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derive; even for the simplified model of figure 3 they would require detailed and realistic information about
the curves shown in figure 3 and the variation process. But the curious thing about chaotic behavior is that
the exact analytic form of the equation has surprisingly little effect on the behavior of the iterative
calculation. The analytic forms of equations 1-4 are very different, yet they all show very similar behavior.
The only important property is the presence or absence of a local extremum in the functional form. If such
an extremum is not present, then the iteration process will be unbounded, and will tend toward infinity (not
a very useful or interesting result). However, in the presence of a local extremum, where the results are
bounded, essentially any iterative equation of this form will show a curious interleaving of regular and
chaotic behavior. Thus on very general grounds we can expect feedback to produce chaotic behavior in
evolutionary systems, no matter what form of equation the analysis of the underlying biological system
requires [see Stewart, 1989, p 197-2081
In many common situations, such as weather and climate forecasting, chaos theory denies or sharply
restricts predictability. Nevertheless, chaos theory is an indispensable component of the theorist's arsenal,
because so many processes in the real world are genuinely chaotic, or at least a good approximation of
chaos. If the predictive properties of theories are thereby compromised or eliminated, then we will
probably have no choice but to change the objectives of the theory process. As Stewart put it, in discussing
the limitations of chaos theory: "If you can't win, move the goalposts." [1989, p 2861. What may seem like
a backward step is often the only way to make progress. In the context of a somewhat different-problem
in chaos theory, Stewart noted:
We started out not understanding [the chaotic motion of Saturn's satellite] Hyperion. Now we do
not even understand 2x2 - 1. In mathematical terms that constitutes stunning progress. [1989, p.
211
The difficulties of dealing with chaotic processes have been known for a long time. Euler encountered
them over two centuries ago, commenting that "If it is not permitted to us to penetrate to a complete
knowledge concerning the motions of fluids, it is not to mechanics, or to the insufficiency of the known
principles of motion that we must attribute the cause. It is analysis itself which abandons us here." [quoted
in Stewart, 1989, p 38.1
If evolutionary processes are genuinely chaotic, then we must recognize that radical changes may be
needed in our approach to many problems. Pious hopes for understanding the details of evolutionary
processes may have to give way to more general and less detailed principles. Rather than trying to predict
the exact course of evolutionary processes, which may be even more futile than long-range weather
forecasting, we should try instead to understand the nature of the underlying chaotic processes, and try to
understand the patterns that should be expected to result from these processes. There are at least four
important principles of chaotic behavior that should be kept in mind:
1. The butterfly effect--chaotic processes often show extreme sensitivity to small perturbations, as
suggested by Robert May's classic metaphor: "The flapping of a butterfly wing in Asia can cause a
hurricane in the Bahamas."
2. Flip-flop or bifurcation effects--chaoticsystems commonly switch rapidly between two or more distinct
modes of behavior, with no discernable cause. The cause is real, but it may be buried in some tenth
or hundredth decimal place where it would be impossible to ferret out.
3. Rates and averages may not be locally defined--in chaotic, fractal, systems, the behavior of curves may
not be "smooth" enough for derivatives ("rates") to have any meaning (although long-term rates may
be bounded). Theorists often speak of "rates" of evolution and even "average rates" without
considering whether the concepts have any meaning in the context of evolutionary biology. They may
be asking the wrong questions. They should be asking instead if the process is stable enough that the
word rate has any meaning. I think the answer to that question will generally be "no," although that
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may be difficult to prove in specific instances. (Bookstein [I9871 made similar comments in the context
of random walk processes rather than fractal processes.)
Even punctuated equilibrium may turn out to be just another natural mode of chaotic behavior. In
discussing a study of chaos in the orbits of planets in the solar system, one commentator noted: "A
curious feature of the chaos emerged. Orbit changes tend to occur in small spurts of a few percent,
rather than in a smoothly exponential manner." [Anonymous, 19931

D~scussro~
There are a number of specific examples that may illustrate some of the insights gained from the idea
that evolutionary processes are dominated by the unstable, chaotic effects of runaway feedback loops.
Robertson [I9911 described examples of such effects including Cope's rule of phyletic size increase, neoteny,
punctuated equilibrium, orthogenesis, and periodic extinctions. We can add here a number of other cases
that illustrate the utility of these concepts. All of these cases are susceptible to explanation by conventional
evolutionary theory without recourse to feedback. However, most of the conventional explanations resort
to special pleading or ad-hoc arguments. Feedback provides a simple, natural and unavoidable framework
that effortlessly provides simple and obvious explanations for all of them, without recourse to any ad-hoc
special conditions.
Consider, for example, the "butterfly effect" of extreme sensitivity to small perturbations of the system.
In ordinary mathematical chaos theory this sensitivity can be tested by computer simulation. If insignificant
changes in initial conditions produce exponentially growing differences in the result, then the process is said
to be chaotic. In biological systems we do not have the luxury of running easy computer simulations, but
the patterns of diversity seen in present ecosystems strongly suggest that evolution possesses such chaotic
sensitivity. The principal evidence for this is seen in the divergence of species following a geographic
separation, such as is produced by continental drift. Mutually isolated ecosystems do not converge to the
same "solution." There are no kangaroos native to South America, for example. Gould describes a number
of other examples of divergent evolution and captures the essence of the matter with the apt metaphor of
the history of life as a tape recording, which, if replayed, does not produce the same result twice [Gould,
1989, p 293-3231.
The "flip-flop" or bifurcation type of instability is also commonly seen in the fossil record, most
prominently at the base of the Cambrian, but also after a number of later mass extinction events. The fossil
evidence is perfectly consistent with a tendency of ecosystems to shift quickly between different stable
states, as is typical for chaotic systems.
Next consider the concept of "overspecialization," i.e., the fact that organisms too highly specialized
for a particular ecological niche are often more vulnerable to extinction than their less specialized cousins.
The problem with this phenomenon is that in the context of stable, time-invariant fitness functions the most
specialized organisms should be the least likely candidates for extinction rather than the most likely, because
they should be closer to the maximum of the fitness function. In other words, the problem is that the bestadapted organisms often seem to be the ones that are particularly prone to failure. Of course, there would
be occasional cases in which one might expect such overspecialized types to fail from sheer bad luck.
However, when bad luck becomes the rule, as in this case, one should immediately suspect that something
besides random luck is involved.
There is even more of a paradox here, for not all overspecialized organisms fail. There are many cases
in which such groups are successful; sometimes they even represent the dominant groups at various time
periods. Reptiles and mammals, for example, could be considered to be overspecialized varieties of fish.
In the context of unstable evolutionary processes driven by runaway feedback loops the explanation
for these apparent paradoxes is clear. Under the action of runaway feedback loops, fitness will generally
decrease, rather than increase, even though it is driven by natural selection. Overspecialization leads
directly to extinction in the cases in which a runaway feedback loop has driven a species so far from its
underlying fitness maximum that extinction has become fairly likely [see Robertson, 1991, figures 1-41. The
remaining cases in which overspecialization has led to the development of an organism that has flourished

