in size as one breeding

Figure 3.3. Beaks indicate feeding habits: Hawaiian honey creeper species
have markedly different beaks adapted for their specialized diets. The main
foods of the four species are: (a) nectar, (b) small soft fruits, (c) tough seeds,
(d) small insects. (Note: (a),(b) and (c) may now all be extinct.)
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season ends, and enlarging with the production of new brain cells as
a new breeding season approaches.

Specialized brain structures have also been found in some birds
that are concerned with food finding. This is illustrated by the coal
tits (Parus ater) that visit the sunflower seed bird feeder in my garden.
At first light on a winter morning the first coal tit will arrive, grab
a sunflower seed and fly off, probably over the stone wall and into
the lane behind. Within the minute it is back to grab a second seed,
repeating the process without interruption five or six times. What
it is doing is hiding the sunflower seeds in cracks in the wall. In the
evening it will return to recover them for supper before going to roost.
When summer comes, the occasional stunted sunflower sprouting
from the stonework of my house is a reminder of this characteristic
coal tit behaviour.

Blue tits (Parus caeruleus) and great tits (Parus major) also take
sunflower seeds from my feeder but they just take them into the bush
close to the feeder, immediately stab their way through the seed coat
and eat the contents. There is an area of the brain in birds (and indeed
in mammals) known as the hippocampus (the same as the scientific
name for a sea horse because of its shape, and derived from the Greek
hippo—horse, kampos—sea monster). This paired structure is known
to be associated with spatial learning. In the coal tit this is signifi-
cantly larger relative to overall brain size than it is in blue and great
tits, an adaptation to recovering hidden food items. Nest building in
birds apparently requires no such specialized brain regions.

We have too little information on the workings of invertebrate
brains to make the same comparisons as in the case of birds. Do cater-
pillars that make elaborate cocoons have special brain structures that
are absent in species that build no cocoons, or even have larger brains
overall? We don’t yet know, but I think it is fair to conclude on present
evidence that building behaviour is undemanding on nerve circuitry.

What about evidence from the building behaviour itself: is it simple
and stereotyped, as predicted? There is a type of small tadpole-like
creature (Oikopleura dioica), no more than a few millemetres long,
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that drifts in the plankton inside a mucus capsule of its own mak-
ing. In some species these capsules can be about 15mm long and
in numbers as dense as a snowstorm. These mucus structures are
very interesting because they are designed both as a house and for
food gathering. The organisms that build them are chordates, the
phylum that includes all the vertebrates. However, they belong to the
Appendicularia or Larvacea, which do not have a true backbone and
so, on the scale of vertebrate evolution as well as of body complex-
ity, are simple creatures. Oikopleura dioica is shown in its house in
Figure 3.4.

Oikopleura dioica drives water through its house by lashing its tail.
This brings in the food particles and dissolved oxygen that it needs to
survive. The water enters through a pair of inlet funnels within each
of which is set a mucus net with a regular mesh of about 30 x 100um
(thousandths of a millimetre). These nets serve as a barrier to prevent
larger lumps of material and also unwanted creatures from entering.
The water then travels through a pair of filter nets, each of which is
in the form of a sandwich of upper and lower filter nets with a mesh
of only 0.3 x 0.3um (micrometres), between which is a large meshed
scaffolding net for support. The tadpole creature itself harvests the
particles of food from the filter nets and the filtered water passes out
of the house and back into the ocean.

So how does Oikopleura dioica make this elaborate and delicate
structure? It does very much what it does when feeding: it just lashes
its tail. Well, it’s slightly more complicated than that, but not much.?
First it secretes from glands on its head a mucus helmet, which it
enlarges initially with blows of its head generated by vigorous lashing
of the tail. In this way the capsule becomes big enough for the tadpole
to slip its tail inside. It can now complete the inflation of the capsule
through the direct effect of tail lashing (Figure 3.4).

But how are the barrier nets and the filter nets built? Well, they just
appear. If you feel a bit cheated by this answer, you shouldn’t because
it contains an important revelation. The answer to the question ‘How
can a complex structure be built by a creature with a small brain,
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Figure 3.4. Oikopleura house: Clever materials allow this planktonic crea-
ture to build a complex home with simple behaviour—after initially secret-
ing a mucus capsule around its head (a), the animal then expands it with
vigorous head movements (b); this permits expansion of the house to full
size, using simple tail lashing (c—e).

Adapted from Flood, P. R. 1994. Appendicularian—Architectural wonders of the sea. In

Evolution of Natural Structures (Proceedings of the 3rd International Symposium Sonder-
forschungsbereich 230), pp. 151-56. Universitat Stuttgart and Universitat Tubingen
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very simple behaviour and unspecialized anatomy? is ‘By using clever
materials.’

T’ll say more about the significance of clever materials in prey
capture in Chapter 6, but the important thing to note here is that
Oikopleura builds its house out of material that it manufactures itself.
Even a simple animal with a small brain and limited repertoire of
behaviour has elaborate molecular biology and biochemistry. This
may have allowed Oikopleura to evolve highly specialized secretions,
including ones used for building. Self-secretion of building materials
offers important benefits for building behaviour. The first is that it
standardizes the materials used in construction; the gland itself pro-
vides the quality control for the composition of the building material.
Second, there is no need to collect material for construction. When
the construction phase is ready to begin, the material is already
there.

If standardization of materials is so important to animal builders
in allowing them to keep behaviour simple, we would expect to see
those animals that depend upon collecting rather than secreting their
building materials, also to find ways of standardizing them. There is
abundant evidence that they do, and they achieve it in one of two
ways: by selecting from the world about them only bits of a certain
kind, or by selecting a raw material that is standardized through a
manufacturing process. Both these are illustrated where the standard
building unit is a brick.

The caddis larva Silo pallipes exemplifies the first method. It ini-
tially scratches the ground with its front legs until it detects sand
grains. This is followed by the picking up of a particle within a wide
range of sizes and shapes—apparently anything that is neither too
large nor too small to handle. The particle is then held in all the legs
and repeatedly turned round and over and may well be rejected. A
sand grain passing this test is held to the anterior rim of the house and
tried in different positions in different orientations with all the legs,
while the mouthparts seem to assess the closeness of the fit. Some
particles fail this test and are rejected. The larva is standardizing
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the materials used by the application of three apparently fixed tests.
However, the behaviour of handling and manipulation does show a
degree of flexibility that characterizes a dry stone wall builder. Just
how flexible, would be a useful target for future research.

I don’t think it would be unfair to say that, whereas the builder of
a dry stone wall is regarded as a craftsman, a bricklayer is regarded
as less skilled, the reason being that the bricklayer has the benefit
of building blocks manufactured to a uniform standard. (There is
actually a standard metric brick. It has the dimensions 215 x 102.5 x
65mm; allowing for 10mm of cement bonding, this makes a filled
size of 225 x 112.5 x 75mm, a ratio of 6:3:2). Many species of
caddis larvae build with bricks, or to be more accurate leaf panels,
cut by the individual builder to its own specifications. The caddis
larva Lepidostoma hirtum cuts more or less square panels that are fitted
together to create a four-sided box girder, one row of panels for each
side. The panels in neighbouring sides are half a panel length out of
phase, the roof projecting at the front of the house half a panel length
in front of both sides, which project another half-panel length in front
of the floor. This gives the head of the larva some protection from
above and the sides, and its legs some freedom to walk as it leans out
of the front of its case.

The caddis larva, after cutting a new panel, applies a very simple
rule on where to place it. It will be to the least projecting of the
four sides. This is of course the ‘floor’, which brings its front edge
to the level of the roof. Applying the fitting rule, the position of the
next panel is a ‘toss up’ between the original left and right sides, but
whichever it is, let’s say the right side, becomes the new roof, the
original roof and floor become the sides and the original left side
becomes the floor. The larva rotates inside its case, responding to
the new house configuration. By manufacturing its own bricks, this
species reduces the complexity of the fitting process compared with
the sand grain manipulation of Silo pallipes, although some complex-
ity is added by the behaviour needed to manufacture the leaf panels
in the first place.
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The importance of the brick in making building behaviour easy is
in fact so great that there are species that secrete their own building
materials in the form of bricks. This has evolved independently in a
number of species, and the building blocks are dung pellets.

As a schoolboy I used to hunt for caterpillars; privet hawk moth
caterpillars (Sphinx ligustri) were the special prize. The bush where
they could be found each summer overhung a path so it was there that
I looked for really large faecal pellets, uniform as little beer barrels.
The faecal pellets of caterpillars are often quite dry and hard, truly
brick-like. There is a family of moths, the ‘bagworms’ (Psychidae),
so called because the caterpillars build themselves portable cases like
caddis larvae, although bagworms live in trees. I have collected these
cases from various locations around the world and, many years after
collecting one from Malaysia, I decided to examine the composition
of its smooth, narrow tapered shape under the microscope. It was
a revelation. The surface, which appeared to the naked eye to be
unremarkable, turned out to be a regular spiral of tiny faecal pellets.
One species of caterpillar from Australia has, however, evolved a
modification of its faeces to produce not faecal bricks but faecal
beams. Faeces in this species are voided not as single pellets but as
rods composed of three or four pellets welded together end to end.
The caterpillar then builds a shelter for itself on a leaf by silking the
rods together in an arrangement of uprights and roof beams, over
which it spreads a silk screen to create an enclosed tube. These two
self-secreted materials, silk and faeces, confine the building behaviour
to construction alone, using highly standardized materials.

Silk, like mucus, is another plastic (i.e. malleable), self-secreted
material. Both are produced in a viscous form and, in the case of
silk, drawn out into a thread. There are also some plastic collected
materials, the most widespread of which is mud. Mud is used as
a major nest component by about 5 per cent of bird species and
by several insects, notably some solitary wasps that make cells out
of mud in which to raise their larvae. To most of us, mud is just
earth after too much rain, but anyone who makes pottery specifically
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chooses clay because of its fine particles, and then carefully adjusts its
moisture content so that it can be readily moulded into a particular
shape before it hardens. For a potter, ‘mud’ does not adequately
describe the raw materials of pot-making. We should equally expect
an insect pot builder to be particular about its mud.

In some mud building wasps the material is collected directly, but
little is known about either the particle sizes or water content of it. In
species such as the potter wasp Zeta abdominale, however, the mud is
manufactured by the wasp carrying a crop full of water to a chosen
patch of earth which is then regurgitated to create the mud. This
obviously provides an opportunity for the wasp to control both type
of soil and the quantity of water used in the preparation of the mud—
an opportunity for producing a standard mud, adapted for building.

I went through a phase of trying to make pottery myself but,
bowing to realism, sublimated it into collecting pots instead. But
it introduced me to the pot-making techniques of ‘throwing’, ‘slab’
potting and ‘pellet’ potting. Throwing a pot is of course what potters
do on a wheel. Slab pots are made by rolling out sheets of clay like
pastry, cutting your shapes—to make a box, say—and sticking them
together. Pellet pots are made by repeatedly pressing small balls of
soft clay together to gradually build up the shape of the pot; this is
the type of pot-making, with its manageable loads and standard units,
that is used by animal builders.

The problem for potters making pellet pots, slab pots, or indeed
putting a handle on a thrown pot, is cracks. Clay shrinks as it dries;
that is why the mud at the bottom of a dried-out reservoir is cracked.
In my potting days, sometimes, in attaching the handle to a mug, I
was inadvertently pressing together two pieces of clay of slightly dif-
ferent moisture content. Pot and handle shrank to a different extent,
and a crack developed before the mug was even placed in the kiln,
where the handle then fell off. This problem faces all potters (human
or animal) but there is a solution to it: the property of thixotropy,
where a material can be stable when at rest, but fluid when mechan-
ically agitated.
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When you stand on the beach a few metres from the water’s
edge and trample your feet rapidly, the sand seems to turn to liquid
and your feet begin to sink in; it is exhibiting thixotropy. When the
solitary mud dauber wasp Trigonopsis returns to a partially built cell
carrying a lump of mud in its mandibles, it holds the pellet to the
cell, at the same time injecting a little more water into the pellet from
its crop. The wasp then emits a soft buzzing sound, the vibrations
of which liquefy the mud, at the same time spreading the mud
backwards to build up the cell. Swallows and martins also appear to
exploit mud’s thixotropic properties. They collect mud pellets from
puddles around houses and farms and, with rapid dabbling move-
ments of the beak, weld each new pellet to the growing nest. The
word ‘weld’ seems appropriate here because the effect of the dabbling
is to make the water in the mud more mobile, allowing it to flow out
of the pellet and into the dryer nest structure. The junctions between
the pellet and the nest then share the water, vibrate together and, as
the vibration stops, have a common consistency.

But do neighbouring pellets in a nest have a similar composition
in terms of particle size? Is there a standard mud used by all barn
swallows? There is tantalizing evidence that this is the case. One
study compared the composition of the mud used in nests of barn
swallows and cliff swallows nesting in the same locality, each of
course nesting in the place their name suggests; the former making
shallow bracket nests, and the latter making deep bowls with entrance
spouts (Figure 5.1). The data from the study seem to indicate that the
mud of barn swallow nests has less sand and more fine-grained silt
than does the mud of cliff swallow nests. I would like to see this work
repeated. If confirmed, we would then need to find out what the two
mud types were adapted for—ease of manipulation, strength of the
completed structure? A nice little research project there. But, as far as
the here-and-now goes, this is just one small example in the general
body of evidence for the standardization of building materials, an
important contributing factor to keeping animal building behaviour
simple.
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Mud builders show that building is more than putting the bits
together; the bits must be made to stay together. This may need
special ‘fastening together’ behaviour—vibrating the material in the
case of mud builders. A rock climber will use a special knot to fasten
two ropes together, a double fisherman’s knot for example. A rope
has no natural tendency to attach itself to another rope, so complex
behaviour is required for fastenings when using this material. The
two materials that make up a Velcro fastening, on the other hand,
only need to be pressed together, to stay together: complex materials,
simple behaviour. The question is, do animals exploit the tendency
of some materials to fasten themselves together in order to simplify
fastening behaviour?

Using an adhesive or glue places more responsibility on the mater-
ial than on the behaviour in fastening two pieces of building material
together. The chimney swift (Chaetura pelagica), which attaches its
diminutive bracket nest to the inside walls of buildings, uses salivary
mucus to glue together the short pieces of stick that are the sole other
component of its nest. A caddis larva uses silk as the glue that fastens
the sand grains or leaf pieces together, spinning a double strand of silk
from its mouthparts back and forth to attach each new piece to the
front of its portable house. This quite simple, repetitive behaviour is
not quite as simple as pushing together the two materials of a Velcro
fastening. However, there are animals that do in fact use the Velcro
principle. Its use in bird nests is actually quite widespread, found in
at least twenty-five families. A good example of the use of Velcro
fastenings is the nest of the long-tailed tit (4degithalos caudatus). Its nest
is a flexible bag with a small, round entrance near the top, usually
located low down in a gorse or bramble bush. It is stuffed like a duvet
with feathers for insulation, commonly 2,000 or more of them, and
covered over the outside with hundreds of flakes of pale lichen. The
bag itself, what holds the whole nest together, is a Velcro fabric, the
two components of which are certain small-leaved mosses and fluffy,
silk spider egg cocoons; the fine leaves of the mosses are selected to
provide the ‘hooks’, and the spider cocoons provide the ‘loops’.
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The nest of the long-tailed tit is neat and elegant. It is an assembly
of about 6,000 separate pieces, yet they are of only four distinct
materials: lichen, feathers, moss and spider egg cocoons. The Nobel
laureate, Niko Tinbergen, writing of these nests in 1953 said, ‘the
most amazing thing about it [the construction behaviour] is, in my
opinion that so few, so simple and so rigid movements together lead
to the construction of so superb a result’. The bird species that use
this combination of plant materials and spider silk as a Velcro are
taking advantage of a simple method of nest construction. If you
are saying to yourself, ‘surely spider’s web silk could be used as a
sort of sticky tape’, then it seems that you are wrong. Some spider’s
webs are indeed coated with sticky droplets to capture prey, but these
soon dry out. spider’s web silk is used in nest building by many
kinds of small birds as well as or instead of cocoon silk, but always,
it seems, as Velcro loops, not as sticky tape. Silk is an immensely
important building material. Spiders, caterpillars and caddis larvae,
as well as some other insects, secrete it for their own use, but we now
see that, second hand, it is an essential component of the nests of
a large number of small birds: as a component of Velcro or, as we
saw in Chapter 1, to make pop rivets to fasten the nest of the little
spiderhunter, and by some bird species, to make silk stitches.

Stitching is a fastening technique that requires a certain level of
skill. Maybe you have actually used one of those neat, ‘first aid for
clothes’ kits of needle and thread found in hotel bathrooms along
with a miscellany of sachets and bottles. In re-attaching an errant
button you face the behavioural problem that, having pushed the
needle through the cloth and the buttonhole, you must then let go,
pick up the needle on the other side and drive it back through again.
That may not seem very demanding but very few other animals can
do this; and virtually all of them are birds. The appropriately named
tailor bird (Orthotomus sutorius) usually combines silk and plant down
to make short lengths of yarn to stitch together neighbouring living
leaves to make a hanging purse which is then filled with fine grasses
to form a nest. The ‘needle’ is the beak. To link the two leaves
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together, the bird drives the thread of yarn through one leaf with
the beak, lets go, picks up the thread on the other side and drives
it through the other leaf. Two or more stitches with the same thread
may be done in sequence and more than one thread is needed to
secure two leaves together. The bird is showing a significant level of
complexity in its fastening behaviour, but this is certainly exceeded
by another kind of bird, the so-called weavers.

The ‘weaving’ that characterizes the weaver birds is not generally
the regular over-and-under, warp and weft by which we create cloth
on a loom. Nevertheless, these birds address the same problem that
we do with ropes: how to get two or more long strands of material,
with no affinity to adhere to each other, to stay together. There is
of course for both the birds and us the problem of how to get the
strands in the first place. We spin yarn from plant fibres, but for
the birds it is much easier than that. They exploit a design feature
exhibited by the leaves of monocotyledonous plants or monocots.
Grasses, palms and lilies are all monocots and the veins in their
leaves lie parallel, running from end to end. Broad-leaved trees, roses,
indeed the majority of plants, are dicots. The veins in their leaves
are branching, even lace-like. If I plant the seed of a dicot, say of a
sycamore or a carrot seed, the first leaves to push their way out of
the ground are a pair of simple green paddles, between which the
characteristic leaves soon emerge. These embryonic leaves are the
cotyledons, two of them, hence dicot. A grass seed embryo has only
one, hence monocot.

Botanical digression over, let’s get back to the weaver birds. How
does a village weaver Ploceus cucullatus manufacture a strand of build-
ing material? It lands near the base of a leaf of elephant grass and cuts
into it with its beak, severing a few veins. Holding the cut end, it now
flies off, pulling a long narrow strip of leaf that appears behind it as a
tear travels up the leaf between the veins—a very simple procedure.

The problem now facing the bird is much more severe. How
can these essentially linear building units be made into a three-
dimensional hanging basket? Even assuming that the nest is already
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started, this has to involve the insertion of the thread through the nest
fabric, and its recovery, followed by repeated insertion and recovery
until the whole strand is now part of the fabric. This necessitates
careful and constant beak—eye coordination and the use of recog-
nizable stitches. A classic study of the 1960s discovered that weaver
species use a variety of fastenings: ones that would be familiar to any
sailor, including spiral binding, half hitches, simple overhand knots
and even slipknots, as well as more or less regular over-and-under
weaving.’

In fact, not one but two groups of birds have independently
evolved nest ‘weaving’ behaviour. The village weaver is a member
of a sub-family of birds, the Ploceinae, found in Africa and Asia.
They belong to the same family as the ubiquitous house sparrow.
These ‘Old World’ (Europe, Africa and Asia) weavers are birds of
40-60g, and the males do most of the building. Quite independently,
in the New World oropendolas and caciques—birds related to finches
and the numerous New World tanagers—also make hanging-basket
nests, with the females doing most of the building. The Montezuma
oropendola (Gymnostinops montezuma) manufactures plant strips from
parallel-veined leaves in exactly the same way as a village weaver—
cut into the leaf, hold the cut end and fly off. Our knowledge of the
fastening used by this group is limited but we do know that it includes
spiral binding and half hitches. Although oropendolas and caciques
are generally much bigger than Old World weavers (a Montezuma
oropendola female is 225g), their beaks are long and sharply pointed.
Much more suited to weaving, you would imagine, than the short
triangular beaks of their Old World counterparts.

The fastening techniques of these two groups of birds provide the
most powerful example used so far in this chapter of complexity in
construction behaviour. As the materials will not fasten themselves,
complex behaviour is needed to unite them. Following and retrieving
the same strand of material during spiral binding or tying a knot
would appear to be a skilled task, bearing in mind that the beak is the
only instrument used in the manipulation. If this is really so, then we
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might expect evidence that practice makes perfect. Do weaver birds,
with practice, make better nests? Once again, the evidence we have is
extraordinarily meagre, but it is at least from actual experiment rather
than simply observation.

In an experiment conducted over forty years ago, young male
village weavers were, in their first year, either given (controls) or not
given (experimentals) experience of handling fresh green building
materials. In a comparison of the skills of the yearlings of both
groups, the experimental group males were unable to weave a single
strip in the first week that they were supplied with reed grass. Even
after three weeks of practice their success rate was only 26 per cent
compared with 62 per cent for the experienced controls. Even in
tearing strips of building material from the leaves supplied, the exper-
imental birds were more inept. I continue to be amazed at the lack
of studies on the learning of nest building skills by birds, and by the
widespread assumption that nest building behaviour is all genetically
determined and so requires no learning. This may prove to be largely
true, but we need to know. In the meantime it is interesting and
valuable to see that what appears to be one of the most difficult
fastening problems facing builders does also provide evidence of skill
learning.

By ‘skill’, I mean something more than an efficient mechanical
performance, rather a fluency that comes from repeated practice with
the building material. You can tie your shoe laces in a double bow; so
can I. However, although we may achieve the same end result, I bet
that your finger movements and grips differ from mine. We have our
own personal idiosyncrasies. Do individual weavers have personal
mannerisms and knacks in nest building, suggesting individualized
skill development? That’s something I'm looking into.

Weaving a strip of material into the nest may be difficult, but I have
not yet dealt with what, for these birds, is probably the most difficult
part: getting the nest started. The nests of most weaver species hang
from a fine twig at the end of a branch, a protection against tree-
climbing predators such as snakes. The first challenge for the bird is
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to fasten the initial long strip of material to the twig using only the
beak for manipulation, albeit with the aid of the feet to hold it in
position.

My third behavioural prediction at the start of the chapter was
that we should expect the least stereotyped and most varied building
behaviour to be needed for getting structures started. The problem for
the weaver illustrates why. Not only does a strip of vegetation show
no intrinsic aptitude for adhering to the twig, but the twigs at the ends
of a branch will vary in their number and configuration. These make
stereotypy in the building routine difficult.

Once the nest is established at the end of a branch, each new
piece can be added to pieces already fitted. The building process is
now entirely within the control of the builder; simple and repetitive
behaviour is therefore more likely to work. This problem and evi-
dence for my prediction have hardly been looked at in any systematic
way. However, the problem was identified back in the 1950s in a
scientific paper that pointed out the variation in the attachment of
the nests of a number of species of tree-nesting birds. For example,
the northern or ‘Baltimore’ oriole (Icterus galbula), a close relative of
the oropendolas, may suspend its nest from above or attach it both
above and below, securing it to varying numbers of branches—two,
three or four. In other respects the nest of the Baltimore oriole is
a predictable and species-typical deep pouch of woven plant fibres,
suggesting less variable construction behaviour once the attachment
has been secured.

The nest building of the village weaver further illustrates the tran-
sition from improvisation to predictability in the building behaviour.
The domed nest is always suspended from the end of a branch.
Inexperienced birds have great difficulty in getting the first few grass
strips. David Attenborough’s TV wildlife series Trials of Life, for
which I was a science adviser, had a long sequence of an inexpe-
rienced male weaver struggling to bind the first three or four strips
of grass on to the dangling twigs. Just when it looked as if a break-
through was about to be made, the whole nest foundation detached
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itself. Upside down, with ineffectual wings half extended, the hapless
weaver disappeared through the bottom of the TV screen, followed by
the failed nest attachment to which it still clung.

What this weaver needed to achieve was a vertical ring woven of
grass strips hanging beneath the suspension. Standing within this
ring, facing always in the one direction, the reach of the bird then
defines the dimensions of the nest. Reaching forwards, the tip of its
beak describes an arc that defines the size and shape of the nest cavity;
reaching up and leaning further and further back, the bird defines
with the tip of its beak the curved profile of the porch that protects
the entrance to the nest cavity. The bird is using the reach of its body
as a template.

Using the body as a template is a widespread device to help sim-
plify the building procedure. The beautiful circular section of a caddis
case is easy for the larva to achieve. Applying the rule of adding the
next sand grain to the least projecting point on the anterior rim, all
the larva has to do is to reach out, holding the sand grain in its
legs, and attach it with silk. The dimensions of its legs define the
attachment point, which is the same distance whichever direction
it faces, hence a perfectly circular tube. We will come across tem-
plates again, but they are another way of keeping building behaviour
simple.

Incidentally, honeybees use their bodies to create the wax cylinders
around them that will form the cells of the honeycomb. But, you
may be protesting, surely honeybees make those wonderfully perfect
hexagons, an example of their masterful construction skills. Well, it
seems they don’t, and it isn’t. What they do is form a cluster on the
comb, inside which some bees start to build cylinders. At the same
time the cluster heats itself up by the ‘shivering’ of their collective
flight muscles. The semi-molten wax cylinders then just flow together
and, like the clusters of soap bubbles in your bath, create a beautiful
geometry.* The building of hexagonal comb cells by wasps out of
paper pulp? No molten magic there; it does require more control in
construction process, although we have little information on how.
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It is time to review my building behaviour predictions. Animals
do show evidence that natural selection has favoured simple building
behaviour. As predicted, the use of standardized materials is a very
widespread solution to this problem, not only through the use of
self-secreted materials, where complete standardization is possible
without employing any behaviour, but also through the collection
and manufacture of standard materials. In some instances, templates
have been used to simplify behaviour, although getting started may be
a point in the construction process where some behavioural flexibility
is unavoidable. I say ‘may be’ because there certainly is a lack of
detailed descriptions of construction behaviour in all the stages from
start to finish. Information on behaviour repertoire sizes and on
learning ability, both necessary if we are to compare the difficulty
of different types of building, are still too fragmentary. There is much
work to be done.

Now let’s consider in a bit more detail, the predictions I made
about building anatomy. The first of these is that the degree of adap-
tation shown by anatomy used for building will reflect the degree to
which it is committed to building.

Birds use their beaks for nest building. Nevertheless, we saw ear-
lier in this chapter that beaks are overwhelmingly an adaptation to
feeding, with nest building as their subsidiary activity. But feeding
requires considerable manipulative skill, so the head and beak can
probably make most of the movements needed for nest building as a
result of adaptations for feeding. Nevertheless it is a surprise to see
how little evidence there is of beak specialization for nest building.
The beaks of the two groups of weavers, the bird species with proba-
bly the most skilled nest building behaviour, do not show convergence
in their design. The short beaks of the Old World weavers are spe-
cialized for seed eating; the straight, sharp beaks of the Montezuma
oropendola are adapted to a diet mainly of fruit. If that seems a bit
glib, then why do we see no obvious differences in the beaks between
the sexes either in the village weaver, where the male does virtually
all the building, or in the Montezuma oropendola, where it is the
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female that does the building and the male none? I say ‘no obvious
difference’, but someone should actually look for small differences
between the sexes in the beaks of these species. Perhaps they are
actually there. Even so, the point here is that the form of bird beaks
overwhelmingly indicates diet because that is how they are mainly
used.

What evidence is there of specialized anatomy for skilled build-
ing in animals other than birds? An example I like is the thread-
stitching anatomy of the snapping shrimp Alpheus pachychirus, which
can stitch together mats of filamentous algae by thrusting through
an algal thread held in the claws of the second pair of what, for
simplicity, I am going to call ‘legs’, which was indeed their ancestral
function. The thread, once pushed through the algal mat, can then
apparently be grasped again and pulled back through. This sounds
like an activity that requires care and skill and might well necessitate
specialized behaviour, although we have little information on that. It
also sounds as if it would require specialized anatomy, and that the
shrimp certainly has.

The snapping shrimp looks like a diminutive lobster. The first pair
of what I have called ‘legs’ are in fact a pair of massive clasping claws,
one much bigger than the other for reasons that I will come to later.
Behind these are four pairs of thin and delicate appendages. The last
three pairs of these all look the same. They are composed of seven,
hinged segments, the last of which is a simple hooked claw, and they
are used simply for walking. The pair of appendages in front of these
and behind the big claws, is the pair used for building. This pair
differs from the walking legs firstly in having the last two segments
modified to form a diminutive, finger-and-thumb, clasping claw. It
also differs from the three pairs of walking legs in being longer and
more flexible. What is, in the walking legs, the third segment back
from the tip, has now become five segments, all jointed. Is this not
good evidence of specialized anatomy for skilled building? Well, no,
actually. There are a number of species of Alpheus snapping shrimps,
most of which live not in algal mats but burrows that they dig in the
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sand. But they too have this highly specialized pair of limbs behind
the major claws and in front of the walking legs. With them, these
snapping shrimps can reach any part of the body to pick off pieces of
accumulating debris. They are grooming claws.’

The main job of legs is to move bodies around, but in that way they
may be heavily involved in building without being directly involved
in manipulation. Eastern tent caterpillars (Malacosoma americanum)
live colonially in a silken tent up in a tree. They make the silk fabric
of the wall collectively and reinforce it by walking across it in a
specific way, extruding the silk from their mouthparts. The path of
the thread therefore matches exactly the movement of a caterpillar’s
head. As the caterpillar walks it naturally carries its head forwards,
but at frequent intervals the head is swung in a wide arc back towards
the tail end of the body, then back again. The caterpillar continues
to walk forwards making head sweeps, sometimes to the right, and
sometimes to the left. From time to time it changes its walking direc-
tion to the right or the left. The combined effect of many caterpillars
walking over the surface of the tent in this way, trailing silk from
their mouths, is the build-up of layers of silk that strengthen the tent
wall.

These leg movements and head swings made by the eastern tent
caterpillar look much the same as the movement of any caterpillar
looking for food, except that in tent building the behaviour is more
stereotyped. The point is that the legs are used to do much the same
job whether the larva is foraging for food or tent building—to walk.
This argument could equally be used for web building by an orb-web
spider. The arrangement of threads in the completed web describes
the path travelled by the spider propelled by its legs. Across the
animal kingdom, legs, as organs of locomotion, have repeatedly been
adapted for carefully controlled movement. This is what they did in
the non-building ancestors of caterpillars and what they continue to
do now, even when the caterpillar, spider or whatever is not building.
No special modification may be necessary to have effective builder’s
legs. We have already seen with the bird example that much the

85



You Don’t Need Brains to be a Builder

same can be said about mouths. Birds have beaks that in feeding
are adapted for careful manipulation; in becoming adapted for nest
building as well, little modification may have been necessary.

My second prediction on the anatomy of builders was that there
would be only a limited number of good solutions. The evolution-
ary origins of building anatomy have overwhelmingly been from
organs of feeding and of locomotion, organs which generally retain
their original function alongside that of building. Choose an animal
builder and this conclusion is a very good fit. It is dangerous to claim
any absolute rule in biology, but I can find no example of an animal
builder that now uses what was ancestrally a mouth, for nothing
other than building.

The use of organs of feeding and locomotion as almost the only
source of building anatomy also works well across the animal king-
dom. Males of the three-spined stickleback fish (Gasterosteus aculea-
tus) build nests in which females deposit their eggs. The male then
tends the eggs in the nest and guards the newly hatched fry. The
nest is made of plant material stuck together with secretion from
the kidneys. A breeding male swims back and forth bringing pieces
of material to the nest site and positioning them with its mouth;
he then presses his belly against the nest material, secreting the
sticky material that binds the pieces together. These various body
movements (fast, slow, forwards, backwards, turning) are achieved
by beating fins. That’s what fins do; what mouths do is grasp objects
and hold them. Fish builders do not appear to need special build-
ing fins or building mouths. The social wasps that build their nests
out of paper collect and prepare the woodpulp with chewing move-
ments of their jaws, the same jaws that they use to chew insect
prey. Invariably when mouth and jaws are used for building, they
retain their primary function as feeding organs. The consequence is
a remarkable lack of any obvious specialization of these as building
organs.

But, hold on a moment. Building anatomy cannot be quite so
easily dismissed as lacking obvious specialization. Remember, there
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was a third prediction: that anatomical specialization will be shown
where power is needed, and this will be most evident in burrowers.

Burrowing through the ground is difficult. It has been estimated
that the energetic cost for an animal to burrow compared with walk-
ing the same distance above ground is between 360 and 3,400 times
greater, depending upon the type of soil. Digging is hard work, and
it needs special equipment to make the work efficient. We should be
able to see that.

Here’s another quiz question. Which of the six organisms illus-
trated in Figure 3.5, the three insects and the three mammals, are
burrow diggers? If you say (a) and (b), (e) and (f) then you are
right as far as you go, but wrong in not also saying (c) and (d). In
fact they are all burrow diggers. Here is a supplementary question.
Which of the six species live mainly underground, with only rare
visits to the surface? This time the answer is indeed (a), (b), (e) and
(f). This degree of modification of anatomy parallels that predicted
for behaviour. The degree of specialization to building reflects the
amount of time spent at it.

Mammal (c) is a rabbit (Oryctolagus cuniculus). It certainly digs a
burrow, but it feeds above ground and needs to be able to run fast
back to its burrow if a predator suddenly appears. Fast running needs
long, light legs. Mammal (a) is a European mole (7alpa europea). Its
food is earthworms and it burrows through the soil in search of them.
Mammal (b) is a Cape mole-rat (Georychus capensis), a subterranean-
dwelling rodent that digs burrows in search of the bulbs and tubers
on which it feeds.

The insect burrows follow a similar pattern. Insect (f) is Cerceris
arenaria, a solitary wasp of the family Sphecidae. It digs into sandy
soil to make chambers that it fills with small beetles to feed its larvae.
To find and capture prey it needs to both fly and run around over
and under leaves. Digging occupies only a small proportion of its
time. The mole cricket (Gryllotalpa gryllotalpa) (e) and the nymphal
(immature) stage of the mayfly Pentagenia vittigera (f) spend their time
more or less permanently in burrows and are specialist diggers.
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The mammals have come up with two distinct and specialized
digging techniques. One involves specialized digging with the legs,
the other, digging with the teeth. The mole uses front feet modified
as shovels driven by very muscular, short arms. We can tell they
are muscular by looking at the skeleton alone. Strong muscles must
operate a strong lever; the result is enlarged surfaces on the limb
bones for muscle attachment. The work done by the muscle must
then be converted into a strong force at the digging end of the limb.
The work delivered at the end of a lever is equal to the force times
the distance from the tip of the lever to its hinge point (fulcrum).
The consequence of this is that, for the same amount of work, the
tip of a short lever produces a powerful force, although only moving
a short distance, while the tip of a long lever moves a much greater
distance but exerts proportionally less force. Moles gain more from
short digging legs, rabbits from longer running legs.

Mole-rats are rodents, the defining character of which is a pair
of prominent incisor teeth at the front of the upper and lower jaws
(Latin: rodere = to gnaw; dens = tooth). Rodents are very largely
vegetarian, using their teeth for gnawing. But in the specialist, sub-
terranean rodents, these teeth are modified for digging. The most
obvious modification has been their elongation to enable them to
excavate a bigger scoop of earth with each bite, but the lips also
have been modified so that they can close behind the incisors. A
mole-rat can dig with its teeth without getting a mouthful of earth.
Adaptation of the jaw muscles and skull for enhanced power there
almost certainly is, but it is less obvious.

The specialist insect diggers show adaptations that parallel those
of the mammals. There are modifications to the jaws and/or to the
legs. The mole-cricket is so called because of its striking resemblance

Figure 3.5. Which of these six species are burrow diggers? (a) European
mole, (b) Cape mole-rat, (c) rabbit, (d) solitary wasp (Cerceris), (e) mole
cricket, (f) mayfly nymph (Pentagenia). (For explanation see text.)
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to a mole. Because it wears its skeleton on the outside, we can see
the short, stocky front limbs ending with a toothed shovel. The
mayfly nymph shows a combination of modifications of jaws and
front limbs. It burrows in compacted clay, using upward sweeps of
its short, stout tusks as the main instrument to dislodge the clay.
The broad, hairy front legs sweep the debris back along the tunnel,
while the stout spur towards the tip of the leg simultaneously widens
the tunnel sides.

The evolutionary origins of the digging equipment of the digging
specialists described here are plain to see but, more interestingly,
each represents a modification of the same parts of the body as
those recruited through natural selection for skilled manipulation: i.e.
walking limbs and jaws. Other specialized burrowers exist: species
that dig into very hard materials such as wood or even stone. Many
insect larvae feed on wood, a material so difficult to digest that grow-
ing up can take years. The larvae of a number of insect species are
wood borers, larvae of moths and beetles in particular, but they uni-
versally use massive jaws for excavation and simultaneously feeding,
confirming the general pattern we have already established. However,
it is to the snapping shrimps I wish to return for a final example of
adaptation of anatomy for power, the power in this case to drill into
rock.

Snapping shrimp species typically live in natural cavities or bur-
rows in the sand. Alpheus saxidomus is a snapping shrimp that lives in
cavities in the rock and its home might be considered unremarkable.
However, snapping shrimps are so called because one of the two
major claws is modified to have a trigger action that releases the
power of a huge, already contracted muscle, causing the claw to
close at such a speed that it produces a shock wave through the
water. This is capable of stunning or even killing passing prey such as
small fish. However, the tip of this massive snapping claw in Alpheus
saxidomus is worn and scratched by, it is suspected, abrasion against
the rock. It seems that the species blasts a cavity in the rock by
repeatedly holding its claw to the rock surface and pulling the trigger.®
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Although apparently unique, this example again reaffirms themes
that have emerged through the chapter: simple, repetitive building
behaviour, the most evident building anatomy being that adapted
for power, and the origins of building behaviour and anatomy
being either from jaw movements or, as in this case, limb move-
ments adapted previously for some other function, in this case
feeding.

So, as far as most animals are concerned, you don’t need brains to
be a builder or much by way of special anatomy either. In that case,
how can a workforce of tens of thousands of such creatures cooperate
to build, as termites do, a city-state in a single building? That is the
subject of the next chapter.
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The Petronas Twin Towers, when erected in Kuala Lumpur in 1998,
were—at 452m (1483ft) and eighty-eight stories high—the tallest
buildings in the world, and remained so until 2003. The matching
towers are shaped a bit like two giant telescopes looking straight into
the ground, their diminishing segments ascending skywards. They
look futuristic in a slightly old-fashioned way, the slender horizontal
skybridge that links them at levels 41 and 42 somehow reinforcing
this impression. In spite of their undoubted elegance, they would
be comfortable in the cityscape of Fritz Lang’s visionary 1927 film
Metropolis. Lang imagined a strictly hierarchical society with a lit-
eral and social architect as its head, below him an elite class of
‘thinkers’ and, at the bottom, a class of mechanics and labourers.
It is a society with power concentrated at the top and commands
flowing downwards. Are there any parallels with this in non-human
societies? Among these, the social insects have far and away the
largest workforces and this chapter is about how they are organized
to build their nests.

A picture appeared in New Scientist magazine maybe seven or
eight years ago showing a mound of the Australian termite species
Amitermes laurensis, suggesting that at 6.7m it might be the tallest
termite mound in the world. I'm not sure whether that is true or not,
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but the mounds of this Amitermes species and of African Macrotermes
species have both been recorded at heights of between 6 and 7m. Let’s
think of what that equates to in our own buildings. The height of
the Petronas Twin Towers at near enough 1483ft is equivalent to the
height of 247 six-foot adults standing on each others’ heads. The twin
towers considered together are designed to accommodate something
in the region of 20,000 office and other workers. It’s a bit difficult
to give more than a rough figure of how many termites standing on
each others heads would reach to the height of 6.7m, but my very
rough calculation makes it about 800; that is more than three times
the relative height of the Petronas Towers. The number of termites
living in such a large mound is in the region of—again figures are a
bit rough—>5 million; that is 250 times the number accommodated
by the Petronas Towers. So, even allowing for a significant over-
estimate in my termite figures, we humans are still building struc-
tures that are nowhere near comparable in relative scale to termite
mounds.

The Petronas Twin Towers were conceived by a design team from
architects Cesar Pelli Associates. They, with their creative imagina-
tion and reservoir of design knowledge, are the top of the hierarchy
of thinkers; at the other end of the chain of command are mixers of
concrete and carriers of bricks. Between these levels are a myriad of
specialists involved in varying degrees of thinking and doing. There
are all-important quantity surveyors that oversee cost control; there
are structural engineers, and building services engineers of various
kinds concerned with the design of the electrical supply, the heating,
lighting and ventilation. Then there are all the skilled tradesmen
and fitters at a level higher in esteem and reward than the unskilled
labourers. Communication across all these specialist groups is also
essential; to facilitate this, there are specialist communicators and
managers to liaise, and to arrange and chair meetings.

The organization of a termite workforce is utterly different, as
we shall see later in this chapter, but crucially, there is not an
architect in sight yet what the termites create is truly architecture.
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Consider the structure contained within a mound of the African
termite Macrotermes bellicosus. There is the royal apartment, and there
are also nurseries and fungus gardens, all enclosed in a substantial
wall protecting the termites from the climatic and predatory hazards
of the world outside. But the wall also cuts the termites off from
light and air. The absence of light does not worry termites; their
other senses, particularly touch, taste and smell, compensate for its
lack. The supply of fresh air on the other hand is a serious problem,
which is addressed in the architecture by the inclusion of a ventilation
system.

The ventilation systems of large Macrotermes mounds are truly sys-
tems, massive in comparison to the individual insects and integrated
into the mound structure. There are enormous channels and spaces
permeating the mound, bringing oxygen to its heart and carrying car-
bon dioxide away. The multitude of chambers of the living area linked
by apertures and short corridors can be regarded as the capillaries of
the circulation system, where the oxygen is delivered to the tissues
of the termites and fungi and carbon dioxide carried away, and the
power that drives the air through the ventilation system comes from
one of two possible sources. One is pressure differences within the
mound; the other is temperature differences. Some termite mounds
have one, and some the other.!

The pressure difference system is like that already described in
Chapter 1 for leafcutter ants. The termite Macrotermes subhyalinus
builds a dome-shaped mound of 1-2m high over the surface of which
are several large apertures, some nearer the top, but others at the
edge of the mound and nearer the base. As wind passes over the
mound it has the effect of reducing the air pressure over the top of
the mound relative to the base of the mound. This induces air to
enter the lower apertures where it is conducted via wide channels
into the heart of the mound below ground level. There it is dispersed
through the chambers of the termite living space and fungus gardens.
It is then drawn into larger channels again that rise towards the top
of the mound, discharging the stale air.
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There’s a variant of this induced flow system in the mounds of
Macrotermes jeanneli. Here there is a single exhaust channel that
projects vertically 3 or 4m above the living space of the mound as
a huge chimney. I say huge, because its cross-sectional area would
accommodate hundreds of termites side by side. In this system, air
is drawn into the base of the mound through a myriad of tiny pores,
and out through the top of the chimney at an estimated rate of up to
three or four litres per minute.

These induced flow systems of ventilation driven by pressure dif-
ferences might be termed ‘open’, since the ventilation channels are
obviously open where the air flows in and where it flows out. This is
in contrast to the alternative ventilation system shown by Macrotermes
bellicosus, which has no immediately obvious openings to the exterior
at all. Here the air circulates within the mound according to the
principle that hot air rises. Of course, if the air circulation system
within the mound was entirely closed off from the outside, then there
would be no way of replacing the stale air, but this ventilation system
includes a multiplicity of fine channels that run vertically within the
outer wall of the mound and it is there that, due to the porosity of the
wall material, carbon dioxide is able to seep out of the mound and
oxygen enter.

The temperature differences that drive this ‘closed’ ventilation sys-
tem can arise in two ways, as we now understand from the savannah
mounds of Macrotermes bellicosus. During the day these mounds are
exposed to the full rays of the sun. This heats up the surface of a
mound, causing the air inside the channels running through its walls
to rise. This heated air discharges into an enormous enclosed space
that lies above the living area. The relatively cooler air in this space
is therefore displaced down through the colony chambers and fungus
gardens into an enormous basement that lies under it, below ground
level, a basement so big that in some mounds a grown man could fit
inside.

A basement like this is apparently not simply a quarry created
by a multitude of termites gathering soil to build the mound that
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now towers above it, but is an integral component of the ventilation
system. It has the effect of cooling the air and may as a consequence
have some role in regulating humidity. In any event, the circulation
of the air is completed as this cool air is drawn up into the channels
inside the outer mound wall behind the rising hot air.?

At night, it appears, the air circulation may operate in the reverse
direction. As the temperature outside the mound drops, cooling the
surface of the mound, it is the air at the heart of the mound that is
warmer than anywhere else. It rises up through the living area and
into the space above it. This drives air from the top of the mound
down through the superficial channels in the mound wall, and into
the basement. From there the air is drawn up into the living space of
the mound to complete the cycle.

What I have described is a fully mature mound of Macrotermes, but
it did not start out like that. The mound stands on the site where
sometime in the past a newly mated young queen, together with her
newfound male consort, landed after a short nuptial flight, shed their
wings and dug a single small chamber in the ground. The queen
laid eggs that hatched into sterile worker termites; the colony grew
in numbers and the mound grew in size. Over the years the mound
enlarged to reach its towering height of 5 or 6m.

Compare this with the way that Petronas Twin Towers was built.
It was conceived as a prestige project to house the state-owned oil
company Petroliam Nasional Berhad (Petronas). This set in motion
a complex chain of decisions and actions. Contracts were signed, ini-
tiating the recruitment of all the various specialists. The building was
begun, a host of differing skills were brought together, and the twin
towers rose to dominate the Kuala Lumpur skyline. This culminated
in a spectacular opening ceremony on Malaysian Independence Day,
31 August 1999. Only then did the building workers formally move
out and the office workers move in. In the building of a 6m high
Macrotermes mound, this transition never occurs; the building workers
are the residents, and they can be said to have ‘moved in’ as soon
as the royal pair build their first chamber. From then onwards the
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mound continues its gradual growth and continues to be a building
site, some termites always engaged in mound construction and main-
tenance.

Consider two possible extremes of organization of the termite
workforce. In the first, every individual can do any building task and
is genetically equipped to understand where and how to do it. This
should simplify the system of coordination between different parts of
the workforce, since any individual could judge for itself what was to
be built. But this seems to imply that each insect would have some
conception of the overall plan of what it is involved in building—that
the individual carries with it the plan of Metropolis. Given the limited
learning capacity of a termite, that would necessitate the inheritance
of a great deal of complex information and require each worker to
have a large brain to instruct its building behaviour and monitor the
consequences.

In the second workforce model, groups of specialists are assigned
each to the building of a particular sort of architectural feature so that
none needs to know the whole of what is to be built. But this raises
a different problem, coordination between the specialist groups to
make sure that work is carried out in the right order in the right place.
Seeing the enormously elaborate communication networks needed to
direct a large human civil engineering project, this appears unlikely.
It would also probably require large and specialized brains. Is there
in fact any evidence that the brains of social insects are larger than
those of their nearest solitary-living relatives or that their repertoire
of behaviour is any more complex?

The answer is no. The nearest living relatives of termites are actu-
ally the cockroaches; for the social-living ants, bees and wasps, it
is solitary bees and wasps (all ant species found today live socially
although they vary greatly in their colony sizes). Some cockroaches
live in family groups or in large aggregations that have a degree
of social coordination, some dig burrows, although most build no
structures at all. Some cockroaches are very big—6 to 8cm long,
others are nearer the 6-8mm of an average termite, but there is no
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evidence that the brains of the mound building termites are especially
large in relation to their body size compared with cockroaches. The
brains of honeybees are, in fact, rather large in comparison with those
of similar sized beetles, but are much the same size as those of solitary
bee species, that build much simpler nests. However, it seems that
honeybee brains are particularly developed to be able to learn and
remember the location and quality of food sources, rather than to
deal with the problems of cooperating with hive mates to build hon-
eycomb. Large colonies of social insects bustling with activity do give
a strong impression of great behavioural complexity, but this appears
not to be the case. A study on ants comparing the number of different
behaviours in species with small and with large colonies found that,
although there was evidence of greater behavioural diversity in the
latter, the difference was slight. Social insects are able to build their
enormous and elaborate nests with brains not obviously different
from solitary insects, many of which build nothing.

This is not to say that social insects are unable to learn and remem-
ber aspects of the nest structure. A swarm of wild honeybees when
looking for a new nest cavity can, for example, calculate the size of
a cavity in a tree. When a colony acquires a new queen, it splits, half
departing with the old queen to a new cavity that has been located
by scout workers. The scouts obtain an estimate of the size of the
cavity by walking round the interior walls. This we know from an
ingenious laboratory experiment which allowed bees to explore the
inside of a cylinder with a rotating wall. When a scout bee walked
in the direction of rotation of the drum, it got back to the entrance
with little effort and therefore underestimated the size of the cavity
(the equivalent of walking up an ‘up’ escalator rather than the stairs).
When a scout walked in the direction contrary to the rotation of the
drum (like walking up the ‘down’ escalator), the extra work it had to
do to get back to the entrance caused it to overestimate the size of
the cavity. We can see the estimate they make because when a scout
returns to the home nest it advertises a cavity of acceptable size by
performing a dance on the comb surface in the same way it would
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do when reporting the discovery of a good food source. In the wild,
bees that have discovered alternative suitable sites will also advertise.
Recruits will then visit these sites and return to advertise their pre-
ferred location. Eventually, one site receives sufficient support judged
by the dances of returning scouts that the swarm decides to occupy it.

This does show at least some ability by insects, albeit quite limited,
to learn and retain information about spatial relationships. But can
a termite remember its way round even part of its home mound?
We really don’t know. As you can imagine it would be virtually
impossible to track an individual termite in its home mound and very
difficult to give it maze learning tasks, isolated from its nestmates.
Clearly termites are very good at finding their way in the home mound
but this is not the same as knowing their way around. You know your
way around your own home, but you have in your mind enough
knowledge of houses to quickly find the kitchen in the house of a
total stranger. A termite might be genetically equipped to understand
similar architectural signposts. We should never underestimate the
capacity of animals simpler than ourselves to come up with effective
yet simple alternatives to our own. This is nicely illustrated by the
way that ants of the species Temnothorax albipennis estimate the size
of a potential new nest site.

This is a minute ant of body length about 3mm that lives in
colonies of no more than 500 or so in cracks in rocks. These are lit-
erally ‘cracks’—the nest cavities are almost two-dimensional, giving
little more than headroom for the ants themselves. This is convenient
if we want to answer the question of how the ants tell that a cavity is
big enough to house a colony. If we provide an experimental nest site
in the laboratory with the correct headroom, we can simply ask the
ants if the floor area is big enough.

If a colony of Temnothorax is looking for a new nest site they, like
the bees, send out scouts that inspect possible cavities. On finding a
suitable one, a scout returns home to recruit new inspectors, but how
do the ants judge that a cavity is suitable? An ingenious programme
of experiments tested three rival hypotheses of how an ant might
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work out the surface area of the cavity floor. The experiments were
designed to test which hypothesis could explain the results and which
ones could not. The three hypotheses were . .. Well, before I tell you,
just take a moment to think of one way in which, on entering a room
in complete darkness, you could roughly estimate how big it was.
The three ways the experimenters speculated a scout ant could do

it were:3

Firstly: That the ant walks round the wall till it gets back to where
it started, so measuring the length of the internal perimeter. You
could do this by taking one shoe off and feeling your way round
the room till you discover your shoe again.

Secondly: That the ant walks directly away from the wall until it
reaches another wall. Doing this several times from different
points gives a mean path length for the separation of the walls
and from that an estimate of cavity size.

Thirdly: That the ant employs the principle of Buffon’s needle pro-
posed by the eighteenth-century French naturalist and mathe-
matician Georges-Louis Leclerc, Comte de Buffon. (Comte de
Buffon demonstrated that if a given area on a page was marked
out with a series of parallel lines then, when a needle of known
length was thrown repeatedly on to the page, the given area
could be calculated from the frequency with which the needle
landed on a line. The ants, it was reasoned, could use this
principle to calculate the size of a potential nest cavity if they
could lay out a pathway of known length over the area on an
initial visit then detect it on a second exploratory visit.)

The first hypothesis was rejected because the ants were able to dis-
tinguish between a circular arena and one of the same perimeter but
with the walls pushed together to enclose a long narrow space of
much smaller area. The second hypothesis was also rejected because
the ants found equally acceptable arenas that were of equal area, even
if one had a straight barrier placed part way across the middle of
it. If the ants were using the mean path length estimate, they would
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frequently hit the extra barrier and so lower their estimate of the arena
size.

The Buffon’s needle hypothesis was, however, supported. Further-
more the experimenters were also able to show how the ants do it. On
its first inspection of the potential nest chamber, a scout lays down a
scent trail of a quite standard length that criss-crosses the area. This
inspection provides the set of lines. A scout will, however, re-inspect
the chamber, laying down a second trail that allows it to estimate the
cavity area from the frequency with which its first and second sets
of scent trails intersect. To do this not only requires a little piece of
‘computation’ by the scout but also, in case other visiting ants are also
laying trails, for the scout to be able to recognize its own individual
scent trail. This was also shown to be the case.

The Comte de Buffon was incidentally one of the scientific giants
of the eighteenth century. He is best known for his monumental ency-
clopaedia of the living world, Histoire naturelle, général et particuliere,
published in thirty-six volumes over a number of years, starting in
1749, but in his writings he also suggested that the world might be
a lot older than the 6,000 years that Christianity then held, and that
humans and apes might possibly share a common ancestry.

Let’s get back to how a group of social insects might collectively
build a large nest. What we have so far established is that individual
insects might be able to obtain some appreciation of the size of the
space in which they are working. What we now need to establish
is whether, and if so how, a group of individual insects can operate
as a workforce. A pre-eminent feature we identified in the human
workforce was communication, and biologists have a great deal of
evidence of animal communication. One of the recipients of the
Nobel Prize for Medicine and Physiology in 1973 was Karl von
Frisch, for his work on the ‘dance language’ that honeybees use
to inform nestmates of the distance and quality of food sources, or
indeed new potential nest sites, through the orientation of the body
and frequency of abdomen vibration of a dance carried out inside the
nest after returning from a foraging trip.* Ants are known to use a
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variety of volatile organic molecules as chemical signals (pheromones)
to coordinate colony activities such as foraging for food and defence
of the nest. Termites use pheromones, as well as touch and vibration
signals in communication. We should expect that such signals will
similarly be used to coordinate building. However, in this context
there is potentially another source of coordinating signals, the nest
itself.

Suppose a wasp detects a hole in the nest envelope. It collects
a load of nest material and with it partially repairs the damage.
The nest now looks different, but needs some more material in a
slightly different place. The wasp detects this, collecting and adding
more material, bringing the repair a little nearer to completion. The
wasp, through a chain of stimulus and response, is in a dialogue
with the nest. In fact, it does not need to be the same wasp that
collects and applies each load. A group of wasps could be involved,
each collecting and repairing the damage. The nest can coordinate
the workforce without its occupants needing to communicate with
each other. Organization of this kind, where several individuals can
independently but in parallel begin and end a task, in this case
nest repair, is called parallel-series. The alternative to this method
of organization is called series-parallel, which is where one group of
specialists start the behaviour sequence and then pass it on to another
specialist, and so on. In the repair of the wasp nest for example,
there might be just two stages, with a group of wasps collecting
material, which they then pass on to a group that use it to repair
the nest. There is a theoretical advantage to this over parallel-series.
In series-parallel, the failure of a single specialist material collector to
complete its task only interrupts a small part of the building effort,
because each builder can get material from any collector. Where an
individual carries out the whole task from beginning to end, failure
at any stage is a loss of that whole sequence. There is an addi-
tional potential advantage in having specialists. They can become
masters of their trade, making each stage of the sequence more
efficient.
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Social insects do in fact show job specialization, achieving it in
two ways, by body shape and by age. A good example of the former
is illustrated by the body sizes of workers in the leafcutter ant Atta
sexdens. The largest of these has a head width of greater than 3.0mm,
ten times that of the smallest workers. Your head has a side to side
width of about 20cm. Consider standing next to someone with a head
diameter of 200cm; that is probably wider than you are tall.

Although in the leafcutter ant colony, workers exhibit the whole
range of intermediate sizes, there are four typical head widths: 1.0,
1.4, 2.2 and 3.0mm. Between them they divide up the colony tasks.
The smallest class care for the eggs being laid by the queen, feed
young larvae and tend the fungus gardens. The 1.4mm head-width
group are described as within-nest generalists, and perform some nest
building activities; the next size class are foragers and excavators, which
obviously engage in some tunnel-digging work, and the largest class,
with their massive heads and jaws, are soldiers, defending the colony
against predators.

Having a body specialized for the job probably seems like an
excellent method of creating specialists. Their body is their toolkit;
each specialist has its own. However, specialization by body shape is
much less common in social insects than is specialization by age. In
fact, less than 20 per cent of ant genera show any marked degree of
specialization by body form (morphology). In termites, too, morpho-
logical castes are a minority. In bees and wasps no morphological
castes at all are discernible in the workforce. The queen is always
recognizably larger than the rest, but the workers all look the same.
The lack of morphological specialization in bees and wasps may be
something to do with them needing to fly. This is a constraint on
extreme body shapes that does not apply to the earthbound ants
and termites. Whatever the reason, both bees and wasps only show
evidence of job specialization by age.

The immature stages of bees, wasps and ants are, as helpless grubs,
looked after by adults, so it is the changing work of adults with age
that we are looking at. In honeybees for instance, a worker spends
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the first few days after emergence from its cell, cleaning empty comb
cells from which fellow adults have also recently emerged; she also
feeds the grubs in the occupied cells. Over a period of three to four
days after emergence, she then develops glands on the underside of
her abdomen for producing wax, allowing her to move on to being
a builder, combing the scales of wax from her belly and transfer-
ring them to her mouth. There they are chewed and mixed with a
salivary secretion to create comb wax which is then used to build
new cells. But the wax glands soon begin to shrink and, beyond
fifteen days of age, a worker honeybee is spending most of her time
on activities outside the nest, foraging for pollen to feed the larvae,
and for nectar which is regurgitated and stored in the wax combs as
honey.

A similar pattern of age-related job specialization can be found
in wasps. The wasp Ropalidia marginata is a primitively social wasp
where ‘primitive’ in this context means showing the ancestral con-
dition before a true sterile worker caste evolved, with colony sizes
reaching perhaps forty adult females. In such colonies, all emerg-
ing females are potential egg-layers on the nest or founders of new
colonies. Even so, age-related job specialization is apparent and fol-
lows much the same pattern as seen in honeybees. A newly emerged
female tends to be a feeder of larvae, taking food from incoming
foragers and distributing it among the cells. Later, she will probably
go through a phase of building new cells with material brought in by
paperpulp foragers. Then these nest builders begin to leave the nest
themselves to collect building material, finally moving on to foraging
for insect prey, the characteristic food of wasps.

You may now be convinced that job specialization by age in social
insect colonies is an effective and simple method of ensuring that
there are individuals dedicated to each of the nest jobs, care of young,
nest building and foraging. But suppose a colony of honeybees has
been in a phase of rapid expansion with a lot of grubs to care for
but a very young group of workers. That would create a temporary
excess of cell cleaners and cell builders when the priority is really
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for foragers. In such a situation it would be more efficient if the job
undertaken by a honeybee worker was not strictly determined by its
age, but could take into account the current colony needs. To test
whether there is this flexibility in the honeybee colony workforce, the
populations of different age classes in a colony were experimentally
altered to see if the bees then shifted their activities. They did.

In one experiment, a group of eight to thirteen day workers were
added to a colony—that is, of workers normally engaged on within-
nest activities. The result was that the older of the nest-bound bees of
the original workforce immediately shifted to out-of-nest activities,
while in unaltered control nests they waited until they were older.
The converse experiment produced an equivalent response. When
younger (nest-bound) bees were removed from the workforce of
experimental nests, the younger of the experienced foragers reverted
to within-nest activities. It seems that the activities of honeybee work-
ers are related to age, but not strictly determined by absolute age.
They tend to do more out-of-colony work with increasing age, but
choose jobs typical of their age according to the current needs of the
colony.

So far we have looked at all colony activities, but what about the
organization of nest building? In social wasps the building material
is principally wood pulp, although salivary secretions may also be
incorporated. This pulp needs to be collected by foragers. This is
more complicated than the situation in honeybees where the nest
material is self-secreted and one bee can combine wax secretion, wax
processing and comb building. So in wasps, nest building requires a
combination of on-nest and off-nest activities, and that involves some
collaboration between different groups of wasp, each specializing
in some task in the nest building process. This may differ in detail
between wasp species but, thanks to the distinguished work of Bob
Jeanne from the University of Wisconsin, Madison, USA, and co-
workers over a number of years, we do have very good experimental
evidence of the organization of nest building in the tropical New
World wasp Polybia occidentalis.
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Colonies of this wasp can reach a size of two or three hundred,
and they form new colonies by swarming, in the same manner as
honeybees. Soon after swarming to a new nest site, the wasps start
to construct a nest. When completed, it will consist of a disc-shaped
comb enclosed in an envelope, with a single entrance at the bottom.
As the colony grows, new combs will be added in a stack below the
first. The workforce of Polybia occidentalis shows the age-related trends
in job specialization that we have already seen. Nest building is a job
that is generally undertaken by wasps of up to twenty days of age.
Beyond this, outside-of-nest activities predominate, but there is more
to it than that.

What might be called the ‘trade’ of nest building turns out to
consist of three ‘tasks’: actual nest building, foraging for wood pulp
and collection of water; the role of the water being to adjust the
consistency of the pulp. These tasks, it turns out from the observation
of wasps individually marked with coloured paint spots, are done by
different groups of wasps.” It is a clear example of job specialization
employing the series-parallel principle. Pulp collectors and water
collectors hand on their materials to builders who complete the nest
construction sequence. The theoretical merits of the series-parallel
over parallel-series organization of sequential tasks has already been
mentioned, that of greater likelihood of job completion and higher
quality of work done by specialists, but here another benefit is evi-
dent: efficiency in pulp collection. It turns out that a worker wasp can
collect a ball of wood pulp that is 2.6 times the size that a worker can
handle when adding material to the nest. The pulp forager therefore,
on arrival at the nest, divides its load between builders, a much more
effective method than for parallel-series organization where each
builder would be bringing to the nest only as much material as it
alone could add to the nest, a much smaller load than the maximum
it could carry.

The task groups need now to integrate effectively with one another.
There must be an appropriate number of builders to accept the pulp
loads that those foragers bring. At the same time, there needs to be
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a matching number of water foragers to supply the builders with the
water needed to soften the pulp loads. This integration is likely to
be especially difficult in small colonies because, in comparison with
a large colony, the chances of a builder meeting in quick succession
both a pulp and a water forager are low. This will result in longer
waiting times for all three task specialists in small colonies, unless
individuals are able to be flexible and switch tasks. This turns out to
be the case. In large colonies there is very little task switching, but in
small colonies it is quite common—a principle that we can recognize
in human business management.

This of course raises interesting questions about how the flexibility
in the workforce is achieved. Well, experiments show that removing a
significant proportion of any one of the three task groups in a Polybia
occidentalis colony has little effect on the rate at which the tasks are
performed. This means that the lost specialists are being replaced by
other individuals that have either been engaged in some other task,
such as food foraging or, contrary to our perception of social insects,
individuals that have been hanging around the nest doing nothing.

The study of marked wasps has shown that wasps leaving the
nest to forage are seeking one of four resources (pulp and water for
nest building, pollen and nectar for food), and that when individ-
uals switch tasks it is generally within the feeding function (pollen
to nectar or vice versa) or within the nest material function (pulp-
water). When the nest is experimentally damaged, so that additional
recruits are required to gather the two nest building materials, they
do in fact come from a pool of inactive individuals. Furthermore,
those individuals are known to have previously foraged for building
materials but not for food; they are specialist reservists. The life of
a social insect is not necessarily one of constant industry. You may
wonder at this seeming inefficiency, but what are reservists needed
for? They are there in case of an emergency. In this study the nest
was experimentally damaged, but these tropical wasps live in a hostile
world. Natural nest damage (for example from storms), and the need
for rapid nest repair, are probably not rare occurrences.
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We can now see how nest building in this wasp species is orga-
nized, but the coordination of it requires communication, so how
is this done? How, for example, can an inactive individual become
aware that it is needed for whatever task or, when it is already
occupied, that it is no longer needed? Does it get a signal from other
wasps, from the nest itself, or what? To unravel this, further experi-
ments were undertaken in which not only were the majority of each
of the three task forces in turn removed, but water availability was
increased by adding some water to the nest envelope close to where
the wasps were repairing it, and wood pulp availability supplemented
by placing a supply of it on a little platform just beside the nest.®

The results of these experiments showed that only members of the
nest-building group obtain information directly from the nest. When
they locate damage they remain there to engage in repair. Their num-
bers grow until this inhibits others from joining in. Experimentally
providing additional pulp has the effect of reducing the numbers of
pulp collectors, suggesting that this task group are dissuaded from
collecting pulp when they experience low demand for their wares
from builders, communication in this case being between task groups.

Providing water by spraying the nest had the effect of reducing
water foraging, but so also did removal of pulp foragers. The level
of activity of water carriers seems to be determined by the level of
demand they experience from pulp carriers to whom they give their
water, communication again being between task groups. Commu-
nication is, it transpires, very simple. The whole building sequence
is initiated by a nest-building group stimulated by the discovery of
nest damage; they then regulate their own numbers and, through
their demand for building materials, the numbers of pulp and water
foragers. The information an individual receives is uncomplicated
and the decision it has to make offers few alternatives.

A picture is emerging of the organization of social insect nest
building that is radically different from our own. There is no lead-
ership. No individual or individuals can be said to be ‘in charge’;
there is no hierarchical structure or line management. Where there
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is a sequence of activities to be completed, individuals are stimulated
to become active or inactive through very simple signals from other
colony members or by the nest itself. The question now is how can
such a workforce produce architecture?

Of the social insect nests, termite mounds are among the biggest
and are arguably the most architectural, at least in the sense of having
areas of the mound of quite different design that do quite different
things: ventilation channels, cellar, royal chamber, nurseries and fun-
gus gardens. How, given that the organization of termite workforces
is more likely to resemble that of wasps than that of humans, can
they possibly achieve this? One possible way is for every termite to be
equipped with a blueprint (architectural and engineering plans used
to be printed on blue paper). If each individual inherited the same
blueprint of what was to be built, the absence of a termite architect
in a colony would not be a problem. However, there are a number of
difficulties with such a system. In the first place, a mature mound of
termite species such as Macrotermes bellicosus is so large and complex
that it is hard to imagine how all its architectural detail could be
encoded in the genetic material passed from one generation to the
next. Second, the architecture of a mature mound is only what is
finally achieved after several years of growth from an initial single cell
with the founding royal pair. At each stage its relative proportions
change as the relative importance of the different elements shift.
Could all termites really be equipped with all the different blueprints
needed for the different stages of colony growth? A third major prob-
lem for a termite builder is in knowing how much of the blueprint
has so far been completed. Insects may have some powers of spatial
memory but could a termite possibly decide what and where to build
on the basis of a prior inspection of the nest? Based solely on the
time it might take a termite to do such an inspection, this seems
impossible.

The question of whether animal builders had a mental blueprint of
what they were attempting to build has a long history of debate in the
field of animal behaviour. An English researcher, Bill Thorpe, at the
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University of Cambridge in the early 1960s, was of the opinion that
birds in building their nests must use a mental image, and then strive
in their building behaviour to match their effort to reach the goal.
An extreme opposite strategy to this would be for builders to interact
with the structure solely at a local level, detecting a building stimulus
that evoked a simple building response, the changed stimulus leading
to a new response and so on. Such a stimulus—response chain could
lead eventually to nest completion and would require no mental
image, nor indeed would it necessarily require any memory of what
had so far been achieved.

The test for the mental image hypothesis has always been evidence
of innovation. If we experimentally damage the nest of a bird to
create a structure that is unlike any stage of the normal building
sequence, can the builders come up with the most economical route
towards completion of the nest? If so, it is argued, then the bird must
know where it is trying to get to, and indeed be able to understand
what problem the experimenter has set.

The results of these experiments have always been equivocal. The
Baya weaver builds a hanging nest with a downward projecting
entrance tube. In an experiment conducted in the 1960s, nests were
damaged by removal of the entrance tube and the antechamber above
it, and a large hole was cut in the nest chamber on the other side.”
Some birds repaired all the damage to restore a normal nest, appar-
ently demonstrating an understanding of the overall nest design.
However, some blocked up the entrance, leaving an entrance hole
with no tube on the other side, while one blocked up both holes so
shutting itself out.

On the other hand, evidence of building sequences being entirely
composed of stimulus-response chains are not fully convincing
either, but at least we know that some bits of building behaviour are
guided in this way. The nest of the paper wasp Polistes fuscatus takes
the form of a single comb of downward-directed cells suspended from
a fine paper stalk attached to an overhead support. A female Polistes,
having selected the nest site, flattens out a small pad of paper pulp
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on the attachment surface. To this pad she attaches a downward-
projecting stalk which is further extended as a flattened tongue of
material. The first cell of the comb is built on one side of this flat
surface, the second cell on the other. This highly predictable sequence
looks like a stimulus—response chain. After this, the pattern of further
building varies between individuals. Cells may be added here or there
to the edge of the comb; periodically the stalk suspending the nest is
reinforced.

Some researchers question the rigidity of even this opening
sequence of Polistes nest building. They believe that the wasp may
already be checking on all aspects of progress of the structure. After
this initial phase, the behaviour sequence certainly becomes less pre-
dictable. The female wanders over the comb surface from time to time
adding further material, but what is she doing? Is she inspecting and
comparing progress across the whole structure or, as those favour-
ing a stimulus—response interpretation would argue, just wandering
about until she finds a stimulus that evokes a building response? We
are still quite unclear as to the extent to which a social insect, such
as a wasp or termite, can make some kind of general assessment of
building progress before adding to the structure. However, what we
do know from observing the behaviour directly and from the study of
virtual builders in computer simulations is that a surprising amount
of the creation of nest architecture can be explained in terms of very
simple local responses.

The French have a strong tradition in the study of social insects and
it was a pioneer in the study of termites, Pierre-Paul Grassé, who in
the 1980s demonstrated that worker termites, removed from the nest
and placed in an arena with nest material, initially place drops of it at
random. Gradually, however, as the termites continue to deposit new
pieces or move ones already deposited, quite evenly spaced larger
blobs of material begin to appear. These attract new material which
is added to the tops of the blobs to create pillars. Where two pillars
are neighbours, they then grow towards each other at the top to create
arches. This process can be largely explained by the termites having
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included a pheromone in pellets of building material, which attracts
other termites to deposit their load at that spot. Initially, all locations
are equally attractive but this system operates by positive feedback: as
soon as one point gets slightly more material it attracts more termites
to it to deposit more material on it.

Grassé called this system of building stigmergy (roughly mean-
ing ‘focus of work’).® This is a building principle in which an
individual is seen as responding with building behaviour whenever
the existing structure presents a ‘stimulating configuration’. Such a
building process would demand very little of the termites in terms
of understanding or decision-making, it does not even require any
direct communication between the members of the workforce. It is
a stimulus—response account; the termites just go looking for work,
getting their instructions on how to build from within themselves,
and on where to build from the building itself. A job once started
can be continued and completed by anyone, without the need for
communication.

Another experiment conducted by Grassé showed how a different
architectural feature of the termite mound might be created using the
same principle—in this case the royal cell that contains the queen of
a colony of Macrotermes natalensis. This chamber is roughly the shape
of the queen but with a fairly generous space round her on all sides to
allow the workers to attend her. The queen is, in comparison with the
workers that scurry round her on all sides, an enormous bloated and
gently pulsating, white sausage, a giant factory for producing eggs.

Grassé demonstrated that, if the queen is removed from the nest
and placed in an open arena with workers, they will build a new
royal chamber round her like the one from which she was removed.
They begin by building a low wall, leaving as much space round her
as there was in her original cell. As they continue to build up the
wall, they arch it in over her body to create a domed roof that closes
over her. He concluded that it was a pheromone emanating from the
whole body of the queen that determined the position of the wall.
This cloud of scent set up a gradient of the vapour around the female,
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strong close to her, diminishing with distance. A threshold value of
the pheromone on this gradient determined the position of the wall.
The cloud of the pheromone enveloping the female defines the size
and shape of the queen cell. It is another example of a building
template, similar to the caddis larva and village weaver using their
own body proportions to define the boundaries of their built struc-
tures. The queen termite pheromone cloud provides the ‘stimulating
configuration’, and the architectural outcome of a royal chamber can
be explained as a group of individual builders using the principle of
stigmergy. I say deliberately ‘can be explained’. A computer model
incorporating only worker responses, the pheromone template cre-
ated by the queen, and the attraction of worker pheromone in the
building material, can generate a virtual royal chamber. There may
be other complexities in the organization of the normal building
process, but the point of the computer model is to show that such
elaborations are not essential to produce the observed outcome.

Theoretical models like this are therefore very useful tools for test-
ing the degree of architectural complexity that can be generated using
very simple rules, in particular rules that don’t require members of
the workforce to pay any attention to each other but just to converse
with the emerging architecture. A dynamic model similar to the one
that generated a virtual royal chamber for the termite queen, can
also create a virtual corridor. To do this, the model assumes that the
building process is occurring not in still air but in moving air. If we
imagine worker termites placed in an open arena starting to build
pillars and then create an arch where a light wind is moving through
it, the consequent movement of the nest material pheromone encour-
ages building on the downwind side. This tends to steer the move-
ment of termites themselves in that direction. Termites, we know, lay
trail pheromones. If that feature is incorporated into the model, it
stimulates the directional movement of more termites, which place
building material loads beside the trail, creating a corridor.

Let’s take a reality check. This is a computer simulation not a real
colony of termites. However, notice that, even when the building
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rules used by the virtual termites remain constant, the architecture
produced varies according to environmental conditions, in this case
by the movement of air and the resulting movement of the termites
themselves. Communication between termites is again shown to be
unnecessary.

One other conclusion is also very important. We don’t need to
claim that the termites had any intention of creating a corridor or
that a worker termite had any concept of a corridor. The corridor is
an emergent property of a mass of individual responses to local stimuli.
If that seems surprising, then it shouldn’t. Consider the hand that
you are holding this book with; when you were a foetus and your
hand was a simple paddle, did the cells that then comprised it ‘under-
stand’ that they were going to build a hand? They were all equipped
with some inherent rules and responded to some more or less
local stimuli: templates, gradients and so on. They each responded
by multiplying, moving, differentiating or dying, and a hand
emerged.

Emergent properties, that is, appearance of a higher order of orga-
nization as a consequence of lower-order instructions, is a powerful
phenomenon as can be seen not just in biological but in dynamic
physical phenomena. In the permafrost regions of the arctic tundra
there are places where the ground is divided by sharp, straight lines
into a pattern of polygons from about 10 to up to 50m across. These
look like the result of some human intervention, but in fact come
about simply as a result of the repeated freezing and melting of
water. In winter, extreme low temperatures cause the ground above
the permafrost to crack. In summer, water from the melting surface
snow and ice runs into the cracks where in winter it then forms
wedges of ice, so expanding the cracks. Over hundreds of cycles, a
settled regular pattern of cracks emerges, dividing the ground into
polygons.

The ant Temnothorax albipennis provides not a computer simula-
tion, but a physical example of how from simple, local building rules,
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a higher-order structure emerges. This was the ant that earlier in the
chapter was found to use the principle of Buffon’s needle to estimate
the dimensions of a potential nest cavity. When a colony decides
that a cavity is suitable and moves into it, colony members first all
cluster together. Then individual ants venture out in search of the tiny
stones that will make up the wall with which to surround themselves.
On returning, a forager brings its particle right up to the group of
its nestmates, touches them, turns through 180°, moves outwards
for one or two body lengths and drops its load. As stones begin to
accumulate, a forager will use one held in its jaws to bulldoze other
sand grains outwards to compact the wall.

The presence of the stones also stimulates the deposition of others.
Where they are dense, new stones are more likely to be deposited.
Where they are scattered, a stone is more likely to be removed.
The result is a more or less circular defensive wall all around the
ants that reaches the ceiling of the cavity. Trail pheromones, which
inhibit stones being dropped, ensure at least one path or doorway
through the barrier. A computer model incorporating only these
simple rules generates the same pattern of building. With the cluster
of ants providing the template, the system is selforganizing, giving rise
to the enclosed nest space as an emergent property of lower-level
actions.

There is an interesting digression to this story, which concerns the
selection rules for the size of stones used by Temmnothorax albipennis
to build the walls. An experiment was carried out on these ants,
which offered them as building material only stones of two sizes:
large ones with a grain diameter of nearly 1.0mm, and small ones
with a diameter of a bit more than 0.5mm, both within the size range
acceptable to the ants. It was predicted that the ants would, given
a choice, greatly prefer the bigger size because both take about an
equal time to collect, so more material can be collected in a given
time by concentrating on large particles. It was also predicted that the
ants would show a stronger preference for larger particles the greater
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the recovery distance. The reasoning here is the one that results in
you being prepared to go to your local family grocer for a carton of
milk and half a dozen eggs but, when you drive to the out-of-town
supermarket, always coming back with a car load of provisions that
will last the family several days. These predictions were, however,
poorly supported.

The Temnothorax ants, when collecting stones from whatever dis-
tance, picked up both large and small ones. They did certainly collect
a greater proportion of large ones with distance, but as wall building
progressed the tendency to collect small stones increased. Stones had
been selected to achieve something different from simply economy of
effort. This, it transpires, appears to be the structural integrity of the
wall.

Take a bucket of dry sand and pour it carefully on to the ground.
As the cone of sand builds up, so its sides get steeper. Then, at a
certain point, avalanches of sand begin to launch themselves down
the sides. After that, no matter how much more sand you pour on
to the peak of the cone, and no matter how big the cone gets, the
steepness of its sides will not increase. You have discovered the angle
of maximum stability for your supply of sand.

This angle is different for different sizes and shapes of sand grain,
and for different mixtures of sand grain size. For the sand grains
offered to the Temmnothorax ants, it turns out that the angle of max-
imum stability is greatest for a mixture of about equal parts of large
and small grains, which further investigation showed to be the mix-
ture closest to the ratio with the densest packing of particles, i.e.
where there is the smallest percentage of unit volume occupied by
space between the particles. Selection of small as well as large stones
by the ants is apparently determined by the need for maximum wall
stability, and not simply by the need to collect building material
quickly.

Builders, like this species of cavity nesting ants, are proving very
convenient for studying some of the basic principles by which
social insects build nests. Experiments with colonies of termites to

116



Who's in Charge Round Here?

investigate the creation of mound architecture seem far too compli-
cated, but that after all is what we want to be able to explain. In the
meantime computer models have shown just how much architecture
can be generated with very unsophisticated virtual builders. This is
nicely illustrated by the so-called lattice swarm models designed to
simulate the building of nests by wasps.’ The virtual workers in these
models are endowed with very limited capabilities: they cannot com-
municate with one another, they have no memory and respond only
to local stimuli. They are, if you like, ‘stigmergic’ in their building
behaviour, like the real termites building their pillars, arches and
royal chambers. Having been programmed with a simple set of build-
ing rules, the virtual wasps move over the surface of the virtual nest in
search of a ‘stimulating configuration’ on which to add their own con-
tribution. In these wasp nest models this contribution is a ‘brick’ or
building unit resembling a single cell of the nest comb. The question
is: can a colony of such creatures create anything like a wasp nest?

The answer, perhaps surprisingly, turns out to be yes. Given
certain sets of instructions (algorithms), the virtual wasps pro-
duce designs that show regularity in the shape and arrangement
of combs (Figure 4.1). These are so-called ‘coordinated’ algorithms.
One design feature of the virtual nests generated by co-ordinated
algorithms is their modularity, i.e. the repetition of nest elements in
a regular arrangement. This is a very characteristic feature of nest
architecture across wasp species, for example taking the form of
horizontal combs stacked one below the other. These, it seems from
the models, can be explained as an emergent property of simple
behavioural rules. Coordinated algorithms, however, turn out to be
rare; the great majority of algorithms prove to be ‘uncoordinated’.
Each of these produces a more irregular architecture which is differ-
ent every time the programme is run.

The comb designs in real wasp nests are, as it happens, even more
diverse than those simulated by the lattice swarm models, and a
feature of some of them is that the combs are not flat but curved,
in one or two planes. The nest design of Agelaia areata is a comb that
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(b)

Figure 4.1. Virtual wasp nests generated by coordinated algorithms exhibit
modularity.

Reproduced by permission of Guy Theraulaz

continues to curve as it grows, becoming eventually like a loosely
rolled scroll of cardboard. Curved surfaces would appear to be quite
complex structures to make. For example, Foster and Partners arched
glass roof over the central courtyard of the British Museum, which
opened in 2000, covers the space between the edges of the square
and a central circular pavilion with 1,656 triangular glass panes,
each uniquely shaped. How can bees and wasps create curved combs
by the repeated addition of apparently uniform building blocks, the
brood cells?

The cells of a honeybee comb are, famously, hexagonal. This is a
way of dividing up a plane surface into regular repeated units, with-
out having gaps between them. There are two other ways of doing
this, squares of course, and triangles but, where a triangle, square
and hexagon are drawn to enclose the same area, the circumference
is least for the hexagon. Therefore the wall of a hexagonal cell uses
less wax than one of triangular or square section with the same
volume. So, hexagonal cells are economical in the use of materials
and of course are a better shape than either square or triangular
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cells for the plump bee larvae that grow inside and eventually fill
them.

If the flat comb surface is to become curved in one plane, then the
surface shapes of the hexagons, squares and triangles will become
curved—just roll up a piece of squared paper into a tube and you
can see the effect. If the surface is to curve in two planes to form a
dome, then no single regular identical unit is possible. They need to
be individually adjusted. How can wasps do that?

In 1985 a remarkable molecule of pure carbon was discovered,
composed of sixty carbon atoms linked together. It proved to be
a spherical molecule made up of sixteen identical hexagons and
twelve identical pentagons, forming a skeleton reminiscent of the
geodesic dome architecture of Buckminster Fuller. It was quickly
dubbed ‘buckminsterfullerene’ or ‘bucky ball’. If you find its structure
difficult to visualize, then look at modern soccer balls—one version
is designed as a bucky ball, with hexagons often in white and the pen-
tagons in a conveniently contrasting black. Only these two units are
necessary. Combining some identical hexagons with some identical
pentagons creates the domed surface.

We know that the curvature in at least some wasp nest combs is
the result of including pentagons among the hexagons. Earlier in the
evolution of the design, the pentagons could have been regarded as
‘mistakes’; however, the curved combs apparently proved advanta-
geous in the environment of these ancestors and the ‘mistake-makers’
persisted through the generations.

So is that all there is to the creation of curved combs, an emergent
property of individual workers adding a mixture of hexagonal and
pentagonal cells? We realized at the start of the chapter that social
insects must build in a radically different way from ourselves. We
can now at least see that there are ways that a very large workforce
of small-brained creatures could build a complex structure using
very simple principles of organization. Further research may, of
course, reveal complexities in the way that termites create mounds

119



Who's in Charge Round Here?

or wasps build nests. However, a theme is emerging in this book of
the surprising sophistication in construction that can be achieved by
animals with small brains and a limited behaviour repertoire. This
is a strong theme in the examination of trap making by animals in
Chapter 6, and forms the background for the discussion of tool use by
animals in Chapter 7, and of the displays of male bowerbirds in Chap-
ter 8. But, before that, Chapter 5 looks at the evolution of animal

architecture.
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‘When I was a child, dinosaurs were grey and lumbering; rather more
than half a century on, they have become agile, dappled, striped,
even sporting splashes of vivid colour. The speed and agility now
depicted is based largely on a reappraisal of the fossil skeletons, but
the colours are entirely fanciful, more the consequence of cheaper
colour printing than of improved scientific understanding. So, how
much fiction is there in our depiction of other aspects of dinosaurs’
lives? T have a copy of a recently published biology textbook which
shows a duck-billed dinosaur stooping as an attentive parent over a
nest-full of ‘chicks’ among a small colony of other ground-nesting
duck-bills. Is this vision of family life just sentimental imagining?
Surprisingly, it isn’t. Fossilized remnants of egg-laying sites show that
duck-billed dinosaurs laid their eggs in a circular depression in the
ground surrounded by a simple, low wall. Fossil embryos in the eggs
confirm that these are duck-bills, and the nests are found in groups,
suggesting colonial nesting.

But what about the caring parent dinosaur? Where is the evidence
for that? It is based largely on the appearance of the chicks of modern
birds. If I ask you to think of a day-old bird chick, what probably
comes to mind is something yellow and fluffy running about pecking
and cheeping—a domestic hen chick in fact. Chicks like this leave the
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nest on hatching and, although the mother hen is present, her role
is largely one of supervision. A day-old carrion crow (Corvus corone)
chick is utterly different. Its eyes are closed; it cannot even stand, let
alone find food for itself.

There is now broad agreement based on varied evidence that
modern birds are descended from a major group of dinosaurs, the
Saurischia, a group that contains large predators such as the Tyran-
nosaurs rex, but also smaller oviraptors which seem to be close to the
lineage that gave rise to the birds. A remarkable 80 million-year-old
fossil found in the Gobi Desert reveals an oviraptor sitting on a clutch
of eggs'—but was it incubating them or just protecting them at the
moment of its sudden death? We don’t know. However, the anatomy
of the fossil ‘chicks’ of some other dinosaur species suggests that, like
the chicks of crows, they could not have survived without parental
care, and must therefore have been fed in the nest.

The crow’s nest is a stick platform in a tree. There must therefore
be an evolutionary history of nest building that leads from ground-
nesting dinosaurs to the stick platform nests of the crow. But there
are now over 9,000 species of birds, all apparently sharing a common
ancestry, so there must also be a history of nest building that leads
from a dinosaur nest to the nest of the little hermit hummingbird
(Phaethornis longuemareus), a nest that weighs about 4g and is lashed
to the end of a leaf with spider silk. The twin tasks of this chapter
are to see if the history of nest building in birds, or indeed wasps or
termites, can be pieced together, and whether a satisfactory mecha-
nism can be proposed to account for the path of that history. This is a
chapter about the evolution of nests, and the explanation I shall give
you is what might be called neo-Darwinian: a synthesis of Darwin’s
original ideas, since these are the bedrock of biological thinking,
strengthened by the insights of modern genetical biology. Nothing
surprising then, except that, as it turns out, the way in which natural
selection acts upon animal-built structures is a bit special compared
with the way in which it acts upon an insect wing or fish jaw for
example. If it is not obvious to you why this should be, don’t worry;
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I don'’t think it is obvious either. This is why I will explain it in some
detail later in the chapter.

Swallows flying low across a meadow, jinking between the cows as
they catch flies, is a pastoral image that evokes the British summer.
In the United States these birds are known as barn swallows because
their shallow mud nests are commonly built on narrow ledges in
farm outbuildings. To scientists, they are Hirundo rustica. Another
springtime arrival in Britain is the house martin (Delichon urbica), but
its plump outline and less elegantly forked tail denies it such an iconic
status, although its nest is more impressive than that of the swallow. It
is a deep mud cup attached directly to an outside wall of your house
just under the projecting eaves. The mud cup has a narrow aperture
at the top where, later in the summer, the rounded faces of the chicks
can be seen peering out. The sand martin (Riparia riparia), with its
modestly forked tail and undistinguished brown colour, is the least
glamorous of this summer trio but, interestingly, its nest is totally dif-
ferent from the other two, a burrow dug in a sandy bank overhanging
a river. How did the diversity of nest design in swallows and martins
evolve? This problem embodies the two concepts addressed in this
chapter: evolutionary history and evolutionary mechanism.

There are eighty or so species of swallows and martins throughout
the world? and their nest building is even more varied than that
shown by the three British visitors. Driving through, let’s say, the
rolling hills of Brown County, Indiana, and in fact in many parts of
the United States, you may see what look like painted dolls’ houses
on poles standing in people’s yards. Closer inspection shows entrance
holes, perhaps six or eight on two floors. These are nest boxes put up
by bird lovers for purple martins (Progne subis). An alternative nest-
box design consists of long-handled dipper gourds that are hollowed
and then hung from a branching pole, a habit copied from Native
Americans, who encouraged purple martins to nest around their
villages for perhaps thousands of years. Purple martins are cavity
nesters that have come to depend on human assistance, although
still occasionally nesting in old woodpecker nest holes or similar
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A

Figure 5.1. Cliff swallow nests: the globular mud nests of cliff swallows
with their projecting entrance spouts represent the culmination of an evo-
lutionary sequence in the family of swallows and martins that started with
species that dug nest burrows.

Lee Rentz/Bruce Coleman Inc.

natural cavities. Cliff swallows (Hirundo pyrrhonota) (Figure 5.1) and
red-rumped swallows (Hirundo daurica) build mud nests that cling to
overhangs on rocky cliffs; these resemble nests of the house martin
but with the addition of a narrow entrance spout. The African river
martin (Pseudochelidon eurystomina) is a rare and local species of the
Congo basin that digs shallow burrows on exposed river sand bars.
The reason that nest building in swallows and martins is diverse
might of course be that they are not close relatives at all, but just
look much the same. After all, swifts look and behave in a similar
manner to swallows but detailed comparison proves they are a very
different group of birds, closely related to hummingbirds in fact.
However, careful examination of the skeletal and other body features
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of swallows and martins does support the view that they are a group
of close relatives, and a comparison of the DNA from a selection
of these species has confirmed this and allowed a probable family
history to be reconstructed.3

Since this swallow and martin family tree is based on DNA simi-
larities, it was constructed without any consideration of nest types. If
we now sketch in the nest type against the names of the living species
on this family tree, we can see the history of nest building in the
group. Well, to be a bit stricter with ourselves, we see the most likely
history of their nest building (Figure 5.2). In evolutionary studies of
this kind, where a family tree is being constructed from comparisons
between species of their DNA (or indeed any other feature, such as
their skeletons) more than one family tree solution may be possible.
In such a case we adopt the most economical or parsimonious expla-
nation (i.e., the one with the minimum number of major evolutionary
transitions) that agrees with all the available data. This is the principle
of Ockham’s razor, named after a remarkable medieval philosopher
and theologian William of Ockham who declared that explanations
should not be complicated beyond the minimum required to account
for the available evidence. The ‘razor’ therefore refers to the process
by which we pare down any explanation to its bare essentials. Later
on, explanation can be elaborated as new data become available.

Back to the family tree of the swallows and martins: it seems fairly
clear that the common ancestor to all the living species, the one at
the base of the family tree, dug a nest burrow in the ground, as the
sand martin still does. Two further nest styles then evolved from this,
each represented by a number of species, cavity nesting and mud nest
constructing. The purple martin and tree swallow (Zachycineta bicolor)
are representatives of the former group, as is the South American
blue-and-white swallow (Notiochelidon cyanoleuca), which will nest in
all kinds of cavities in buildings, cliffs, trees and, as you will recall
from Chapter 2, the nest cavities dug by another bird, the common
miner, inside the burrows of viscachas. It is not hard to see how some
individuals in an ancestral martin species might abandon the digging
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Figure 5.2. A history of nest building: a ‘tree’ showing the relatedness of a
range of living swallow and martin species together with their nest types.

Adapted from D. W. Winkler and F. H. Sheldon (1993) Evolution of nest construction in
swallows (Hirundinidae): a molecular phylogenetic perspective. Proceedings of the National
Academy of Sciences 90, 5705-7. Figure 1
of burrows in a sandy river bank to take advantage of some other
available cavities, so bringing about this evolutionary transition. After
all, why go to the bother of digging a cavity if you can find a suitable,
natural cavity ready to hand?

As far as the mud building group go, we can also be fairly con-
fident from the DNA data that they all share a common ancestor,
as shown on the family tree (Figure 5.2). It does not greatly stretch
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the imagination to visualize the diversification into the different mud
built designs. An initial simple mud bracket nest, like that of the barn
swallow, was elaborated firstly by a deepening of the cup to produce a
design resembling that of the house martin. The subsequent addition
of an entrance tube created the nest design now shown by the cliff
swallow. This tube might have come about to provide special protec-
tion against weather or nest predators. What remains to be accounted
for is the transition from the excavation of a burrow in the ground to
the making of a mud nest on a cliff. This is not so easy to envisage.

The sand martin typically digs its burrow in a sandy bank. How-
ever, let us imagine an ancestral species digging under a bank of
more clayey soil, where it also employs rearrangement of the damp
earth to help create the nest cavity. Now imagine that, within the
population of this hypothetical species, some individuals introduced
the innovation of excavating a beak-full of damp soil of particularly
good consistency from one point under the bank, then carrying it a
short distance to a particularly promising ledge or crevice. Such a
species could be the ancestor of the current mud builders such as the
barn swallow or cliff swallow, which collect their mud loads from the
edges of nearby ponds or streams and fly with it to the nest site. To
make this more convincing, we need a missing link, a living species
that exhibits something resembling this transitional behaviour. This
species should at least excavate a cavity in a bank and rearrange the
excavated material to create part of the nest wall, or even collect some
mud from nearby. Such a living example we do not have. So to try to
persuade you that this transition is at least possible, I am going to
quickly review the evolutionary history of nest building by wasps,
where the transition can clearly be seen.

In my garden every spring, tiny pale stripes begin to appear on the
unpainted wood of the two patio benches. These marks are caused by
wasps chewing along the grain of the wood to remove the softer fibres
of the summer growth rings as wood pulp from which to make their
paper nests. These social wasps, called ‘yellow jackets’ in the United
States, are closely related to a large group of tropical and sub-tropical
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paper-nest-building wasps that live in colonies that are estimated to
range in size from about ten to hundreds of thousands. However,
careful studies on similar insects show that in this same family of
wasps, the Vespidae, there are many species that as adults live solitary
lives, with females building a nest and caring for the larvae on their
own. Some of these solitary species dig burrows in the ground, and
some build cells made out of mud. In the genus Montezumia there are
both burrowing and building species. Mud building in vespid wasps
may have evolved from either the modification of existing cavities by
the addition of mud, or from the digging of a cavity or burrow to
which the excavated mud is added as part of the structure. Both these
routes do seem to have been taken.

The solitary wasp Paralastor (Vespidae) exemplifies the latter route
as nest building females combine excavation and construction. They
excavate a horizontal nest tunnel into a bank, but use the excavated
material to build an extension to the entrance. This takes the form of
a narrow tube angled upwards for about three body lengths, which
then curves downwards like a hollow walking stick. At this point, the
wall of the tube flares out to create a downward-directed bowl, the
inside surface of which is burnished by the wasp’s jaws to create a
hard slippery surface.

After this specialized entrance tube is completed, the female brings
paralysed insect prey to the burrow to provide food for her larvae.
When sufficient prey have been brought, the female lays an egg on
them and places a partition across the burrow to create a cell. She
then collects more prey for a second larva and continues the sequence
to provision three or four cells. After this, she plugs the burrow
entrance and dismantles the walking stick tube with its upside-down
bowl, leaving hardly a mark to betray the entrance of the burrow.

If you were to watch this nest entrance during the provisioning
stage you would understand what task the complex structure over the
burrow entrance fulfils. As the female wasp comes and goes on her
prey catching trips, the burrow entrance is unguarded from parasitic
insects that seek to lay eggs in the burrow from which maggots will
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hatch to feed on her larvae. But she has burnished the interior surface
of the bowl so smooth that, as the parasites try to land in its surface,
they slip and fall out again. This wasp both burrows into the soil and
builds with the excavated mud. I am asking you to envisage that a
similar transition could have taken place in the evolution of the nests
of the swallows and martins. A cavity digging species perhaps added
a mud wall to limit the access of predators. Over time, this entrance
structure became more elaborate, leading ultimately to the building
of the entire nest out of mud.

While on the topic of the evolution of wasp nest building, let’s
consider the other nest-building transition they show: the move from
building with mud to building with paper. The social wasp species
of the family Vespidae build nests that have small or large combs,
depending on the colony size of the species concerned, and with or
without an envelope enclosing the comb in a protective wall. Of these
social wasps, we are confident that one sub-family of them, known as
the hover wasps, represents the ancestral nest-building form. These
are slender, delicate, unaggressive wasps that live in small colonies
under the banks of streams or under the rocky overhangs of water-
falls, in the forests of South East Asia. Species of this sub-family show
a variety of nest forms and make use of different types of material,
some building nests entirely out of soil, others out of rotted plant
fragments, and others a mixture of both. A plausible but unconfirmed
interpretation of this is that the original hover wasp ancestor built
a mud comb but, in collecting the material from the forest floor,
incidentally included a proportion of rotted plant material.

Nests containing a higher proportion of plant fragments are lighter.
This would have enabled them to be attached to slender plant stems
rather than on rocky overhangs. Exploiting these new nest sites, new
wasp species evolved that made nests entirely of plant materials, such
as fibres scraped from bare wood surfaces or, as in some species, of
hairs harvested from the surfaces of leaves. These materials made
possible lighter, stronger and therefore larger nests, leading to the
greatly increased colony sizes seen in living species of paper wasps,
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yellow jackets and hornets. Mud nesting species survive to this day
because the mud cell walls apparently have their own advantages.
Mud is heavy, but a high proportion of it in the nest wall probably pre-
vents parasitic wasps from penetrating it with their hypodermic-like
ovipositors, to lay eggs which, on hatching as little grubs, consume
the resident wasp larvae. The point here is that both types of nest
material, mud and paper, are adaptive in their own way, but the large
colonies made possible by paper nests gave the wasps a good chance
of a colony member detecting any parasitic insects before they landed
on the nest. In these large colonies, the protection of the brood has
been transferred from the nest material to the vigilance of the wasp
workers.

At this stage I want to distinguish between two different types of
transition in built structures: these are changes in design and changes
in technology. In the swallow and martin example, the sequence of
changes of mud nests from shallow to deep cup, and then finally
the addition of an entrance spout, is a sequence where evolutionary
changes are ones of design, with the material, in this case mud,
staying the same. The change in wasp nest evolution from mud to
paper building material is one of technology. These two kinds of
change are quite distinct and, as it turns out, may have important
differences in their possible pattern of evolution.

The great Palm House at the Royal Botanical Gardens at Kew in
London is a cathedral of sweeping curves of glass over delicate ribs of
iron. Built in 1848 to contain full-grown palms, at the time it was the
largest greenhouse in the world: 363ft (110.6m) long, 100ft (30.5m)
wide (that is twelve rows, each of thirteen Routemaster double-decker
buses) and with a central vault that rises to 66ft (20m) (the height of
four double-decker plus one single-decker bus), but its importance
as architecture was more in the innovative use of materials than
in its size as a greenhouse. The Palm House was the outcome of
collaboration between Richard Turner, an Irish iron founder, and
Decimus Burton, an English architect. The building is a landmark in
the construction of large iron-frame structures coated in glass. This
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not only marked the appearance of other fine glasshouses, but also
its architecture was recognized as a grand solution for the roofing
of the large railway terminals being built across Britain. The single-
arched roof span at Liverpool’s Lime Street station of 1849 is again
by Turner, this time in collaboration with William Fairburn. The
mass production of cheap glass and the casting of large iron members
were technological innovations, ones which then made possible new
design. The Palm House illustrates evolution in architecture combin-
ing the separate elements of technology and design.

I now want to consider how a structure like a nest might evolve
under natural selection, and how this process might be different for
changes in nest technology and in nest design. But first, I want to
set the scene for that with a diversion into the history of ideas and
discovery in biological evolution.

Let us start by getting a couple of things clear. Charles Darwin
was not the originator of the idea that living organisms evolved over
generations, nor was he the first scientist to propose a coherent mech-
anism by which evolutionary change could be effected. What makes
Darwin so important to biology is the mechanism that he proposed is
still helping us to explain the living world. In fact, Darwin did not just
propose one evolutionary mechanism but two: evolution by natural
selection and by sexual selection. The first was set down in considerable
detail in On the Origin of Species, published in 1859, that is, nearly 150
years ago, when Queen Victoria ruled an empire and the steam train
was revolutionary technology. The theory of sexual selection was
expounded in Darwin’s The Descent of Man, and Selection in Relation
to Sex, published in 1871. Both have proved to have immense power
to explain the pattern of evolution.

The theory of natural selection proposes that the variation exhib-
ited in the population of any species (talon size in a bird of prey,
web size in a spider) is in each generation tested by the environ-
ment for its effectiveness. Individuals exhibiting the variant that is
most cost-effective will leave more offspring, making that character
more prevalent in the population. Suppose that selection now favours
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larger talon size in the bird of prey to capture a newly occurring
mammal species, and a smaller web area in our spider species to
specialize on the now more abundant small flies. If these selection
pressures remain constant over many generations, then we will see
an evolutionary trend in the prey capture of our two species as the
better adapted individuals leave more offspring.

An obvious problem with this explanation is that the appearance
of some animals seems too bizarre to be explained so simply and may
only be shown by one sex, generally the male, with the female rather
dull or at least less extravagant by comparison. Alternatively, one
sex (again usually the male) may have conspicuous weapons that are
lacking in the other sex. To account for these traits as ‘adaptations’,
Darwin proposed that their context was that of sexual reproduction:
weapons for males to fight off rival males for access to females,
and extravagant colours, noises and movements shown by males in
competition with rival males for the attention of females. This was
the theory of sexual selection.

But Charles Darwin, as I have said, was not initiating the debate
that substituted the idea of biological evolution for biblical creation,
but contributing to one started in the eighteenth century by, among
others, the Comte de Buffon, mentioned in the previous chapter
(page 101). However, I need also to draw your attention to the bronze
seated figure of a confident eighteenth-century man in the Jardin
des Plantes in Paris. On one side of his plinth, we see him now
transformed into a frail, old blind man, his hand held by an attentive
daughter. This is Jean-Baptiste Lamarck, who died in poverty in
1829, his scientific achievement largely unrecognized. He is the one
who can best be credited with the first exposition of a mechanism for
evolutionary change. This was the theory that characters developed
in parents by their activities tended to be acquired by their offspring.
This notion is frequently illustrated by how it might explain a giraffe’s
long neck—parent giraffe ancestors by stretching for higher leaves
would grow longer necks, so giving birth to offspring endowed with
longer necks than they, the parents, were born with. This hypothesis
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tends to be scoffed at now but, coming from a man born in 1744, this
was revolutionary and deserves the credit for being so. It was, in any
case, another half-century after the publication of Lamarck’s evolu-
tionary mechanism in Philosophie Zoological in 1809 before Darwin
published a coherent rival mechanism in On the Origin of Species
(1859).

A major difference between the mechanisms of Darwin and
Lamarck is that, in the former, organisms pass on to the next gen-
eration characters that they are endowed with at birth, not that
they acquire during their life. This is why offspring have characters
that resemble those of their parents. Darwin had no idea how the
information determining these characters passed from generation to
generation, but in most other key respects he has been found to be
right, and Lamarck wrong.

As it happened, at the very time that Darwin published Origin, a
monk named Gregor Mendel was beginning plant-breeding experi-
ments in a monastery garden in what is now the Czech Republic. His
experiments would reveal the rules of inheritance that were unknown
to Darwin, and thereby lay the foundations of the science of genetics
which ultimately led in 1953 (nearly a century after On the Origin of
Species) to the publication by James Watson and Francis Crick of the
double-helix structure of the DNA, the molecule that encodes the
information that is passed from generation to generation.

What Mendel did is generally well known, but I still need to repeat
some details here so that we can understand why the evolution of
built structures, such as nests, has some rather special biological fea-
tures. Mendel famously worked on pea plants, recording the pattern
of inheritance of various plant characteristics. One of these was the
texture of the mature pea in the pod, which he observed could be
either smoothly rounded or wrinkled. He showed that these charac-
ters were inherited by selectively breeding lines where the fertilizing
of a flower on a plant grown from a wrinkled pea, with pollen from
the flowers of another plant grown from wrinkled pea, always pro-
duced a pod full of wrinkled peas (i.e. a true breeding line of wrinkled
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seed plants). He was also able to produce true breeding round pea
plants. When a true breeding round pea parent was pollinated with
wrinkled pea parent pollen, the hybrid peas that filled the pods were
all of them round. However, cross-breeding between these first gener-
ation hybrids produced round and wrinkled peas in a ratio of three to
one. Not an obvious result and one that has profound implications.

Using current genetical terminology, we would say that there is a
gene or location on a chromosome that determines seed texture, but
that there are two alternative forms of the gene (alleles—pronounced
al-eels): one which encodes for roundness; the other for wrinklyness.
An individual pea or pea plant has a pair of alleles at each gene
location (Jocus), one inherited from each parent. In Mendel’s experi-
ment he started with one parent that had a pair of round-determining
alleles at the seed texture gene location (by convention written RR);
the other parent had a pair of wrinkled alleles (by convention, and we
shall see why in a moment, 77). The first generation hybrids inheriting
one allele from each parent must all in that case be genotype (genetic
constitution) Rr, but their seed phenotype (what they look like) is all of
the round type. This led Mendel to the hugely important conclusion
that the round allele is dominant over wrinkled in determining the
appearance of the seed. That is, if an individual inherits one round
allele and one wrinkled allele, then only the round one influences
the phenotype. A wrinkled phenotype can only occur if both alleles
are wrinkled. This result is of such importance because Mendel also
found that, in his pea plants, the yellow seed allele was dominant
over the green seed allele, and that the purple-flowered allele was
dominant over the white. Dominance was indeed a general rule
of inheritance. Unfortunately for the development of evolutionary
theory, Mendel, as a priest and finally as a busy abbot, did not gain
recognition for his insight from leading scientists of the day. On his
death in 1884, obituaries noted his work on breeding new varieties of
fruit and vegetables, and his studies in meteorology.

So, all the first generation hybrids in Mendel’s pea seed experiment
are genotype Rr. This means that, as parental plants, their flowers
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will produce equal numbers of R and r pollen and equal numbers of
R and r unfertilized seeds. As the pairing of pollen with unfertilized
seed is essentially random, then the genotypes of the fertilized seeds
will be RR, Rz, 7R and rr in equal numbers. Because of the dominance
of the R allele in determining seed coat, this will result in a ratio
of phenotypes of three round seeds to one wrinkled. Had Darwin
known this, he would have been able to say that the characteristics
exhibited by a population of pea plants or hairy-nosed wombats
could change over generations due to changes in allele frequencies.
But what about the evolution of building behaviour? Well, Mendelian
rules should apply too, provided that there are gene locations that
determine building behaviour, and that the success or failure of nests
can result in changes in their allele frequencies.

Pelicans have genes for fish-catching beaks, while hummingbirds
have genes for nectar-feeding beaks. It is not hard to conceive how
these contrasting beak phenotypes have become adapted through nat-
ural selection to their respective roles. But what about a hummingbird
nest? Well, the nest doesn’t actually have genes for anything. It is the
product of behaviour of the bird. So does the bird indeed have genes
for this behaviour, and does it make any difference to the pattern of
evolution that the genes are not in the nest? This issue was raised
in Richard Dawkins’s (1982) book, The Extended Phenotype,* which
discussed the significance of phenotypes that existed separately from
the organisms that created them, the bird nest being an example
of such a phenotype. The Extended Phenotype was a follow-up to
Dawkins’s landmark T#e Selfish Gene (1976),° which argued that units
of survival over generations are not organisms but genes. In The
Extended Phenotype, Dawkins wished to reinforce the argument of
selection at the level of the gene, as advocated in the earlier volume.
A bird nest helps to illustrate this because it is the phenotype, but its
success or failure alters the frequencies of alleles located not within
it, but within the hummingbird.

Imagine for a moment that there is a gene location that deter-
mines the kind of silk attachment for the hummingbird’s nest. I say
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‘imagine’ because geneticists get quite upset by those of an animal
behaviour background, like myself, talking as if inheritance of a
behaviour pattern was as simple as the inheritance of the colour of
a pea flower. So my example is illustrative, rather than literal, of how
building behaviour might be subjected to natural selection. Suppose
this gene location has two possible alleles, one for attaching the nest
to a leaf with a small amount of spider silk and the other with a large
amount, and let’s say that the large amount allele is dominant over
the small amount one. If fewer nests fall off the leaf when attached
with the former rather than the latter, then ‘large amount’ alleles
will become more numerous in the hummingbird population at the
expense of ‘small amount’ ones.

There is in fact plenty of evidence for genes controlling aspects
of building behaviour. Laboratory bred albino mice will pull cot-
ton wool from a dispenser to make nests; some do this more than
others. Selectively breeding lines of mice for high and low cotton-
wool pulling over ten or so generations (that is to say artificial selection
as an experimental substitute for natural selection) leads to a gradual
increase in the amount of cotton wool in the nests in mice of the
‘high’ selected line and to a decrease of cotton wool in the ‘low’
selected line. This shows that there are a number of gene locations
that contribute to the behaviour, and that selective breeding over the
generations leads to a gradual increase in the number of locations at
which an allele promoting (high line) or demoting (low line) cotton-
wool pulling is expressed.

Another example that neatly illustrates a genetic basis for
building behaviour comes from the burrows of two North American
mouse species. Oldfield mice (Peromyscus polionotus) construct a
burrow system where more than one exit tunnel connects to the
nest chamber. A loose plug of soil conceals all but one exit but
does not prevent quick escape through any. Deermice (Peromyscus
maniculatus), however, dig a simple chamber at the end of a single
short tunnel. After twenty generations reared in laboratory cages
without an opportunity to dig, mice of both species, given the
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chance, still dig species-typica