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Power laws governing
epidemics in
isolated populations
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TeMPORAL changes in the incidence of measles virus infection
within large urban communities in the developed world have been
the focus of much discussion in the context of the identification
and analysis of nonlinear and chaotic patterns in biological time
series'™!!. In contrast, the measles records for small isolated
island populations are highly irregular, because of frequent
fade-outs of infection'’%, and traditional analysis”® does not
yield useful insight. Here we use measurements of the distribu-
tion of epidemic sizes and duration to show that regularities in
the dynamics of such systems do become apparent. Specifically,
these biological systems are characterized by well-defined power
laws in a manner reminiscent of other nonlinear, spatially
extended dynamical systems in the physical sciences'*". We
further show that the observed power-law exponents are well
described by a simple lattice-based model which reflects the social
interaction between individual hosts.

Isolated island populations have often provided a valuable
arena for the study of evolutionary and ecological processes
because the subject of investigation is confined to a well-defined
region of space that is well insulated from the influence of external
factors. In the context of population studies, it is often possible in
such settings to better observe effects that are intrinsic to the
community without having to quantify the effect of peripheral
populations.

The Faroe Islands (population 25,000) have extensive detailed
measles-case returns (Fig. 14, top). It is considered to be an
accurate epidemiological data set because the population is small
and localized. Also, because of the comparative rarity of measles
outbreaks, few measles cases escape notice. In the 58-year
interval, there are 43 distinct epidemic events. An epidemic
event is defined as the presence of a finite number of cases
recorded in a sequence of consecutive months bounded by an
absence of cases. An epidemic event has a duration, ¢, where
= Teng — Taar> Tsare 1S the month when cases in an event first
appear, and 7,4 is the next month when there are no more cases
present. Similarly, an epidemic event has a size, s, where
s=> ™ C(1), and C(t) is the number of recorded cases of
measles in the month .

From Fig. 14, top, it is apparent that there is no obvious
discernible pattern to the dynamics; there is wide variation in
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FIG. 1 A, Faroe Islands; B, Bornholm; C, Reykjavik (scaled). These are all »
examples of Bartlett’s type Ill measles epidemic dynamics*2. Top, monthly
measles-case returns for each of the three communities. Between 1920
and 1970 the population of Reykjavik grew from 20,000 to 100,000, so we
have scaled the incidence data per 25,000 of population. Middle, the
distribution of epidemic event sizes. For the Faroes, b ~ 0.28; for Born-
holm, b ~ 0.28; and for Reykjavik, b ~ 0.21. Bottom, distribution of
epidemic event durations. For the Faroe Island data, ¢ ~ 0.8; for Bornholm,
¢ ~ 0.85; and for Reykjavik, ¢ ~ 0.62. Clearly, scaling the measles inci-
dence data will affect the epidemic sizes but leave the epidemic durations
unscaled, hence this exponent is somewhat different from the Faroe and
Bornholm cases. For each population, the exponents are unaffected by the
specific choice of binning by decade.

both the duration and size of the epidemic events, reminiscent of
the sort of dynamics observed in the study of earthquakes. In that
case, the Gutenberg—Richter? law acts as an organizing principle
connecting the frequency and magnitude of larger and smaller
earthquakes. Performing the same analysis here, counting the
number of epidemic events of size >s, there is a power-law
dependence of the form logN(>s) =a — blog(s). Thus, the
number of epidemic events of size s scales as N(s) ocs™'7%,
where b ~ 0.28. The same analysis for the epidemic event dura-
tions indicates that the number of epidemics of duration ¢ scales as
N(t) < t7'7¢, where, from Fig. 14, bottom, ¢ ~ 0.8. The presence
of these scaling relations provides a useful way of estimating the
likelihood, in a given interval of time, of epidemics of size s and
duration ¢. Small short epidemics occur more often than large long
epidemics, although their occurrence is connected and governed
by the scaling exponents b and c. The exponents also apply to
subportions of the data so, for example, we can use the epidemic
distribution measured from the first half of the data set to predict
the likely distribution of epidemic events in the second half.

We have also applied this analysis to two other subendemic
populations with extensive and accurate measles records, Born-
holm and Reykjavik. Figure 1B, C indicates that the exponents, b
and ¢, for all three populations are remarkably similar.

Mechanisms leading to the emergence of power laws of this sort
are still not fully understood, although recently many spatially
extended interacting model systems have been shown to exhibit
similar behaviour. We use one such lattice-based model, pre-
viously used in discussion of ‘forest-fire’ dynamics'®**%, to provide
a simple model for this phencmenon.

The dynamics of the model in Fig. 2 closely resemble those seen
in the Faroe data. Exponents for the model data are similar to the
actual epidemiological data; b ~ 0.29 and ¢ ~ 1.5, with the simu-
lation underestimating the number of long epidemics of more
than 10 months duration. The connectedness of the spatial
distribution of the population on the lattice seems to reflect the
social networks that exist in real communities®.

FIG. 2 Top left, time series of infectives for the model simulation. Each site
in the L x L lattice is in one of three states: empty, occupied by a susceptible,
or occupied by an infective. The lattice is updated synchronously at each
time-step using the following rules: (1) susceptibles who are on nearest-
neighbour sites to an infective become infective themselves; (2) infectives
become inactive and the site they occupy becomes empty; (3) susceptibles
are introduced onto empty lattice sites with a probability y; (4) a new
infective can arise when a susceptible is spontaneously infected with a
probability v. This effectively corresponds to an immigration term, whereby
our lattice population is subject to infrequent infection from external
sources. Periodic boundary conditions are used. These rules define a
simple spatial S-I model. It is the simplest possible model of epidemic
spread on a lattice and is, at best, a caricature of the known epidemiological
processes. The lattice is 250 x 250, with u = 0.000026 and v = u/300.
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Mean population density on the lattice is 25,000. At equilibrium, with an
average life expectancy of 70 years, we expect ~1 new susceptible to
appear each day. The 43 epidemic events in 58 years sets a lower limit of
v/p =~ 1/400, although we use v/u ~ 1/300 for the simulations. Birth of
new susceptibles and immigration of infectives onto the lattice are modelled
as Poisson processes, with a mean of 1 new susceptible appearing on the
lattice at each time-step and a mean of one infective immigrating every 300
time-steps. Thus 1 time-step can be equated with one day. The x-axis is
labelled for 696 arbitrary months (58 years). Top right, distribution of epidemic
event sizes for the simulation data, b ~ 0.29. Bottom, distribution of epidemic
event durations for the simulation data, ¢ ~ 1.5. The exponent is severely
affected by the poor prediction of long epidemics >10 months, but comparison
with Fig. 1A, bottom, shows the simulation makes a good prediction of the
distribution of epidemics of up to 5 months duration for the Faroes.
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For comparison, we illustrate the dynamics generated by a
conventional stochastic SEIR model*™® of the Faroe Islands.
Conventional measles parameters are used and the population
is modelled as a single homogeneously mixing community, with
the same low-level immigration rate of external infectives. As
before, we calculate the distribution of epidemic sizes and dura-
tions (Fig. 3). The resulting times series of infectives looks similar
to the observed island dynamics, but this calculation overestimates
the number of larger epidemics and is not able to fit the observed
data as well as the lattice model. The assumption of homogeneous
mixing of susceptibles with infectives that underlie the SEIR
equations appear to break down for small populations with
infrequent epidemics. The replenishment of susceptibles onto
vacant lattice sites and the nearest-neighbour contact spread of
infection are central to reproducing the observed epidemic

100

N(>1)
=

t

FIG. 3 Top left, time series of monthly number of infectives; bottom left,
distribution of epidemic sizes (squares); and top right, epidemic duration
(squares) for a stochastic Monte Carlo implementation of an SEIR model of
measles in the Faroe Island population. The scaling for the Faroe Island
(circles) data from Fig. 1 is shown for comparison. A constant population of
25,000 is used with a life expectancy of 50 years. The incubation and
infectious intervals of measles are taken to be 7 days. R, is chosen to be
11. All births are into the susceptible class, with natural mortality occurring
from each of the four classes. There is a Poisson influx of infectives into the
community, on average every 300 days, as in the lattice simulation. The
transients of the system are run off before data are recorded. No seasonality
in the contact rate is used in these graphs, but it is found that inclusion of a
sinusoidal seasonal driving term in the contact rate does not improve
agreement between the model and the observed scaling.

dynamics.

Our results suggest the existence of scaling laws for the size and
duration of epidemics in the isolated island measles data sets. This
places the dynamics of these epidemics in the same class as other
spatially extended nonlinear dynamical systems, where scaling is
also observed. In practice, this facilitates a form of prediction in
which we can calculate the frequency of occurrence of epidemics
of given size and duration. A simple spatial model generates
almost the same exponents as are seen in our data analysis. The
power-law phenomenon is also likely to be of relevance in the
study of infrequent outbreaks of measles in highly vaccinated
communities and in isolated rural populations in developing
countries. The methods discussed here are completely general
and could be applied to any other times series of communicable
disease outbreaks in a small population. O
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