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Feedback exists in selective Darwinian processes because the populations that are
being altered by evolution to adapt to their environment are themselves signifi-
cant components of their own adaptive environments [1-3]. This element of se-

lection was first recognized by Darwin and has been investigated in several ways, most
particularly as it relates to sexual selection [3]. However, the power and pervasiveness
of feedback as a part of the selective change process has not been well appreciated.
The fundamental idea of feedback can be expressed by a pair of deliberately symmet-
ric statements [4]:

1) Changes in fitness functions can cause changes in the distributions of phenotypes.
2) Changes in the distributions of phenotypes can cause changes in fitness functions.

Neither of these statements alone causes any difficulty. Their power and significance
derive from the feedback loops that they produce when taken together: Any change in
the distribution of phenotypes will change fitness functions, which in turn will cause
further change in the distribution of phenotypes; the cycle repeats indefinitely. Be-
cause these two elements are always present in evolving systems, feedback processes
will be common, almost universal, in any system evolving by natural selection. The
extraordinary breadth of topics to which feedback theory can be applied is a direct
result of the generality of this argument. And the consequent nearly universal pres-
ence of feedback loops implies in turn that natural selection is an inherently unstable
process [4].

It might seem that only positive feedback would introduce instability, and that nega-
tive feedback would produce stability. Perfect negative feedback does indeed tend to
produce stability. However, perfect negative feedback is impossible to attain in the real
world. And imperfections in a negative feedback loop, particularly distortions and time
delays of the feedback signal, can produce chaotic instability even in systems governed
by negative feedback loops. A classic biological example is seen in repeated irregular
population explosions and crashes in predator-prey relationships. Here the popula-
tion levels are maintained by negative feedback loops, but time delays in the feedback
process introduce a chaotic instability. Thus both types of feedback, positive and nega-
tive, have a destabilizing effect on biological processes.

The instabilities introduced by feedback processes allow ordinary Darwinian natu-
ral selection to behave in ways that are strongly counter-intuitive. In particular, selec-
tion will commonly cause fitness to decrease, in sharp contrast to the increase that
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would be almost universal in the absence
of feedback. We can briefly outline the ar-
guments presented in Robertson [1, 4].
Given a fitness function or “landscape”
(equivalent to Sewall Wright’s concept of
an “adaptive landscape”), a population
driven by natural selection will then ac-
cumulate in the vicinity of the local ex-
tremum (or mode) of the fitness land-
scape as illustrated in Figure 1(a).

The crux of our argument is that the
population distribution shown in Figure
1(a) will itself change the fitness land-
scape, as specified by statement number
2 above. We can illustrate this behavior
with specific examples: For many pheno-
typic parameters, including such things
as size, running speed, drought tolerance,
etc., there will generally be a fitness ad-
vantage to possessing values that are
somewhat larger (or at least different)
than that of the overall average of the
population [5]. This incremental fitness
advantage is expressed by the second
thick curve added near the bottom in Fig-
ures 1(b) and 1(c). The total fitness land-
scape is then the sum of the original val-
ues plus this incremental change.

The resulting situation, as shown in
Figure 1(b), is inherently unstable:
The population, driven by natural

selection, will try to “adapt” by shifting to-
ward the new fitness peak, but as the
population distribution changes the fit-

ness peak will move because its location
is controlled by the distribution of popu-
lation. Repetition of this cycle produces
a classic runaway feedback loop. The
population is driven to lower fitness lev-
els as it tries to adapt to the shifting local
fitness extremum [Figure 1(c)].

This decrease in fitness does not im-
ply that organisms will be poorly adapted
to their environment. On the contrary,
they will generally be very close to a local
extremum of the fitness landscape [e.g.,
Figure 1(c)]. It is that local extremum that
is systematically shifted by the feedback
process so that the overall fitness of the
population is reduced.

This model describes a form of feed-
back that results from density or fre-
quency dependent selection, in which
the incremental fitness component is
caused by the population distribution.
But a very similar feedback loop results
when the incremental fitness component
is caused by mating choice (sexual selec-
tion). Similarly, co-evolution and “arms-
races” are feedback loops produced when
the fitness increment is generated by

competition with another species. All of
these evolutionary processes represent
different forms of runaway positive feed-
back. Still other evolutionary modes, such
as stabilizing selection, result from nega-
tive feedback loops.

Feedback is thus a single, unifying
concept that encompasses a broad range
of evolutionary processes that are ordi-
narily treated separately. Their underly-
ing unity is seen only in the context of
feedback theory. The details of many of
these processes were explored in
Robertson [1, 4] and Robertson and Grant
[6]. The range of phenomena already ex-
plored includes such things as:

• Cope’s rule of phyletic size increase;
• punctuated equilibrium;
• chaotic population fluctuations under

strictly deterministic rules of repro-
duction;

• neoteny;
• sexual selection, including the ‘prob-

lem’ of runaway effects;
• over-specialization;
• “arms races.”

The conventional list of fundamental elements of Darwinian
evolutionary mechanisms contains two essential components:

1) reproduction with heritable variation, and 2) natural selection.
We contend that feedback is a third essential component, which will

be the dominant, controlling factor in nearly all cases. Feedback
theory provides novel, fundamental and counter-intuitive insights

into the dynamics of the natural selection process. It shows, most
fundamentally, that Darwinian natural selection is a mathematically

unstable and chaotic process. As a result of the chaotic instabilities
introduced by feedback, natural selection will commonly cause

fitness to decrease, in sharp contrast to the conventional view that
selection only increases fitness. Finally, feedback theory provides a
powerful, unifying conceptual framework that coherently explains a
wide variety of seemingly disparate biological phenomena, including

topics as varied as Cope’s rule, punctuated equilibrium, density
dependent selection, coevolution, and sexual selection.
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Additional topics currently under inves-
tigation range from investigation of the
nature of the speciation process to the
Cambrian explosion and the metabolic
rates of dinosaurs. Most, if not all, of these
wide-ranging topics are conventionally
treated separately on an individual case-
by-case basis in the literature of evolu-
tionary biology; we argue these and other
topics can be profitably studied and un-
derstood from the cohesive perspective
of feedback theory.1

FEEDBACK PROVES DOMINANT

Feedback effects are of overriding im-
portance in evolutionary theory not
merely because they are ubiquitous

but also because they generally dominate
any process in which they are found. To
illustrate this assertion quantitatively we
borrow a well-understood example from
electrical engineering. Consider a simple
amplifier circuit with voltage feedback as
illustrated in Figure 2 [7]. In this example
a conventional amplifier without feed-
back (illustrated schematically as a tri-
angle in Figure 2) has an amplification
factor A, so that:

v
out

 = A v
in

(1)

where v
out

 is the output voltage and v
in

is the input voltage. The feedback por-
tion of the circuit in Figure 2 is a simple
voltage divider that feeds a fraction B
of the output voltage back to the input.
This feedback signal is used to modify
(increase) the “ground” voltage at the

amplifier input so that:

v
in

 = v
sig

 - Bv
out

(2)

where v
sig

 is the signal voltage. If we de-
fine A

T
, the total amplification factor for

the complete system with feedback, as
the ratio of the output voltage to the sig-
nal voltage:

A
T
 = v

out
/v

sig
. (3)

Then substitution of Eq. (2) into Eq. (1)
and some simple algebra gives:

A
T
 = A/(1 + BA). (4)

But for the usual case of BA >> 1, this re-
duces to:

A
T 

 ≅ 1/B. (5)

The key point here is that the total
amplification of the circuit, A

T
, depends,

to a high approximation, only on B, the
feedback fraction. The original amplifier,
which contains most of the electronic ap-
paratus (transistors, capacitors, vacuum
tubes, etc.) has essentially no effect on the
performance of the overall circuit. The
feedback loop completely dominates the

performance of the system. This does not
mean that the amplifier is unimportant.
Rather, it is essential: Remove it and all
that remains is a resistor. But we can ig-
nore it almost entirely and still have a
good quantitative understanding of the
behavior of the system (A

T
  ≅ 1/B).

There are deep underlying similari-
ties between the behavior of the
electronic system shown in Figure

2 and the behavior of populations under-
going evolution via natural selection. In
Darwinian theory the processes of repro-
duction with heritable variation plus
natural selection correspond to the am-
plifier part of the circuit. Self-replication
produces “gain” (in population size) while
natural selection controls the amplitude
(A) of that gain.2 And, exactly as in the
case of the electronic circuit, self-replica-
tion and natural selection are essential to
the functioning of adaptive evolutionary
theory: Remove them and no adaptation
takes place at all. But given the presence
of feedback loops in either evolutionary
or electronic systems, we should expect
that the overall system behavior will be
controlled by the feedback portion of the
process.
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These frames illustrate the evolution of a characteristic phenotypic parameter (for example, body size), plotted at three successive points of time. The
abscissa represents the phenotypic parameter value, the thick line at the top represents the fitness function (“landscape”), and the thin curve at the
bottom represents the distribution of values of that parameter in some population. In Figures 1(b) and 1(c), the additional thick curve at the bottom
represents the fitness increment that is produced by the population distribution itself. It is added to the total fitness curve at the top. Where the total
fitness curve above has been significantly modified by this increment, the original fitness values are indicated for clarity by a thin line.

Feedback dominates the other components of a system
where it is present because it typically operates exponentially,

and exponential functions completely dominate functions that
are linear, quadratic or even polynomials of any finite order.
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FIGURE 2

The fitness increment shown in Fig-
ures 1(b) and 1(c) behaves very much like
the voltage divider in Figure 2 in that it is
a seemingly small part of the overall sys-
tem, yet it controls the behavior of the
entire system by generating a feedback
loop. Notice also that the feedback loop
is positive in Figure 1, rather than nega-
tive as in Figure 2. For a discussion of the
difference between positive and negative
feedback and its importance for the dy-
namics of the selection process, see [1].

Feedback dominates the other com-
ponents of a system where it is present
because it typically operates exponen-
tially, and exponential functions com-
pletely dominate functions that are lin-
ear, quadratic or even polynomials of
any finite order. In studies of computa-
tional complexity, for example, algo-
rithms whose run times can be ex-
pressed as polynomial functions are
regarded as tractable; algorithms with
exponential run times are regarded as
intractable [see, e.g., [8]]. Malthus [9] was
among the first to point out this domi-
nating property of exponential functions
in a biological context, and of course the
exponential growth of populations that
he examined is the product of a simple

feedback loop: an increase in population
size changes the rate of population
growth which changes the population
size more rapidly, etc.

Feedback is a vast subject that far
transcends evolution theory. It has broad
applications in engineering and in sci-
ence outside of biology, and similarly
broad applications in biology outside of
evolution theory. The large body of feed-
back theory that exists in the literature
of electrical engineering and control sys-
tems theory is of some use in the study
of evolutionary systems. Extensive as it
is, however, that literature has a critical
limitation in that it focuses almost exclu-
sively on negative feedback, which is im-
portant for evolutionary biology, but it
is only part of the problem. Positive feed-
back must be included in any theory that
has serious relevance for evolutionary
biology. The more complete treatment of
feedback theory that is needed for evo-
lutionary biology can be found in cur-
rent developments in the theory of iter-
ated nonlinear mappings, which is
concerned with the behavior of a decep-
tively simple equation:

x
n+1

 = F(x
n
). (6)

Where x
n
 is a variable (or vector) that rep-

resents the state of a system at a time n,
and F is some nonlinear function. Equa-
tion 6 is the general form needed for the
analysis of feedback (generically, the next
state of a system is some nonlinear func-
tion of the previous state) as well as the
form that is appropriate for the analysis
of evolutionary systems (where similarly
the next generation is some nonlinear
function of the previous generation) [4].

T he concept of iterated nonlinear
mappings provides a deep connec-
tion between evolution theory and

conventional chaos theory. Famous ex-
amples include the work of May [10] and
Feigenbaum [11]. The logistic map and
the Mandelbrot set are familiar examples
of some the simplest possible iterated
nonlinear mappings, and the complexi-
ties they exhibit are literally infinite. In
general the behavior of these mappings
is so complex that conventional analysis
is difficult or intractable; much of what is
known about their behavior was discov-
ered by computer modeling. Robertson
and Grant [6] applied computer model-
ing to a system in which the function F
was carefully crafted to emulate Darwin-

Schematic diagram of an amplifier circuit with voltage feedback.
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ian natural selection in order to explore
numerically the effects of feedback on the
natural selection process. The resulting
model readily demonstrated the exist-
ence of instabilities related to Cope’s rule
and punctuated equilibrium. The insta-
bilities that characterize the behavior of
the solutions to Eq. (6) provide insights
into the corresponding instability in Dar-
winian processes.

The instabilities that are produced by
feedback effects do not imply that Dar-
winian selection processes must produce
a state of continual and frantic activity.
On the contrary, it is quite possible for a
nonlinear system to be both unstable and
quiescent. Familiar examples include a
soap bubble, a stick of dynamite, and a
dam that is about to break. All are un-
stable because of feedback effects. In the
case of a bursting dam, for example, a
small hole produces a small leak, which
erodes the hole, which increases the leak,
etc. Unstable quiescence is characteris-
tic of many nonlinear processes, particu-
larly those governed by feedback effects.
Because of these feedback effects, the
Darwinian selection process will be very
generally unstable and quiescent, as ob-
served in phenomena such as punctu-
ated equilibrium.

C onventional evolution theory fo-
cuses almost exclusively on the
nonfeedback elements of the pro-

cess (i.e., reproduction with variation and
natural selection). Feedback occurs al-
most as an afterthought; it is never
treated as an essential or dominating el-
ement of the theory. Instead, feedback
processes such as runaway sexual selec-
tion, arms races, coevolution, density-
dependent selection etc., are treated as
unusual special cases, rather than as spe-
cific examples of the instability inherent

in the basic theory. But it is a serious er-
ror to attempt to treat feedback as merely
one aspect of evolution theory, or as a set
of unrelated corrections to be grafted on
to an otherwise simple and stable model.
By treating these phenomena as separate
special cases, the underlying unity of
feedback theory is needlessly sacrificed,
the deep connection between evolution
and feedback [as expressed in Eq. (6)] is
obscured, and the entire dynamics of the
natural selection process is severely mis-
apprehended.

CONCLUSION
The ubiquity of feedback processes in

Darwinian systems coupled with the con-
trolling or dominating effect that feed-
back has on a system implies that feed-
back theory must be an essential key to
understanding the fundamental dynam-
ics of the process of natural selection. As

Depew and Weber put it, “...the focal
question is whether phenomena in evo-
lutionary theory that have so far resisted
adequate explanation can be illuminated
by nonlinear dynamical modeling”[12].
We argue that feedback is the essential
element in any such nonlinear modeling.
A reasonably complete theory of Darwin-
ian evolution must therefore rest on three
fundamental concepts:

1. reproduction with heritable variation,
2. natural selection,
3. feedback.

The theory will be seriously deficient
if any of these three concepts are ne-
glected. And feedback is the dominating
force among these three.

The second part of this essay will appear
in the next issue of Complexity.

...it is a serious error to attempt to treat feedback as merely one aspect of evolution theory,
or as a set of unrelated corrections to be grafted on to an otherwise simple and stable model.

By treating these phenomena as separate special cases, the underlying unity of feedback theory
is needlessly sacrificed, the deep connection between evolution and feedback is obscured,

and the entire dynamics of the natural selection process is severely misapprehended.

NOTES
1. We are not unaware of the potential power of this concept within ecological and physiological and other

contexts as well.
2. We are cognizant of nonselective factors which may control population gain in particular situations

but, by definition, these are not selective controls and thus not a part of our focus.
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