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terized bv strong correlations on a multi- 
tude of scales. (This discussion is confined 
to temporal fluctuations, but l/f-noise can 
also characterize spatial correlations.) 

Ecology, evolution and l/f-noise 
Most stochastic models assume that 

noise has no temporal correlation: that the 
values of a random signal at two instants in 
time are completely independent of each 
other. This kind of noise, called ‘white 
noise’ (see Fig. l), is an excellent model of 
most noise found in physics and electron- 
ics. In the environmental sciences, how- 
ever, the prevalent assumption-that noise 
is white noise - is more difficult to sustain. 
Environmental fluctuations arise from 
various factors, correlated on different 
timescales. Such noise is often assumed 
to be white because it leads to mathemati- 
tally tractable models, and because there 
is doubt about what should replace it. 
Introducing correlation structure into a 
noise process almost always makes life 
more complicated for the theorist. Where 
this has been done, it is usually some kind 
of autoregressive process, in which the 
correlation between two events declines 
exponentially with their separation in time. 
The assumption is that the correlation 
with past events dies away rapidly above 
a certain characteristic scale. 

John M. Halley 

Among ecologists, there has been a growing recognition of the importance of 
long-term correlations in environmental time series. The family of l/f-noises - 
fluctuations defined in terms of the different timescales present - is a useful 

approach to this problem. White noise and the random walk, the two currently 
favoured descriptions of environmental fluctuations, lie at extreme ends of this family 

of processes. Recent analyses of data, results of models, and examination of basic 
l/f-noise properties, suggest that pink l/f-noise, which lies midway between white 
noise and the random walk, might be the best null model of environmental variation. 
If true, this would have important consequences for the interpretation of ecological 

time series and for ecological and evolutionary modelling. 

John Halley is at the NERC Centre for Population Biology, Imperial College, Silwood Park, 
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T ypically, when we read a time series, 
we see a pattern or signal corrupted by 

noise. Noise is the part of the series that is 
‘unwanted’ according to the model used 
to interpret it. In ecological and evolution- 
ary studies, the magnitude of the noise 
relative to the signal is always very large, 
so it seems natural to search for models 
that describe the behaviour of the system 
statistically. 

To be successful, such models require 
a good understanding of the statistics of 
the background noise processes. In spite 
of this obvious need, there have been few 
attempts to parameterize these stochastic 
models in ecology. The builders of stoch- 
astic models pray that ecological statis- 
tics (e.g. birth rate) will ‘settle down’ to a 
norm as we accumulate more data. The 
unfortunate experience of many ecologists 
is the reverse: the more data we include, 
the more variable the statistics become. 
Furthermore, in comparisons of model pre 
dictions and real data, stochastic models 
often perform as poorly as deterministic 
ones. 

This has led to a tendency among 
theorists to ignore the actual structure of 
environmental noise in favour of the com- 
fort of pure theory (‘Zfenvironmental noise 
has that property then this follows...‘). 
Environmental noise is regarded as some- 
thing of a mathematical and statistical 
hydra: as soon as we cut off one head of the 
monster (by including an extra parameter 
in our model) several more spring up in its 
place (the new parameter itself is subject 
to its own noisy perturbations). In ecology 
and evolution, it is not so easy to separate 
what is ‘signal’ from what is ‘noise’. 

In fact, the prospects are not as gloomy 
as we have previously thought. There are 
good reasons to believe that the struc- 
ture of environmental fluctuation is 
well described by a phenomenon called 
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‘l/f-noise’. Although this has many technical 
aspects, its basic essence and its impli- 
cations are easily understood. 

What is l/f-noise? 
Ecologists expect both rare and com- 

mon events to be important. The diversity 
of a desert ecosystem, for example, will 
be influenced by numerous small changes 
each day. Some rare events, such as desert 
storms, will have longer-lasting influence. 
l/f-noise is a way of describing these kinds 
of events. It has been described as ‘an evo 
lutionary random process”, and is charac- 

l/f-noise is associated with an alto- 
gether slower decline in correlation. In 
contrast to autoregressive processes, the 
correlation of fluctuations falls off as a 
power law. For example, the correlation 
between two events might be proportional 
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Fig. 1. Spectral density of various kinds of noise. White noise is so called because of its analogy with white 
light, which contains equal amounts of all frequencies. Reddened spectra are similarly understood in opt1 
cal terms, since optical spectra that have a surplus of lower frequency light appear redder. A brown process 
is one where the random variable is allowed to drift. If a particle undergoes brownian motion, for example, 
its position, x(t), is a brown noise process, while its velocity, dx(t)/dt, is a white noise process. Thus, a 
brown process is ‘non-stationary’. 
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Box 1. Types of spectra 
Spectral density, S(f): this is a decomposition of the noise signal into its various component frequencies 
per unit frequency. By analogv with light, white noise is noise whose spectral density is flat, containing 
equal amounts of all frequencies (see Fig. 1). If the spectral density at low frequencies is greater than that 
at high frequencies, the overall effect of low frequency (rare) events has a greater influence than that of high 
frequency (common) events per unit frequency. Noise that contains an excess of low-frequency com- 
ponents is said to have a ‘reddened’ noise spectrum, similarly understood in optical terms, since optical 
spectra that have a surplus of lower frequency light appear redder. A brown spectrum (from brownian 
motion) is the spectrum generated by a signal doing a random walk. As its name suggests, pink noise lies 
midway between white noise and brown noise on a scale of redness. 
Spectral density on a log scale: often when showing the scaling properties of power spectra, it is common 
to plot the graph on a log scale. This spectrum simply has the value of S,[log(f)]. 
Spectral Density per Octave (SDO): is derived from the spectral density, S(f), by transformation, using the 
formula: 

where +=log,(f). This is the power spectrum of frequencies pre-arranged on a logarithmic scale 
(Fig. 3). The difference from spectral density on a log scale (above) is that SD0 is density per logarithm of 
frequency as distinct from density per unit frequency plotted against log(f). 
Phase spectrum: contains the information about the relative timing of the spectral components. A detailed 
discussion of this aspect of l/f-noise is beyond the scope of this paper. 

Box 2. An ecological example of l/f-noise 
An imaginary ecological time series, having a pink l/f-spectrum, is drawn below along with its longest 
component sinewave, its fundamental harmonic. 
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The spectral density of the above series may be decomposed into constituent sinewaves of different 
frequencies. Note the density (shown below) at the fundamental harmonic (black bar) is highest. 
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Often we see ‘trends’ in the noise, like the trend upwards in this example, which may be interpreted as 
longer timescale components of the l/f-noise process. 
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to 7,~~ or some other power of time separ- 
ating them. In fact, these processes be- 
have in an essentially fractal way, having 
statistical self-similarity on all scales?. l/f- 
noise was so named because of the shape 
of its spectral density’ (see Box 1). 

The extended family of l/f-noise is 
characterized by power-law spectra of the 
form: S(f) m l/P, where 0 I ~52. The family 
takes its name from that member for which 
y=l, which is often called ‘pink noise’s 
(see Box 1 for an explanation of ‘coloured’ 
noises). Other members of the family in- 
clude white noise (for which, y = 0) and the 
random walk, also called ‘brown noise’ 
(after brownian motion, y = 2). Noises with 
y > 2 are called ‘black noises’s. In this paper 
‘l/f-noise’ refers to any member of the 
family for which y > 0. 

Some of the phenomena with which 
approximately l/f-spectra (0 < y I 2) have 
been associated include: 
l electronic device noise+ 
l geophysical time series6J 
l economic time series8 
l traffic flow9 
l music10 
l protein dynamics11 
l DNA-base sequences12 
l ecological time seriesrJ3. 

That such a wide variety of phenom- 
ena seems to obey this simple scaling 
pattern is remarkable. Although some of 
these findings are better established than 
others, the sheer ubiquity of the phenom- 
enon suggests that it deserves serious 
consideration. 

l/f-noise in ecological time series 
The habit of ecological time series-to 

get ‘messier’ as more data (from wider 
timescales) are included - becomes more 
understandable if the environmental fluc- 
tuations are seen as having a ‘reddened 
spectrum’. (Spectral representations of 
ecological time series have already been 
used by Schaffer14 and others.) Variance, 
instead of settling down to a nice gaus- 
sian statistic, increases with the length 
of the seriesl3J5. Slow variations have 
much greater ‘strength’ than rapid ones 
(Fig. 1; see also Box 2) but these are only 
‘revealed’ in longer time series. l/f-noise 
has a reddened spectrum. What distin- 
guishes pink noise (and any l/f-noise for 
which ~21) from other noises with red- 
dened spectra is that variance continues 
increasing, no matter how long the time 
series. 

Ecological time series will tend to 
exhibit l/f-noise (at least on longer time- 
scales) if the underlying abiotic pertur- 
bations are l/f-noiseis. Mandelbrot and 
Wallis demonstrated long-term l/f-type 
scaling for a number of abiotic factors. 
Steele7 also showed that abiotic pertur- 
bations influencing marine systems were 
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Fig. 2. (a) The time series of the major evolutionary changes (after Ref. 20) showing the five major mass extinctions. (b) Distribution of mass extinctions (in terms of 
size) on a log-log scale (after Ref. 22, based on data from Ref. 21). Although this is not a l/f-spectrum (which would be a straight line), the data give the same results 
as the output of some of Kauffman’s evolutionary models**. 

reddened, lying close to brown noise, terrestrial ecosystems as suggested by l/f-noise and extinctions 
y = 2. Terrestrial fluctuations had more in 
common with white noise for timescales 
of ~50 years, but were reddened for longer 
timescales. 

Abiotic perturbations, of course, are 
only part of the picture. Biotic pertur- 
bations will also influence population dy- 
namics Using population time series 
directly, Pimm and Redfearnls argued that 
the population dynamics of birds, mam- 
mals and insects reflected an underlying 
reddened spectrum of environmental vari- 
ation. They showed that the standard 
deviation of the logarithm of density in- 
creased with census length in the time 
series for 42 species of farmland birds, 
32 species of woodland birds, 22 mis- 
cellaneous birds and mammals and four 
insect species. Some objections were 
raised to Pimm and Redfearn’s conclu- 
sions, on statistical grounds17 and on 
the grounds of alternative explanations 
based on intergenerational correlation18 
(with white-noise forcing). On balance, 
these criticisms seem unlikely to under- 
mine the conclusions of Pimm and 
Redfearn, whose data covered a wide vari- 
ety of organisms in different locations 
with different generation times. More 
recently, Arino and Pimml6 have calcu- 
lated Hurst exponents (another measure 
of reddening) for the time series of 58 
different species. Their results span 
the range from white noise to black noise 
but they observe that the mean Hurst 
exponent lies ‘about halfway between 
Brownian and white noise’ suggesting 
the central importance of pink noise. 
Arino and Pimm’s results also reflect 
the stronger reddening in marine than in 
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Steele7. 
Even so, it may not be possible to meas- 

ure variation of ecological parameters over 
a sufficient time to detect environmental 
l/f-noises with certainty. However, there 
are other reasons (see below) why we 
might expect environmental noise to be 
closer to pink noise than to white noise. 

Mass extinction is an ubiquitous fea- 
ture of the fossil record. The great mass 
extinction at the end of the Cretaceous 
period is usually explained by reference to 
‘external’ isolated factors, such as meteor- 
ite impacts. However, some have argued 
for more internal causes for dinosaur 
extinctions. There is strong evidence, for 

Brown noise 

\ /White noise 

Pink i/f-noise 
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Rg. 3. The spectral densities, per octave, of the noise processes shown in Fig. 1. Note how pink l/f-noise 
contains equal influences (areas under curve) for all timescales, while white noise emphasizes short 
timescales and brown noise emphasizes long timescales. Note also that autoregressive noise contains 
fluctuations only over a characteristic band of scales. 
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example, that all the major dinosaur 
groups were in decline before the end of 
the Cretaceousis. Perhaps the internal dy- 
namics of evolution alone are sufficient to 
explain the recurrent phenomenon of mass 
extinction. Mass extinctions and punctu- 
ated equilibrium might emerge naturally, 
even in a world not subject to violent up 
heavals. The spectrum of mass extinctions 
should offer some clues as to their causes. 

The mass extinction events, such as 
we can compile them21 (Fig. 2a), show a 
preference for larger scales (Fig. 2b) and 
implies a reddened spectrum. This is not 
necessarily because of the internal dy- 
namics of evolution, since geophysical 
perturbations may also have reddened 

spectra. Kauffman22 and others.23 have cre- 
ated models of evolution yielding mass ex- 
tinctions of various sizes that often follow 
a l/f-spectrum. However, spectra based 
on the real thing do not have a general 
l/f-form22, though more data will need to 
be gathered before this question can be 
answered conclusively. 

Models of evolution leading to 
l/f-noise 

Although there is no firm evidence that 
evolutionary time series obey a l/f-spec- 
trum, the results of models of evolution are 
still worth considering, because of the fact 
that these models yield punctuated equi- 
librium and a reddened spectrum, in com- 
mon with what the fossil record suggests. 

One of the best known of these models 
is self-organized criticality (SOC)24. l/f- 
spectra are often regarded as the signature 
of SOC, despite a number of alternative 
explanations for such spectras!25. SOC is re- 
markable because of its ‘holistic’ charac- 
ter, and because it emerges in such a wide 
range of physical system96. 

The classic model of SOC is Bak’s sand 
pile25.26. In this model, the sand pile is gen- 
erated by the dropping of grains of sand 
onto the top of the pile. Eventually, an ap- 
proximately conical pile of sand results. 
The angle of this pile will not rise signifi- 
cantly beyond some critical angle, because 
if it does the pile will be too steep and an 
avalanche will result. Neither will the angle 
fall significantly below this critical angle, 
because sand is constantly being added to 
the top of the pile. However, because of the 
friction of the sand pile, the critical angle 
will not be maintained in a smooth fashion. 
The pile will tend to ‘maintain’ itself close 
to this critical shape through a series of 
avalanches of various sizes. A spectral 
analysis of this series of avalanches yields 
a near-pink spectrum. 

Artificial life models23~27~28 give some 
support to Bak’s suggestion that SOC is 
the basis of punctuated equilibrium. In the 
evolutionary model, in place of a constant 
trickle of sand onto the top of the pile there 
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is a constant accumulation of mutations 
into the total genetic material of the eco 
system; in place of the friction of the sand 
pile is the resistance of the ecosystems to 
change; finally, major avalanches in the 
sand pile are like the sporadic and ‘sud- 
den’ evolutionary realignments. 

However, SOC is not the only means 
of punctuating evolutionary changes. 
Newman et ~1.29 have shown that a ‘stan- 
dard Wrightian’ model combining random 
drift and natural selection is sufficient. In 
a two-peak adaptive landscape, they ob- 
served rapid shifts between fitness peaks, 
punctuated by longer periods of relative 
stasis. Since pink noise can be interpreted 
as a random drift in a landscape with 
random-height barrierszs, the evolutionary 
jumps predicted by a ‘standard Wrightian’ 
model should also have a near-pink l/f- 
spectrum, if we assume a random-height 
adaptive landscape. 

Ecosystem changes could be modelled 
similarly. While research is still at an early 
stage and the models extremely simple, 
they provide further circumstantial evi- 
dence for the importance of l/f-noise in 
ecology and evolution. 

Fairness to all scales 
It seems reasonable to suppose that 

environmental noise, being the accumu- 
lation of many different processes, ought 
to contain disturbances evenly distrib 
uted over different timescales. Thus, white 
noise is often assumed to be the ‘natural’ 
choice for environmental disturbance, since 
it seems democratically to assign equal 
weights to all different frequencies (Fig. 1). 
We might conclude that white noise con- 
tains different timescales in equal propor- 
tions. Such a conclusion would be false. 

This can be seen by noting that the 
relative significance represented by all 
timescales greater than one year (dec- 
ades, centuries, millenia, and so on) is 
simply found by adding up the area under 
the white-noise curve for frequencies be- 
tween zero and one in Fig. 1, giving 1.0 uw2. 
Likewise, the relative significance of all 
timescales between six months and one 
year is the area under the curve between 
one and two cycles per year. This means 
that, if environmental perturbations are 
indeed white noise, the significance of all 
events on timescales longer than one year 
is no more than that of events on a scale 
of six to 12 months. Moreover, the signifi- 
cance of all events shorter than six months 
is infinite! White noise does not assign 
equal importance to all timescales. 

What kind of noise distribution par- 
titions all the components ‘fairly’ between 
all scales? By looking at the Spectral Den- 
sity per Octave, SD0 (the relative influence 
of fluctuations associated with the vari- 
ous timescales in the signal; see Box l), 

we can see the scale dependence. This is 
given by F(+) M 10(1-v)+, where $ = log,,f. 
The SD0 is shown in Fig. 3 for the various 
types of noise. 

Now we can see clearly what is happen- 
ing. White noise contains all frequencies 
but emphasizes shorter timescales. Brown 
noise conversely emphasizes longer time- 
scales. Pink noise is special in that it con- 
tains disturbances equally on all time- 
scales. Fluctuations happening from about 
every year to once a decade (area under 
l/f-noise curve between 1 and 0.1) have, 
on average, as much influence on the pres- 
ent as events happening once a decade to 
once a century (area between 0.1 and 0.01) 
and so on, demonstrating the special con- 
nection that pink noise has to the idea of 
fractals6. Another way of saying this is 
that pink noise contains memory of past 
events on all timescalesi. Again this con- 
trasts sharply with white noise, which is 
uncorrelated and has no memory, and with 
brown noise, which only ‘remembers’ its 
position in the previous timestepz. 

Despite the infinite information con- 
tent of pink noise, efficient methods of gen- 
erating it (and other l/f-noises) are avail- 
able, either by using wavelet transforms2 
or other novel methodsso. l/f-noises may 
also be approximated over any range of 
frequencies using a combination of auto- 
regressive noises of different timescales 
(J. Steele, pers. commun.; Ref. 3). 

Pink noise is the natural result of a mix- 
ture of different phenomena acting impar- 
tially on different scales, Thus, although 
the data suggest a range of exponent@, 
it is pink noise, rather than white or brown 
noise, that we should regard as the null 
model for environmental fluctuations. 

Why l/f-noise is important 
The l/f-noise family offers a compelling 

description of the background environ- 
mental fluctuations in ecology and evolu- 
tion, for several reasons. 

There is strong evidence that back- 
ground abiotic fluctuations have l/f-noise 
spectrassr, though there may be significant 
differences between the terrestrial and 
marine environmentsr. Direct support for 
1/Fnoisels116 in both ecological and evo- 
lutionary time series is more tentative. 
Until longer time series are available, it is 
only possible to say that the data are com- 
patible with l/f-noise. 

In several important types of theoreti- 
cal mode122-29, pink l/f-spectra arise natu- 
rally, or might reasonably be conjectured, 
as a consequence of the dynamics of the 
system. Although the status and applica- 
bility of some of these models to real sys- 
tems remains controversial, their initial 
results deserve serious consideration. 

If we suppose that the natural environ- 
ment contains a mixture of disturbances 
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on all scales, then pink l/f-noise seems the 
most natural ‘null model’. This is because, 
in contrast to white or brown noise, pink 
noise shows no preference for short or 
long timescale disturbance@. From sec- 
onds to millenia, all natural disturbances 
of various sizes can be seen as part of a 
seamless l/f-noise process. ln’this picture 
we need not make any special distinction 
between normal environmental variation 
and ecological ‘catastrophes’: it is the 
same thing seen at different scales. 

Another feature of general l/f-noises is 
that only some of them are stationary. 
This too has implications for ecology. For 
example, white noise models of density- 
dependent regulation deliver a stationary, 
regulated picture: populations can fluctu- 
ate about carrying capacity but are none- 
theless regulated by it. On the other hand, 
random walk (brown noise) models of 
population yield a model of a population 
with no regulation whatsoever. These ex- 
tremes approximate the poles of the den- 
sity-dependence/independence debate. 
Neither view has prevailed because of our 
experience of real ecosystems: they are 
neither completely fixed nor completely 
free. Pink noise, with its pseudo-station- 
ary behaviour (stationary, but only over 
certain timescales’), may offer some res- 
olution in this respect. 

Finally, if the suggestion is accepted, 
that environmental fluctuations are l/f- 
noise, the interpretation of long time- 
series, and many current stochastic 
models in ecology and evolution, will 
need to be re-examined. For example, 
time-to-extinction estimates based on 
white noise will often turn out to be exces- 
sively optimistic13131. 
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