
he metapopulation concept 
has been extremely influen- 
tial in theoretical ecology 
and conservation biology]. 
Ily, it assumes that the dis- 

tribution of many species can be 
described as a system of local popu- 
lations, each of which may be sub- 
ject to turnover as a result of extinc- 
tion and subsequent recolonization 
by dispersing individuals. Most 
developments in this field have 
been theoretical rather than empiri- 
cal. This is mainly because of the 
difficulties in obtaining sufficient 
spatiotemporal data, in systems 
where the underlying biolo,y is well 
enough understood to produce 
realistic metapopulation 
Recently, long-term stu 
invertebrate populations, which 
meet these criteria”-4, have gener- 
ated important findings about 
metapopulation dynamics. How- 
ever. there is still a pressing need 
for new data sets, particularly from 
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(the case in many other micropara- 
sites and most macroparasitic 
worms). At one extreme, an infec- 
tion such as gonorrhoea (which 
does not result in host immun- 
ity15) exists as a classic metapopu- 
l&ion, with each individual host 

hand, an infection which immun- 
izes or kills the host renders the 
host-patch indefinitely unsuitable 
for recolonization. Thus measles, 
along with many of the other great 
microparasitic infections of child- 
hood (pertussis, mumps, etc.), 
does not form a true metapopu- 
lation at the individual host level. 

However, if we consider groups 
of hosts as patches, the metapopu- 
Bation analogy applies vety well to 
parasites that invoke life-long host 
immunity. In particular, the spatial 
v<+lization of hiinian ilosis il,iu 
well-defined social units - families. 
villages, towns and cities - pro- 
duces wef~~ef~~ed patches of 

longitudinal studies spanning many population generations. 
ave suggested that the influence of meia- 
is unjustified and OtherstiY have ques- 

tioned whether many real populations actually conform to 
the metapopulation model. owever. recent extensiOnsX of 
Levins’ original formulation of the rneta~~)~ufat~o~ concept!‘, 
have provided a powerful tool for testing model predictions 

a on the presence or absence of species in suitable 
atches. 
the 196Os, a number of authors (reviewed in Begon 

et al.]‘3 have recognized that e~idemfological theory has also 
addressed exactly this question: of population persistence in a 
set of host ‘patches’. ul. I1 point out that, if the species 
of interest is a parasite ost organism can be considered 
as a habitat patch cant local population of the parasite. 
Infection is equivalent to colonization, and death or recovery 
of the host is equivalent to local extinction. Indeed, the deri- 
vation of tire formula for the mi~~rn~rn amount of suitable habi- 
tat &I’. required for rnetapo~~~at~on persistence, is iden- 
tical to lhat used to determine the proportion: of a 
population which must bte vaccinated in order to eradicate a 
parasitell~l:i. In fact, the relationship between metapopuiation 
and epidemiological theories is even more extensive. 

In classic meta~0~~lat~0~ theory, a patch is available for 
coPor9ization after it is emptied by extinction. This is not 
always the case for parasite rneta~0~~~at~~~~s. Parasites can 
be divided’” into those which produce lifelong immunity or 
kill their host (for example measles and other related viruses 
such as RiP?derpest, rabies and insect baruloviruses) and 
those in which hosts can I-e-acquire infection after losing it 

resource for their microparasite@’ cause of the economic 
and medical importance of these dis es. their occurrence is 
often officially notifiable in many countries. Disease incidence 
is routinely recorded in official statistics at a geographical 
scale which coincides with patch boundaries, and on a time 
scale (weekly or monthly) that is close to the generation time 
of measles and the catRer childhnod microparasites’w-‘“. This 
process results in large spatiotemporal data sets, which arc 

suitable for metapopulation analyses (Box 1). 
wever, an extensive data set is only part of the story; 
o ideally need a tractable model framework for the 

meta~o~u~atio~. Met&5 is: especially suitable, since the 
underlying population process - essentially a predator- 
prey interaction between infectious and susceptible indi- 
viduals15 - is relatively simple aid -weEi understood. Epi- 
demiolcgists have developed a family of models of measles 

whose parameters can be estimated from the 
ata. These range in complexity from simple ag- 

gregate models for the dynamic impact of vaccination’; and 
the nonlinear dynamics of infectionl’lto those that rxpliciily 
model the age-structured dynamics of the host”mZi and 
complex spatial structure+?‘. 

88 d 
Box 2 describes the bio!ogy uf measles epidrnlics using a 

simple ~~term~~istfc model. The best ecological metapopu- 
lation analogy is with the well-documented example of buiter- 
fly species, which rely 0n speci:ic host plants as resources 
(e.g. ReI. 2). For 9neasEes metapopulations, patch ‘resources’ 
are determined by the density of susceptible hosts. 

In terms of clas:-ical metapopulation theory. we are 
interested in the Bocdl presence or absence of infection. 



seases 
e for 

* Extenwe time serves for mclividual patches which document extmctlon and 
recoionizabon events. wth mformatton on the Internal patch dynamics of the 
paraslttc colonizer. 

0 A parallel time-series of data on otiler Important ecologlcal vanables - such as 
bmh rate and popu!ation size i1.e. essentiallv resource dynamics) - which relate 
to long-term changes in the state of the system. 

* Heterogeneity in patch sizes which leads to extinction and recolonization m small 
patches and persistence m large ones. 

e Different metapopulation structures oRen cccur In different geographical areas. 
* Subsiantial. quantifiable changes in metapopulation structure wtth tlrne as a 

resu;t of manipulabon (mass vaccination). 

A combination of relatively large data sets and simple natural hIstory makes 
meas!es among the best understood childhood diseases”. We focus on the bests 
documented case: measles in developed countries. though the infectlon IS much 
more important m public health terms in developing countries’. In developed coun- 
tries. measles occurred in relatively violent epidemics. generally at a biennlal fre- 
quency in large conurbations. Measles dynamics have been the subject of much 
modellmg. from simple formulation which assume a homogeneous populatton 
alit, deterministic dynamics to complex age- and spatially structured stochast!c 
formulationsz6. 

We can Illustrate the essentials of measles dynamics with a simulation of the 
simple seasonally-forced SEIR model The host population is divided into four cam 
pariments denoting the proport;ons of s’lsceptible (previously uninfected) indl- 
viduals S. exposed (infected but not yet infectious) individuals E. infectious rndlvld- 
uals 1. and recovered individuals R. The model assumes that susceptibles pick up 
the Infection by contact with infectious ind!vlduals. harbour the mfectlon for a few 
weeks, then become immune for Ilfe. 

The figure shows a simulation of a simple 4-compartment measles model, 
wltll seasonal forcing of the infection parameter; because S t E t ) + R = N (the total 
po+ulatlon). we only need to consider S. E and I. Hosts have a natural death rate, m. 
bu! are assumed not to die from the Infection. The system dS/dt = m(1 -S) - bc(t)/S: 
cf%dt= bc(t)lS - (m+ a)E; cd/cl:= aE- (m t g)I was Aved lteratlvely with the fol- 
lowing illustrative par;,iieter v&es nt=0.02 , 3= 48.6 7. g- 56.19. b= 1010.7 (all 
per day: b per infective per day), a and gcontrol the movement of mdlvlduale out 
of the Exposed and Infectious classes and b IS the InfectIon parameter. We rmotl- 
el ed seasonality m b Icltl] by a ,;lmple cosme wave (c(Li = 1 + 0.25 cosi2 III): the 
ampktudo of 25% glues a blenm.il cpidemlc pattern. Parameter values were l&cn 
from Olsen et al.l”S. E and I are expressed as proportions of N. 

Epldemlcs (shown m red) extmgtllsh themselves by depletmg the susceptible 
popillalion (blue). which IS then replenished back to the epidemic threshold, prcc~p~ 
Ming another epidemrc after about two years. Seasonatity in InfectIon rate (yellow) 
resonates with this timescale to promote the persistence of epidemics. In small 
host populations, the troughs between epidemics can be sufficrently deep to cause 
a high probability of local extinction of infection, which then needs to be IrlrlLro 
duced be’ore the next epidemic can occur. Reintroduction of infection cannot suc- 
ceed until the density of susceptibles has risen above the epldemc threshold”. 

004-o 
T,rw (years) 

-- 

*Colonization’ therefore corresponds to the establishment of 
measurable infection in an uninfected patch: colonizers here 
are infected individuals. We can therefore measure the success 
of a particular colonization event by the size of the ensuing epi- 
demic - itself a major preoccupation of stochastic epidemic 
theory’“. Epidemic size depends on the level of susceptible 
resources and hence on the epidemic history& the patch. This 
dependence is illustrated by the epidemic sequence in Box 1. 

The epidmic phase 
If the susceptible density is high (the blue shaded curve 

near time zero in Box l), the number of infectives within the 
patch (the red shaded curve) increases roughly exponen- 
tially. following colonization. During this major epidemic 
phase, the dynamics of the system are predominantly de- 
terministic and the metapopulation analogy is relatively 
weak. As the epidemic progresses, it depleres the level of 
resources in the patch (blue curve), which irl turn acts as a 
density-dependent brake on the increase in infectives. 

Extinction: the epidemic trough 
Very quickly, the (susceptible) resource density drops 

below a deterministic invasion threshold and the density of 
infectives begins to fall. This threshold is determined by 
that mystical epidemiological quantity, the basic reprodilc- 
tion ratio of infection, R,, (Refs 15,30,31). Local persistence 
of infection is now prey to stochastic events and, in small 
patches the infection tends to ‘fade out’ (see below and the 
small towlls in Figs 1 and 2b). During this phase, the system 
most closely resembles a classical metapopulation. Sus- 
ceptibles are then gradually topped up by births over sev- 
eral infective generations, until the invasion threshold is 
passed and a further epidemic can occur (Box 1). 

In broad terms, this alternation of deterministic and stochas- 
tic phases makes measles similar to a natural enemy meta- 
population:Q, which periodically outstrips its local resources. 
As with many ecological metapopulations, seasonality (here 
associated with school transmission) is also an important 
lort~~ in dynamics and persistence (Box 1). 

Of course, the disease rneta~)o~u~at~ol~ is distinct from 
more familiar ecological ones in other important respects. A 
~1~I~~~~~~enla~ difference is the question of patch dynamics- for 
viral infections such as measles, ‘empty’ patches suitable for 
colonization arise from existing patches by births. This poten- 
tially adds another layer of metapopulation complexity, 
depending on the degree of pathogefl~ci~ of the parasite. For 
very pathogenic agents such as phocine distemper virus 
infecting harbour seals3”, epidemics with high fatality rates 
may affect the local persistence of thehosrmetapopulation, as 
well as reducing the subsequent net recruitment of new 
pat s for the parasite. 

other distinction of measles from the classical meta- 
population paradigm is t at we can consider the absolute 
population dynamics of colonists in patches explicitly, 
rather than simply their presence/absence. This allows us 
to develop an accurate empirical picture of the forces that 
shape persistence. 

has 
One of the major achievements of epidemiologica~ theory 
been the quantification of the Critical Community Size 

(CCS): the (generally urban) popul on size, below which 
measles tends to die out in the tro s between epidemics. 
The CCS was first defined for British and American cities in the 
seminal work of Bartlett3”, though the concept also applies to 



the more isolated communi- 
ties on islands:ss. Although 
these studies used data from a 
variety of sources and demo- 
graphic situations, they indi- 
cate a remarkably consistent 
CCS, of around 250-400000 
individuals. 

The CCS can be deduced 
from a plot of the degree of 
‘fadeout’ of infection (where 
fadeout is defined as three or 
more consecutive weeks with- 
out casesj-2) against popu- 
lation size (Fig. 1). Nowever, to 
explore the metzpopulation 
implications of the CCS, we 
need to look at the temporal 
pattern of fadeouts in more 
detail. Figure 2 summarizes 
the spatiotemporal persis- 
tence of measles in England 
and Wales over the last 50 
years as a function of urban 
population size. Before the 
vaccine era (1944-66). 
measles persisted in the 
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Fig. 1. Persistence of measles tn 60 towns and cltres In England and Wales ,n the pre-vaconation era 11944-67). as a 
functron of populabon size In 1960. Persistence IS measured inversely by the propomon of weeks with ‘fade outs’ Ithaee or 
more weeks without Infection. to aliow for under-notification of cases”!). The curve IS a sample least~squares exponl?ntra! 
fit. Tie figure clearly shows the CCS a population threshold of 30@-500000 -above whrch nleasles persrsts. 

troughs between epidemics in cities with a popuiation size of ‘I’his combination of endemic persistence in large communi- 
more than 3Q~-5~0~0~. Epidemics in large centres were ties and fadeout in small ones corresponds crud@ to a main- 
highly synchronized3”-“8. Most local extinctions occurred in land-island meta~o~u~atio~ti. 
relatively small towns, below the CCS; these communities also The full data set provides a large sample of colonization 
showed much more irregular episodic epidemic patterns. and extinction events (with replicates for individual patches) 

r -i- 

Year 
Fig. 2. Below: weekly measles notrfrcabons for 60 towns and cmes rn England and Wales in the period 194494. The verbcal blue III%? tndrcates the start Of mass 
vaccination rn around 1968. Above: equivalent perststence of measles as a runctron of population size and time. in towns and cities up to tits size of Brrmrngham 
Population srze of :ndividcal centres is shown by horizontal green Irnes and the red dots show weeks wrthout notifrcabons - note that this Sllgfsly overestimates the 
degree of fadeout (and therefore overestimates the CCS. compared to fig. li, because of under-notificatronJZ. 



which can be used to estimate the relationship between 
patch size (as measured by the number of human hosts) 
and persistence time. The relationship between colonizatton 
events and distance from the various ‘mainland’ cittes can 
also be analysed in detail. Work in progress here indicates 
that the main effect 06 geographic iSO!atiOn is - UnSUrpriS- 

ii;g]y - to &uce the incidence of infection in the troughs 
between major epidemics. 

The Mi~imurn Viable Population (MVP) of metapopu- 
tation theory is - like the CCS - a measure of the number 
of individuals required for an isolated population to have a 
given probability (usually 95%) of surviving for a finite pe- 
riod (generally 100 years). In general, the MVP depends in a 
complex way on the nature and size of the stochastic vari- 
ations to which the population is subject, and on its long-run 
growth rate”“. As noted above, measles reflects a relatively 
simple population process. This raises the question: can epi- 
demiologicaf theory shed light on the dynamic processes 
that determine the persistence tif measles metapopuiations? 

because we are considering the persistence of infection 
in epidemic troughs, this is a question for stochastic rather 
than deterministic arguments. The essential point is that 
there must be enough susceptible individuals (‘resources’) 
to maintain achain of transmission. In terms of comparisons 
between infections, this depends primarily on the infectious 
period”“. For infections wnh very long infectious periods, 
the chain of transmission is so well maintained that we do 
not see non-seasonal epidemics with deep troughsls. By 
contrast, the short infectious period of measles predisposes 
it to cycles and metapopulation behaviour. 

The absofute level of the CCS has only recently been 
clarified by modelhng. Seasoaality in transmission resonates 
with the epidemic process to produce very deep troughs in 
incidence (Box 1). Simple Romogeneous models predict 
many more extinctions than we observeIx. The introduction 
of realistic heterogeneities in transmission-with host age’,’ 
and the spatial arrangement of host~“‘~-- alleviates this prob- 
lem somewhat. However, these refinements cannot reduce 
the model CC5 below one mill on. 

Recent modelling work shows that, as we66 as the mean m- 
fectious period, the variance in the duration o6 infection may 
also be important for determirring persistencen. Stochastic 
epidemiological models for measles have tended to assume 
that thestatistical distribution of residence ‘imes in disease 
categories, such as the infectious period, follow an exponen- 
tial distribution. This implies relatively variable incubation 
and infectious periods with, in particular, a relatively high 
probability of very short or long infection times. In fact, 
Keeling and GrenfeV show that a more constant (and bio- 
logically correct) infectious period can bring the model KS 
down to a realistic level 06 300-500 000. These results stress 
the importance of looking at the distribution of survival 
rates in flntural enemy metapo~u6at~o~is. 

IJK began in the late 
1960% causing a significant decrease in disease incidence (Q. 
2). Vaccine uptake stayed at around 60% until the late 1980s. 
when it increased to around 90X. Mass vaccination reduces 
the rate at which new susceptible humans are recruited to the 
population and therefore increases the inter-epidemic inter- 
vaPZ. fn metapopulatioIi terms, this corresponds to a decrease 
in the rate of replenishmel~t a6 resources for colonizers. 

HOW did vaccination affect the persistence and spatial 
dynamics of measles in the troughs between epidemics? In 
the Period 6968-8’7 (Fig. 2b), fadeouts in smaller patches 
were spread much more evenly through the year than in the 

pre-vaccination era, owever, surprisingly, the CCS stayed 
roughly the same, even though vaccination reduced aver- 
age measles incidence significantly”7~4”. 

This may well be a manifestation of emergent metapopu- 
lation behaviour. In the pre-vaccination era, epidemics in 
major centres appeared to synchronize disease incidence 
throughout the country. i-lowever, vaccination tends to de- 
correlate local epidemics, by reducing their amplitude”,“4. 
Such asyn:hronies can increase the persistence time of spa- 
tiatly-structured population&4”, via local ‘rescue effectsd7. 

The high vaccination levels during the 1990s have re- 
duced the incidence of measles to very low levels and ap- 
pear to have increased the CCS (Fig. 2). As a result, there 
are now fewer ‘mainland’ patches in the disease metapopu- 
lation. The consequences of this for the metapopulation dy- 
namics of measles are still unclear, but the impact of desyrr- 
chronization on disease persistence in the vaccine era 
seems to be a fruitful area for future research. In partrcu!ar, 
the current vogue for regular Ises’ of vaccmation couid 
have the unexpected benefit o -synchronizing epidemi :s 
in the disease metapopulation‘~H. This could, in turn, 
decrease the possibility of rescue effects promoting dis- 
ease persistence and improve the prospects of large-scale 
disease eradication. Exploring the full spatiotemporal 
impact of vaccination will ultimately require a new gener- 
ation of models, which explicitly allow for hierarchical spa- 
tial heterogeneity. 

population theory share a 
common concern wi:L the way in which the balance 
between extinction and recolonization affects the persis- 
tence of a patchily-distributed species. There is clearly enor- 
mous potential for cross-fertilization between these disci- 
plines. Epidemiological studies have generated long time 
series of data on patch occupancy, which provide excellent 
material for understanding the mechanisms that underlie 
extinction within small populations. ey are also suitable 
for examming how colonization prob ities are af6ected by 
the spatial arrangement of patches. A fruitful avenue for 
future work here is the analysis of hiemrchical spatial data. 
For example, measles appears to correspond to a mainland- 

ulation at the between-city level shown in 
at the individual borough level withi 
ently see local fadeout but global 

tencelfi. The form of metapopulatlon behaviour we see 
depends cm the level in the patch network at which we lookr. 

A key to understanding metapopulation dynamics 
tifying the migration rate of individuals between 
For infections like measles, there is often a mass of relevant 
demographic data on human movement patterns-however, 
arguably the best systems for quantifying movement are 
animal metapopulations where marked individuals can be 
experimentally released. This is a growth area in insect 
meta lation studies”!‘, which has interesting parallels b-r 
the s of dispersal of insect disease vectors by mark- 
recapture? Given the advent of molecular ecological meth- 
ods, genetic variation tn pathogens themselves provides 

. potential measure of the previous contact rate -and 
re dispersal - 06 hosts in many systems. This Books 

exciting area for future studies of both human an 
animal disease metapop~lat~ons. 
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