dergo conventional multicomponent phase
separation, the dominant order parameters
for the observed L-L phase change were the
density and entropy of each melt phase.
Here, the melt passed through the glass tran-
sition and the L-L phase transition almost
simultaneously, allowing both of the (meta-
stably) coexisting liquids to be quenched and
studied in the glassy state.

Liquid polymorphism has also been re-
ported in the organic liquid triphenyl phos-
phite (13). Indirect evidence for liquid poly-
morphism can also be found in studies of the
conductivity of certain molecular liquids,
such as I, Se, and S (14). During compres-
sion, abrupt increases in the conductivity
have been observed and attributed to first-
order L-L transitions. The L-L transitions at-
tributed to the melt phases of Si, Ge, and C
are also predicted to occur with large changes
in conductivity (15).

These findings indicate that liquid poly-
morphism in systems with fixed composi-
tion is an observable phenomenon and that
further candidates will be uncovered as we
probe more deeply into liquid behavior over
a wider range of pressure-temperature con-
ditions. The occurrence of L-L transitions
can lead to the synthesis of new, technologi-
cally useful families of liquids and glasses

chemically identical to currently known

-substances but with quite different ther-

modynamic, rheological, and other physi-
cal properties. Also, the complex behavior
of viscous liquids and the nature of the glass
transition itself are recognized as impor-
tant, unsolved problems in condensed mat-
ter physics (16). The occurrence of liquid
polymorphism in low-temperature liquids
might be one source of this complexity.
Recognition and study of L-L transitions
should therefore both enrich and illumi-
nate the phenomenology of the liquid state
at low temperatures.

An enhanced version of this Per-
spective, with live links, can be
seen in Science Online on the Web
at http://www.sciencemag.org/
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POPULATION BIOLOGY|

Chaotic Beetles

Charles Godfray and Michael Hassell

Ecologists have known since the pioneering
work of May in the mid-1970s (1) that the
population dynamics of animals and plants
can be exceedingly complex. This complex-
ity arises from two sources: The tangled web
of interactions that constitute any natural
community provide a myriad of different
pathways for species to interact, both di-
rectly and indirectly. And even in isolated
populations the nonlinear feedback pro-
cesses present in all natural populations can
result in complex dynamic behavior. Natural
populations can show persistent oscillatory
dynamics and chaos, the latter characterized
by extreme sensitivity to initial conditions. If
such chaotic dynamics were common in na-
ture, then this would have important ramifi-
cations for the management and conserva-
tion of natural resources. On page 389 of this
issue, Costantino et al. (2) provide the most
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move over the surface of the attractor, sets of
adjacent trajectories are pulled apart, then
stretched and folded, so that it becomes im-
possible to predict exact population densities
into the future. The strength of the mixing
that gives rise to the extreme sensitivity to
initial conditions can be measured math-
ematically estimating the Liapunov expo-

convincing evidence to date of
complex dynamics and chaos
in a biological population—of
the flour beetle, Tribolium
castaneum (see figure).

It has proven extremely dif-
ficult to demonstrate complex
dynamics in populations in the
field. By its very nature, a cha-
otically fluctuating population
will superficially resemble a
stable or cyclic population buf-
feted by the normal random per-
turbations experienced by all
species. Given a long enough
time series, diagnostic tools
from nonlinear mathematics

nent, which is positive for cha-
otic dynamics and nonposi-
tive otherwise. There have been
many attempts to estimate at-
tractor dimension and Liap-
unov exponents from time se-
ries data, and some candidate
chaotic population have been
identified (some insects, ro-
dents, and most convinc-
ingly, human childhood dis-
eases), but the statistical diffi-
culties preclude any broad
generalization (3).

An alternative approach is
to parameterize population
models with data from natural

can be used to identify the tell-
tale signatures of chaos. In phase
space, chaotic trajectories come
to lie on “strange attractors,”
curious geometric objects with
fractal structure and hence
noninteger dimension. As they
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Cannibalism and chaos.
The flour beetle, Tribo-
lium castaneum, exhibits
chaotic population dy-
namics when the amount
of cannibalism is altered
in a mathematical model.

populations and then compare
their predictions with the dy-
namics in the field. This tech-
nique has been gaining popu-
larity in recent years, helped by
statistical advances in pa-
rameter estimation. Good ex-
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amples include models of measles dynamics
(4) and of boreal rodents (5). The drawback,
of course, is that the predictions may be
highly model-dependent, an outcome that
is hard to identify if validation is purely
through comparison with limited time se-
ries data obtained by observation. Ideally
one would like to use the model to design
manipulative experiments for the field, but
this has so far proven elusive.

So, if not in the field, what about the
laboratory? Population ecologists are often
ambivalent about moving indoors, pejora-
tively referring to what Kareiva (6) has
dubbed “bottle experiments” and to their
use as analog computers. Yet many of the
fundamental concepts underlying modern
population ecology were formulated after
studies of laboratory populations of blow
flies (7), flour beetles (8), and ciliates (9) in
the 1930s and 1940s. The work of Costantino
et al. forcibly argues for the continuing value
of bottle experiments.

They studied the flour beetle, T.
castaneum, a classic laboratory model insect.
Tribolium can be kept in milk bottles sup-
plied with flour or bran; eggs are laid in the
medium, the insect taking about 2 weeks to
reach the pupal stage and a further fortnight
to become a reproductive adult. Tribolium is
cannibalistic: older larvae eat smaller larvae
and adults consume larvae and pupae. Can-
nibalism is the main feedback mechanism
limiting population growth.

In previous studies (10, 11) the group
had found that the dynamics of the system
could be approximated by a straightforward
model consisting of three coupled differ-
ence equations representing the change in
densities of larvae, pupae, and adults over a
2-week period. Three nonlinear terms rep-
resented the effects of cannibalism. To pa-
rameterize the model, they converted the
deterministic skeleton into a stochastic
model through the addition of multivariate
normal noise on a logarithmic scale. The
parameters and noise variance-covariance
matrix were then estimated with maximum-
likelihood techniques.

The model predicts that the dynamics of
the system depends critically on parameters
such as the adult mortality rate and the frac-
tion of pupae that mature into adults. In a
previous study, Costantino et al. manipu-
lated adult mortality. The model predicted
that as mortality increased the beetle dynam-
ics should move from stable equilibrium
through cycles to a second region of stable
equilibrium, to quasiperiodicity. Quasi-
periodicity occurs when trajectories move
over the surface of an attractor and never
exactly repeat each other (think of a rota-
tional transformation with an angle that is
an irrational multiple of ). Quasiperiodicity
is different from chaos, because it does not
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show extreme sensitivity to initial condi-
tions (the Liapunov exponent is zero). How-
ever, in bifurcation studies, quasiperiodicity
frequently presages chaos and is an alterna-
tive to the more familiar period doubling
route to chaos. The results of the experi-
ments provided impressive confirmation of
the model predictions.

In the new study, Costantino et al. ma-
nipulate recruitment to the adult stage. As
the severity of adult cannibalism of pupae
increases, the system moves from stable equi-
librium to quasiperiodicity, the aperiodic
cycles becoming phase-locked to give regular
cycles, followed by chaos. For even higher
levels of cannibalism, regular cycles are again
observed and there is also a region of mul-
tiple attractors. Again, the results of the ex-
periments are impressively consistent with
the model.

Without doubt, the experiments on
Tribolium are the clearest experimental dem-
onstration of quasiperiodicity and chaos.
These results will encourage similar studies
in other systems. Some problems remain,
however. First, the identification of the com-
plex dynamic behavior in the different time
series is largely through inspection. We need
better statistical techniques to allow more
objective characterization. Second, the
Tribolium system is extremely artificial and
extrapolation to other systems difficult. Can-

nibalism is an extremely potent feedback
mechanism, which predisposes the system to
show complex dynamics. The absence of a
spatial dimension, other species, or of bio-
logical evolution (all individuals were peri-
odically replaced by the same number of
beetles from stock cultures) may all have
acted to make complex dynamics more (or
less) likely. But these caveats aside, ecolo-
gists at last have a convincing example of
chaos that they can use as a base to under-
stand better complex dynamics in other
laboratory systems and, more importantly, in

the field.
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NEUROSCIENCE|

Synapse Elimination:
For Nerves It’s All or Nothing

Eric Frank

In muscles of adult vertebrates, each
muscle fiber is innervated by a single moto-
neuron. This is not true at birth, however,
when several motoneurons innervate each
fiber. Then over the next 2 weeks, in a
process called synapse elimination, moto-
neurons give up their connections with
most of these muscle fibers so that each
fiber is left with a single input. The experi-
ments described by Colman et al. (1) on
page 356 of this issue provide the first ac-
count of the physiological changes in syn-
aptic transmission that occur during syn-
apse elimination.

Colman et al. studied these changes by
recording intracellularly from muscle fi-
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bers, while separately stimulating two mo-
toneurons that innervated a single site on
the fiber. They determined the strength of
each input by measuring the number of
quantal packets of the neurotransmitter
acetycholine (ACh) each motoneuron re-
leased. The change from multiple to single
inputs occurs progressively rather than
suddenly. Shortly after birth, when most
muscle fibers are still multiply innervated,
the inputs usually differ in strength by less
than a factor of 2, as indicated in panel A
of the figure. After a week, however, the
strength of the two inputs diverges, with
one-third of the remaining multiply-inner-
vated fibers having inputs that differ by
more than fourfold. The subsequent panels
of the figure illustrate this process: the in-
put from axon 2 becomes progressively
stronger (indicated by the increase in the





