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teads to the coliective seiection of
the shortest path, as evidenced by
a related experiment, where the
nest is separated from a single
food source by a bridge with two
branches (Box 1).

In bees, food source selection
relies, not on chemical trails, but
on recruitment through dances.
Box 2 indicates how a model based
on SO can accurately account for
experimentally observed behav-
iours in honeybees’. It has been
argued’ that SO is also at work in
the development of the character-
istic pattern of brood, pollen and
honey on the combs of honeybee
colonies (Box 3).

Self-organization can help to
describe many aspects of building
activities™!!, In this context, it is
often combined with the mecha-
nism of stigmergy. Stigmergy is a
notion introduced by Grassél?
(O.H. Bruinsma, PhD Thesis, Land-
bouwhogeschool, The Nether-
fands, 1979) to describe the indi-
rect communication taking place
among individual termites through
dynamically evolving features of 2
structure. That is, a stimulating
configuration triggers a building

Self-organization was introduced originally
in the context of physics and chemistry
to describe how microscopic processes

give rise to magrescopic structures in
out-of-couilibrium systems. Recent
research that extends this concept to
cthology suggests that it provides a
concise description of a wide range of
collective phenomena in animals,
aspecially in social insects. This
description does not rely on individual
complexity to account for complex
spatiotemporal features that emerge
at the colony level, but rather assumes
that interactions among simple
individuals can produce highly
structured coliective behaviours.

) E any collective activities
stk FE corformed by social in-
i isects result in complex
spatiotemporal patterns.
Ethologists are often tempted to as-
sume that such complex patterns
at the colony level can be gener-
ated only by complex individuals,
that is, by individuals who are able
to take into account numerous par-
ameters to modulate their behav-
iours. Theories of self-organization
(50) (originally developed in the
context of physics and chemistry
in order to describe the emergence
of macroscopic patterns out of pro-
cesses and interactions defined at
the microscopic level'?) can be
extended to etholcgical systems,
particularly social insects, to show
that complex collective behav-
iours may emerge from interac-
tions among individuals that ex-
hibit simple behavicurs. In these
cases, there is no need to invoke
individual complexity.
Recent research shows that SO
is indeed a major component of a
wide range of collective phenom-
ena in social insects?, But work on
SO in insect societies, and more
generally in ethology, is easily over-
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looked because the emphasis of SO —--
is on how! collective behaviours
causaily result from the individual level: 50 does not explic-
itly deal with the complementary question of why collective
patterns of activity appeared in the course of evolution.
Nevertheless, it is worthwhile and important to understand
the proximate mechanisms that have evolved through natu-
vai selection and that may have affected the evolutionary
path®, Discussing evolutionary issues without understand-
ing how behaviours are actually implemented and what
parameters may influence them may become a dangerous
abstraction.

Self-organization in insect societies

Self-organization can be applied to the study of various
aspects of social life in insects. A choice between two equiva-
tent food sources by ants can be performed collectively by
means of SO: forages are initially evenly distributed between
the two sources, but one of the sources randomly becomes
slightly favoured, and this difference may be anplified by
recruitment, since the more foragers there are at a given
source, the more individuals recruited to that source, es-
pecially if pheromone trails are involveds. When a source is
richer, foragers expioiting this source lay more trail than
those exploiting the poorer source, leading the colony to se-
lect the richer source®, Similarly, the interplay between re-
cruitment and travel time or individual orientational memory®
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action by a termite worker, which
transforms the configuration into
another configuration that may, in turn, trigger another
(possibly different) action performed by the same termite
or any other worker. Stigmergy can be contrasted with reci-
pes, where a set of instructions specifies a sequence of be-
haviours'?. Such a rigid behavioural programme unfolding
in time without any feedback from the structure being built
can be appropriate for solitary animals, but makes coordi-
nation difficult. One important problem with stigmergy is
understanding how stimuli are organized in space and time to
ensure a coherent building. Deneubourg? showed that chemi-
cal cues could organize part of the building activities of ter-
mites through a self-organizing stigmergic process (Box 4).
In this case, the stimuli (concentrations of construction
pheromones) encountered by the termites differ quantita-
tively. There seem to be other cases where the stimulating
patterns of matter perceived by the insects, such as wasps,
undergdo qualitative changes!4-16,

Other examples where SO can, at least partially, de-
scribe the collective activities of social insects include the
formation of trail networks and foraging patterns in many
ani species?$17.18 vhythmical patterns of activity in ants
(Leptothorax)®?, large-prey carrying in ants?, thermo-
regulation in clusters of bees?, the piling of dead bodies by
ants (Pheidole)?, larval sorting by ants (Leptothorax)®, or
the dynamics of colony development in wasps (Polistes)?.
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Seli-organization has also been applied to the modelling
of the social organization, including hierarchical differen-
tiation2-27 (the more an individual wins, the more it is likely
to win), division of labour® (the more a task is performed by
a given individual, the more likely the individual is to per-
form this task; see also Ref. 28), and age (or temporal) polv-
ethism?: such models are generally more speculative in
nature, because of a lack of a clear understanding of the
mechanisms underlying the phenomena, but they deserve
attention in that they constitute plausible explanations
complementing classical theories. Finally, ethological appli-
cations of SO are certainly not restricted to insect societies.
For exampie, many arthropod societies possess coordi-
nated group-expressed behaviours, like cooperative foraging
in some caterpillar societies®, or group hunting in ‘social’
spiders3L.

Definition and properties of SO

We can define SO as a set of dynamical mechanisms
whereby structures appear at the global level of a system
from interactions among its lower-level components!? The
rules specifying the interactions among the system’s con-
stituent units are executed on the basis of purely local in-
formation, without reference to the global pattern, which
is an emergent property of the system rather than a prop-
erty imposed upon the system by an external ordering in-
fluence, For example, the emerging structures in the case of
foraging in ants include spatio-temporally organized net-
works of pheromone trails. But how do such structures
emerge?

The basic ingredients of self-arganization

(1) Positive feedback!2 (amplification) often constitutes
the basis of morphogenesis in the context of this paper:
they are simple behavioural ‘rules of thumb’ that promote
the creation of structures. Examples of positive feedback
include recruitment and reinforcement. For instance, re-
cruitment to a food source is a positive feedback that rciies
on trail laying and trail following in some ant species, or
dances in bees.

(2) Negative feedback!? counterbalances positive feed-
back and helps to stabilize the collective pattern: it may
take the form of saturation, exhaustion or competition. In
the example of foraging, negative {eedback stems from the
limited number of available foragers, satiation, food source
exhaustion, crowding at the food source, or competition
between food sources.

(3) Self-organization’ 2 relies on the amplification of fluc-
tuations (random walks, errers, random task-switching, and
so on). Not only do structures emerge despite randomness,
but randomness is often crucial, since it enables the dis-
covery of new solutions, and fluctuations can act as seeds
from which structures nucleate and grow.

(4) Al cases of SO rely on multiple interactions. A single
individual can generate a self-organized structure such as @
stable trail provided that pheromonal lifetime is sufficient,
because trail-following events can then interact with trail-
laying actions. However, SO generally requires a minimal
density of mutually tolerant individuals. Moreover, individ-
uals should be able to make use of the résults of their own
activities as well as of others’ activities (although they may
perceive the difference): for instance, trail networks can
self-organize and be used collectively if individuals use oth-
ers’ pheromone. This does not exclude the existence of indi-
vidual chemical signatures or individual memory, which can
efficiently complement or sometimes replace responses to
collective marksS.
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Box 1. Foraging in ants

In experiments with Linepithema humile ana Lasius niger, a focd source is sep-
arated from the nest by a bridge with two equally long branches A and B (Fig. a).
Initially, bolh branches have the same probability of being selected: choices are
made at random. But a few mere ants randomiy select branch A, where they
deposit pheromone. The greater amount of pharomona on A stimulates more ants
to choose A, and so on!. When the bridge’s branches are not the same fength
(C and D), the shorter branch is selected more freguantly by the same mechanism
(the amplification of initial fluctuaticns): the first ants returning to the nest take
the shorier path twice (from the nest to the source and back), and therefore infly-
ence outgoing ants towards the short branch. However, this mechanism does not
aliow switching to the shorter branch if it is presented after the longer one, be-
cause the first presented branch has become too strongly marked. With Lasius
niger, another mechanism allows the selection of the shorter path. When it finds
itself in the middle of the long branch, this ant often realizes that it is heading
almost perpendicularly to the required direction: this induces it to make a high pro-
portion of u-turns on the long branch?. In this case, the combination of individuat
memory for the direction to the nest or food source, plus collective trail-foliowing
allows the systematic selection of tie short branch (Fig. b).
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Box 2. Foraging in bees

When & bee finds a nectar source, she goes back to the hive and retinquishes her nectar to a hive bee. Then she can either
stari 1o dance to indicate to oti-er bees the direction and the distance to the food source, or continue to forage at the food
source without regruiting nestraates, or she can abandon her food source and become an uncommitted follower herseif.
If the cotony is offered two ide 1tical food sources at the same distance fram the nest, the bee_s exploit the two sources
symmetrically. lt has been shown experimentally that a bee has a relatively high probability of dancing for a good fo_od souce
and abandoning a poor food source. These simple behaviourat rules allow the colony to select the better quality source.
Using a simple mathematical model based on these obsenvations, Camazine et al.” have confirmed that foragers can home
inon the hest food source through a positive feedback creaied by differential rates of dancing and abandonment based upon
nectar source quality. The figure shows a schematic representation of foraging activity: decision points, C,: ‘become a follower?'
and C,: ‘become a dancer?’ are indicated by black diamonds.
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dramatically at bifurcations.
For example, p'ilars built by
termites can energe only if
there is a critical density of
termites. The system under-
goes a bifurcation at this criti-
cal number: no pillar emerges
below it, but pillars can
emerge above it (Box 4).

AlRernative mechanisms
Self-organization is not a
universal mechanism, Other
mechanisms can skape col-
lective activitice. For instance,
the organization of some ac-
tivities, such as worker forag-
’% ing in wasps™, has been inter-
. preted as resulting from
T active regulation and control
by the queen, the central or-
ganizer of a large amount of
information that is redistrib-
uted to the workers through
stimulations. Another pross-
ible mechanism is the use of a
template: the shape to be built
‘already exists’ under the form
of a prepattern in the environ-
ment. This prepattern can
result from natural gradients,

Bees . hive
unloadir:g iectar
from cource B

C.,
/% fields or heterogeneities that
Ve are exploited by the colony.
yd Many ant species (including
/" Acantholepsis custodiens®, For-

mica polyctena and Myrinica
rubra™') make use of tempers-
ture and humidity gradients
to build their nests and spa-
tially distribute eggs, larvae
and pupae. The prepattern
can also be the body shape of
an animal, as illustrated by
the example of the construc-
tion of the royal chamber in
termites (wucsotermes sub-
hyalinus) (see Box 5) (O.H.
Bruinsma, PhD Thesis, Land-
bouwhogeschool, The Nethar-
lands, 1979). Other factors,
such as genetically deter-
mined response thresholds,
also play an important role in
shaping individual behav-
iour®. These factors can

Bees foraging
at nectar
source A
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Signatures

The characteristic signatures'2 of SO include:

(1) The creation of spatiotemporal structures in an ini-
tially homogeneous medium.

2) The possible coexistence of several stable states
(multistability): because structures emerge by amplification
of random deviations, any such deviation can be amplified,
and the system converges to one (among several) possible
stable states, depending on initial conditions.

(3) The existence of bifurcations when some parameters
are varied: the behaviour of a self-organized system changes

sometimes be combined with
30, For example, we have assumed for clarity throughout
this article that all individuals in the colony are identical
untits: this inaccurate view of reality served our purpose in
showing that complex patterns can emerge in populations
of simple interacting identical individuals. Self-organization
does not, however, require identical individuals and can
work, possibly even more efficiently, when individuals
belong to different castes or have different response thresh-
olds to pheromone trails or to other stimuli: in the latter
case, SO can make use of these different thresholds to organ-
ize collective behaviours?533,
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Self-organization and evolution

Models based on 50 are aimed at elucidating the proxi-
mate mechanisms that allow the emergence of collective
structures. They do not deal explicitly with the question
of why such collective structures and their associated seli-
organized mechanisms appeared in the course of evolution.
In that respect, SO does not contradict but rather comple-
ments theories of evolution, and must not be considered as
an argument in favour of any specific theory (such as group
selection theory) because it does not focus on the same
issues. It is clear, however, that evolution has had to deal
with ‘implementation issues'4537. Recognizing the impor-
tance of SO as a major set of organizing mechanisms, and
understanding how SO may be at work in many instances of
collective behaviours, will allow a better understanding of
evolution itself.

How does selection operate on self-organizing
phenoiypes?

Selection can operate on parameters or factors that in-
fiuence colony-level structures, be these self-organized or
not*¥, Such factors include response thresholds to stimuli,
the behavioural output resulting from these stimuli, or spe-
cific properties of chemicals used as alarm, construction or
trail pheromones: changing these factors undoubtedly
changes global patterns and the conditions under which
they can emerge and be maintained. For example, the vola-
tility of a pheromone can affect foraging trails ~ a property
that is essential in defining the efficiency of a colony in a
given environment, and that may have coevolved with other
features, such as colony size?, since a volatile trail phero-
mone requires more individuals to maintain stable trails.

Self-organized systems are not necessarily adaptive’® or
even cooperative (the very noticn of cooperation is absent
when SO occurs in physical or chemical systems), but natu-
ral selection, operating on parameters that modulate indi-
vidual and colony-level properties, has certainly picked the
forms of self-organization that we see in social insects be-
cause they are adaptive or cooperative’®¥. In particular, in
the examples treated in this article, SO is associated with
emergent adaptive and/or cooperative phenomena.

Some self-organizing strategies may be favoured by
evolution

e Specific self-organizing strategies may have appeared in
the first place because of the underlying simplicity of their
behavioural mechanisms and because of the relatively weak
conditions required for their emergence. Their subsequent
selection depended on their efficiency relative to the en-
vironment in which they emerged.

¢ Evolution can favour self-organizing strategies that take
advantage of existing biological implementations or mecha-
nisms. For instance, a species of ant can be capabie of piling
seeds, larvae and dead bodies by means of 203101 whereas
the processes of recognition involved in each of these dif-
{ereni aciivities certainty rely on different signals, the logi-
cal mechanisms of attraction and amplification that lead to
piles and clusters are very similar. Another exainple is the
absence of any clear-cut distinction between pheromones
involved in space exploration, food recruitment and de-
fence recruitment (territorial marking) in many ant species':
here, both the logical mechanisms (trail laying-trail follow-
ing) and the signals (pheromones) are similar in these dif-
ferent activities.

e Another reascn why SO may be widespread is that the
same individual-level behaviours may be used to generate
different collective responses in different environments. For
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Box 3. Self-organization on the combs
of honeybee colonies

A characteristic weli-organized pattern develops on the combs of honeybee
colonies. This pattern consists of three concentric regions (2 central brond area, a
surrcunding rim of pollen, and a targe peripheral ragion of honey), resuiting, to a
large extent, from a self-organized process based on focal informationé. The model
relies on the following assumptions suggested by experimental observations:

(1) The queen moves more or less randomly over the combs and fays most eggs
in the neighbourhood of cells afready occupied by brood. Eggs remain in place for
21 days.

(2) Honey and pollen are deposited in randomly selected available celts.

(3) Four times as much honey is brought back to the hive than pollen.

(4) Typical removal:input ratios for honey and pollen are 0.6 and 0.95, respectively,
(5) Remaoval of honey and pollen is proportional to the number of surrounding cefls
containing brood.

Simulations of a cellular automaton based on those rulesf are shown below. The
figure shows four successive steps in the formation of the concentric regions of
brood (grey circles), pollen (red circies) and honey {yellow circles). Rules 1 and 5
ensure the growth of a central compact breod area i wne first eggs are iara approxi-
mately at the centre of the comb. Honey and pollen are initially randomly mixed
(rule 2), but rules 3 and 4 imply that potien cells are more likely to be emptied ang
refilled with honey, thus pollen located in the periphery is removed and replaced by
honey. The only cells available for pollen are those surrounding the brood area,
because they have a high turnover rate. The adaptive function of this pattem is
discussed in Ref. 8.

Box 4. Stigmergy in the construction of pillars
by termites

The termite Macrotermes uses soil pellels impregnated with pheromone to build
pillars. Tx0 successive phases take placel2. First, the non-coordinated phase is
characterized by a random deposition of pellets. This phase lasts until one of the
deposits reaches a critical size. Ther, the coordination phase starts if the group
of builders is sufficiently large: pillars or strips emerge. The: existence of an initial
deposit of soil pellets stimulates workers to accumulate more material through 4
positive feedback mechanism, since the accumulation of material reinforces the
altractivity of deposits through the diffusing pneromone emitted by the pellets
(O.H. Bruinsma, PhD Thesis. Landbouwhogeschool, The Nethertands, 1979). This
autocatalytic "snowball effect’ leads to the coordinated phase. if the number of
builders is too small, the pheromone disappears between two successive trips by
the workers, and the amplification mechanism cannot work; only the non-coordinated
phase is observed. There is, therefore, no need to invoke a change of Lehaviour
by the participants in the transition from the non-coordinated to the coordinated
phase: it is merely the result of an increase in group size.
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Box 5. Example of a template:
the construction of the royal chamber
in termites

The physogastric aueen of Macrotermes subhyalinus emits a
pheromone that diffuses and creates a pheromonal tempiate in
the torm of a decreasing gradient around her (see figure below).
it has been shown experimentally that a concentration window
{or threshold) exists that controls the workers' building activities:
a worker deposits a soil pellet if the concentration ef pheromone
{C) is witnin this window [C,, C,a] OF Delow the threshold (0.H.
Bruinsma, PhD Thesis, Landbouwhogeschool, The Netherlands,
1978}, Othenwise, they do not depcsit any peltet or even destroy
existing walls. If one places a freshly kihcerd physogastric queen in
various positions, walls are built at a more or less constant dis-
tance from the queen’s body, following its contours, while a wax

dummy of the queen does not stimulate construction. In this
descriptior we have amitted. for simplicity, tactife stimuh and other
pheromaones, such as cement and trail pheromones, that facilitate
the recruitment, coordination and orientation of individual workers,
ang that determine the detailed shape of the reconstructed cham:
ber: the major organizing role is ptayed by the queen’s vuilding
pheromone, which creates a chemical template. Notice that in con
trast with self-organization (5Q), the production of patterns based
on templates does not require a critical number of individuals, and

does not exhibit multistability.

C

“max

C

]
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example, Franks et al. ' have shown with a combination of
computer simulations and field experiments that the different
exploratory patterns of army ant species could result from
different spatial distributions of their prey and not necess-
arily from differences in individual behaviour. Thase simu-
lations do not imply that individuals of all species of army
ants have exactly the same behaviour, but suggest that be-
havioural rules may be qualitatively similar in all specics.
possibly because of common ancesturs: evolution may then
have modulated these rules quantitatively (by changing re-
sponse thresholds or specific chemicals).

It appears therefore that 5O may have been favoured by
evolution since it facilitates the emergence of efficient col-
lective patterns and does not require complex individuals.
However, the question of how SO and evolution interact is
still largely open, not only in insect societies but in ecology,
cthology and biology in general?’,

Conclusion

The organization of insect societies can be better under-
stood using experimental and theoretical approaches based
on 50. If current research is aimed at showing the exisience
of self-organizing processes in social insects, future work
should undertake the study of such proximate mechanisms
in a broad evolutionary perspective that would in turn be
enriched by the inclusion of knowledge about proximate
causes.
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Two beliefs about
discounting and their
environmental irrelevance

Henderson and Sutherland! correctly note the
disparity between economists’ and ethologists'
interpretations of discounting. Fortunately, the
difference has limited ethical import, since neither
interpretation validly represents values accruing in
the future.

Economists believe that relative values at
different times result from compound-interest
growth of investment revenues. The later that a
cash flow occurs, the shorter the period of
subsequent growth, and the lower its value.
However, this implies discounting for lateness at
the rate of interest only if total reinvestment
occurs throughout the period: for environmental
values, that might be many centuries. In reality,
such unremitting reinvestment is unknown:
0-25% reinvestment is more normal. As El Serafy?
artlessly admits: “the setting aside of part of the
proceeds in reinvestment is only a metaphor.” And
metaphorical reinvestment pays no real future
dividends: it is irrelevant to transformation of real
values through time.

Significantly, many environmental ‘products’,
such as wildlife or pollution, are not exchanged for
cash, so provide no means of monetary
reinvestment.

Ethologists deduce hyperbalic discount
functions from people’s choices and expressed
preferences. Unlike the economists’ formulation,
the hyperbolic formulation has no theoretical
foundation: it just fits the data. However,
inconsistent preferences with a changing time
perspective undermine ethologists’, as much as
economists’, interpretations. The relative
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weighlings of middle-distant and long-term future
change as the middle-distant becomes the
immediate future, Even worse, retrospective
preferences, often expressed as regrets about
past choices, may reverse with further time lapse:
the long-term future (now it is the present) counts
more than the middie-distant future, now it is the
middle-distant past.

These inconsistencies are simply explained: an
incorrect hypothesis has been tested. Preference
for immediate over distant does not imply
preference for earlier over later. It is not futurity
that is discounted, but times-other-than-present.
{What do we want? Consumption! When do we
want it? Now!) But, since the futyre will eventually
become (barring global catastrophe) first the
imminent future, then the present, no point in the
future merits special weight; nor does the present,
which is ‘now’, only transiently. People’s time
preferences — whether exponential, hyperbolic or
any other form — are insufficient grounds for
discounting, even of their own futures. As for
future generations, sustainability criteria forbid
their needs being compromised?. it is unclear what
ethic entities present people to discount future
lives?, livelihoods or environments. To put it in
plain words, which many distinguished economists
have since approved: ‘the time at which a man
exists cannot affect the value of his happiness™.

The probability of consumption occurring and
the possibility of changed or satiated tastes may
genuinely reduce values over time But itis the
circumstances of consumption, not their timing,
that justifies weighting®. Moreover, changing
circumstances do not invariably diminish fuiure
values. The availability of fuelwood (patchily) and
of wilderness (pervasively) is diminishing. Income
per head and nutritional standards have declined
in many countries. Such changes require a scarcity
premium, not a discount, at least over the next
few decades.
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Rejection of discounting does not itself solve
the problem of selecting projects when investment
resources are scarce. Afforestation and
silvicultural improvement compete for funding with
many worthwhile projects that have undiscounted
benefits that exceed their costs. However,
techniques for resolving this prablem have long
teen known’ #: surprisingly and disquietingly, few
economists seem aware of them.

Many issues concerning future environmental
values are uniresolved. Compared with these. it is
unimportant which of the two mistaken beliefs
about discounting -~ economists” or ethologists’ -
is the less mistaken. Both interpretations may
have disastrous environmental consequences, but
only because people believe them.

Colin Price
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University of Wales Bangor,
Gwynedd, UK LL57 2UW
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