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An important question in metapopulation dynamics is the in£uence of external perturbations on the
population's long-term dynamic behaviour. In this paper we address the question of how spatiotemporal
variations in demographic parameters a¡ect the dynamics of measles populations in England andWales.
Speci¢cally, we use nonparametric statistical methods to analyse how birth rate and population size
modulate the negative density dependence between successive epidemics as well as their periodicity. For the
observed spatiotemporal data from 60 cities, and for simulatedmodel data, the demographic variables act as
bifurcation parameters on the joint density of the trade-o¡ between successive epidemics. For increasing
population size, a transition occurs from an irregular unpredictable pattern in small communities towards
a regular, predictable endemic pattern in large places. Variations in the birth rate parameter lead to a
bifurcation from annual towards biennial cyclicity in both observed data and model data.
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1. INTRODUCTION

The search for pattern in population ecology has bene-
¢ted enormously from the insights provided by simple
deterministic models (May 1982). The main dynamical
object here is the attractor, which summarizes the model
population's long-term dynamics. The most obvious
questions about the attractor are its nature (stable
equilibrium point, limit cycle, chaos) and its possible
coexistence with other attractors. We are also often
interested in the behaviour of the system when extrinsic
perturbations throw it o¡ the attractor. The latter process
lies at the heart of the debate about the impact of environ-
mental noise on intrinsic density-dependent population
processes (Rand & Wilson 1991; BjÖrnstad et al. 1995,
1996; Hill et al. 1996; Sutcli¡e et al. 1996, 1997; Ranta et
al. 1997). In small populationsöor small components of
large onesöthe deterministic clockwork is also potentially
complicated by the vagaries of individual behaviour. In
practice, the in£uence of this demographic noise has been
particularly studied in ecological metapopulationsöwith
small spatially coupled units (Gilpin & Hanski 1991)ö
and in the persistence of epidemics in small populations
(Bartlett 1956, 1957, 1960).

In parallel with these theoretical developments, statis-
tical studies of population time-series have addressed
similar issues.They have focused in particular on evidence
for cycles and other recurrent population behaviour
(Royama 1992; BjÖrnstad et al. 1995, 1996; Costantino et
al. 1995, 1997; Stenseth et al. 1996b), the density-dependent
forces that generate them (Stenseth et al. 1996a; Framstad
et al. 1997; Saitoh et al. 1997), and the impact of external
perturbations on this picture (Higgins et al. 1997). In
order to explore all these e¡ects fully, we ideally require a
system both replete with high-quality population data and

simple enough to make relatively accurate models. Such
populations are rare in ecology.
One exampleörarely exploited in an ecological

contextöis provided by the great microparasitic diseases
of childhood (Bartlett 1956, 1957, 1960; Schenzle 1984;
Dietz & Schenzle 1985; Scha¡er & Kot 1985; Olsen et al.
1988; Anderson & May 1991; Nee 1994; Bolker & Grenfell
1995; Grenfell et al. 1995b; Keeling & Grenfell 1997). The
paradigm here is measles, where widespread disease
noti¢cation schemes, coupled with a relatively simple
natural history, have led to a mass of spatiotemporal
incidence data and a family of relatively realistic models.
Over the last decade, these characteristics have attracted
considerable attention from population dynamicists in
search of chaos and coexisting attractors (Schenzle 1984;
Scha¡er & Kot 1985; Olsen et al. 1988; Rand & Wilson
1991). However, the speci¢c ecological question of how the
measles attractor is a¡ected by demographic and environ-
mental perturbations has not been studied. Addressing this
question is the aim of the present study, where we focus on
the dynamics of measles in England andWales.

Measles epidemics essentially re£ect a predator^prey
interaction between infected and susceptible individuals
(Anderson & May 1991). The infectious period, of around
a week, is followed by prolonged immunity. Major
epidemics are therefore self-limiting. Due to the depletion
of susceptibles, subsequent epidemics can occur only after
susceptible densities are topped up by births. In England
andWales before vaccination, this pattern led to a regular
biennial sequence of epidemics (¢gure 1a), especially in
cities large enough to maintain a chain of transmission in
epidemic troughs.

The key quantity here is the critical community size
(CCS) of about 250 000 inhabitants (Bartlett 1957, 1960),
which is the population size large enough to maintain
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transmission in epidemic troughs. Bartlett (1957) categor-
ized the regular biennial dynamics generally observed in
large centres above the CCS as type I behaviour. In
smaller centres below the CCS he distinguished regular
biennial epidemics with fadeouts in the intervening
troughs (type II) from irregular (type III) patterns in
small centres, especially when the latter are geographi-
cally isolated (Grenfell 1992; Rhodes et al. 1997). Type III
epidemics are characterized by long periods of extinction
of epidemics in the troughs between epidemics ended by
reintroduction of infection from other areas.

We explore two aspects of the behaviour of the measles
attractor.

(a) Patterns of density dependence
In a previous publication (Finkensta« dt & Grenfell 1998),

we used a generalized linear model (GLM) approach to
quantify the relative in£uence of birth rate and population

size variation on the total number of cases.We showed that
the number of cases in successive biennial cycles is propor-
tional to the population size, allowing for changes in
recruitment of susceptibles due to temporal birth rate
variations. In terms of our search for the behaviour of the
measles attractor, this implies a negative density depen-
dence between the height of successive major and minor
epidemics. We explore this below, using both measles
time-series data and the output of compartment models
for infectious dynamics. The analysis of observed and
model time-series is based on nonparametric density esti-
mation (Silverman 1986).

(b) Impact of birth rate variations
An especially powerful test of our understanding of

population dynamics is provided by exploring how
changes in population parameters a¡ect the system's
attractor. Recent ecological studies have adopted this
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Figure 1. (a) Time-series plot of the measles noti¢cations for the aggregate 60 cities in England and Wales: London (3.3 million
inhabitants), She¤eld (500 000 inhabitants), Great Yarmouth (50 000 inhabitants) from 1944 to 1994 (cases are re-scaled for
comparison). The vaccination programmes started in 1968. (b) Yearly birth rates (births per capita) for Liverpool, London,
England and Wales (average over 60 cities) from 1944 to 1973.



approach to considerable e¡ect, using a combination of
models and data analysis. In an experimental £our beetle
(Tribolium) system, Costantino and co-workers (Dennis et
al. 1995; Costantino et al. 1995, 1997) modi¢ed demo-
graphic parameters to induce bifurcations predicted by
models. Similarly, observed latitudinal gradients in small
mammal dynamics appear to be driven by observed para-
meter variations (BjÖrnstad et al. 1995; Stenseth et al.
1996b).

For measles in the UK, the major demographic varia-
tion over the last 50 years has been a modulation in the
spatiotemporal pattern of recruitment of susceptibles.
These changes were driven by spatial and temporal birth
rate variations and by the onset of mass vaccination. In
general, the impact of increases in birth rate on the
dynamics of measles models is well understood. The most
dramatic e¡ect is observed in developing countries, where
high birth rates generate annual epidemics (Mclean &
Anderson 1988a,b), in contrast to the generally biennial
pattern seen in developed countries (¢gure 1a). Simple
models for the nonlinear dynamics of seasonally forced
epidemics also re£ect this transition with increasing birth
rate, from longer period (biennial or chaotic) patterns to
annual epidemics (Grenfell et al. 1994a).

The observed measles data set for England and Wales
shows a very similar relationship between birth rates and
the pattern of epidemics (Grenfell et al. 1995a). In our
previous paper (Finkensta« dt & Grenfell 1998), we show
that birth rates in£uence the dynamics of measles espe-
cially strongly in the troughs between epidemics.

Birth rate variations a¡ect the recruitment rate of new
susceptibles. Figure 1b shows that the observed birth rate is
subject to variations in both space and time. For instance,
Liverpool generally had a higher birth rate than London.
However, temporal variations can be observed as wellöin
particular, for British cities, the birth rate series has a
distinct peak around 1947. In this paper, we tease out
how birth rate and population size a¡ect the observed
dynamics of the epidemics, and draw a comparison with
equivalent model predictions.

The other major variation in the susceptible recruit-
ment rate over the last 50 years has been the introduction
of mass vaccination in 1968. We therefore ¢nally assess
how vaccination a¡ected the density-dependent signature
in successive epidemics.Vaccination e¡ectively reduces the
recruitment rate of susceptible children. Vaccine uptake
stayed at around 60% until the late 1980s when it
increased to around 90% (Grenfell & Harwood 1997).

2. DATA SETS AND METHODS

(a) Data
(ii) Observed data

We focus on weekly measles noti¢cations in 60 towns and cities
in England andWales.These are o¤cial noti¢cations, taken from
the Registrar General's Weekly Reportsömore details of the
data set are given by Keeling & Grenfell (1997).We analyse data
from two eras:

1. Pre-vaccination recorded cases from 1948 to 1966. These cover
nine biennial waves for each town.

2. Post-vaccination recorded cases from 1972 to 1994. These cover
11 biennial intervals.

The counts are corrected for a 60% underreporting rate
throughout both periods (Clarkson & Fine 1985). Furthermore,
local annual birth rates and population sizes are taken from the
Annual Reports of the Registrar General. Finkensta« dt & Gren-
fell (1998) found that the four-year lag in birth rateöre£ecting
the delay before recruitment of school susceptiblesöprovided the
best explanatory variable for the measles trough behaviour. We
therefore chose this lag length in the following analyses.

(ii) Model data
The model data were obtained from stochastic simulations of

an age structured model (the pulsed realistic age-structured
(PRAS) model) for measles (Keeling & Grenfell 1997). We use
300-year samples, after 50 years have been discarded to remove
transient phenomena. For all simulations the birth rate and death
rate were assumed to be equal, so that the total population size
displays only small stochastic £uctuations about a constant
value. For comparison with observed epidemic dynamics the
three population sizes simulated were 20 000, 200 000 (just
below the CCS) and 2 million. The results were also obtained
for three levels of birth rates: low (0.015 per person per year),
medium (0.02), and high (0.024). Finally, to prevent extinction
of the disease, a low immigration rate of infectious individuals
was included. Following Olson et al. (1988), we used a mean
importation rate of 20 individuals per million population size.
Recent work by us, based on Bartlett's (1956) classic study of the
spatial dynamics of measles, indicates that we can scale the level
of importation as the square root of population size.We therefore
use the formula

average number of imports per year � 0:02
��������������������������������
population size

p
:

Finally, to simulate imports coming from the surrounding towns
and cities more accurately, the rate of import was taken as being
proportional to the number of cases on the biennial attractor of
the deterministic system. We stress that the following model
results are not qualitatively sensitive to the assumed pattern of
imports (Keeling & Grenfell 1998).

(b) Statistical methods
As in the previous analysis, we distinguish between the major

and minor epidemic year of each biennial wave. Here, a `year' is
de¢ned as the time from the beginning of October to the end of
September, and so each year captures a full minor or major
epidemic wave. Typically, the major epidemic years cover the
peaks in the time-series, whereas the minor epidemic years coin-
cide with the minor outbreaks during the intervening trough time
(¢gure 1a).

For each city, weekly cases are summed over the year and then
divided by the contemporaneous population size. This gives a
series ci,t of standardized proportions of cases for community i
(i � 1, : : :, 60) in year t where t � 1948, : : :, 1966 for the pre-
vaccination era and t � 1972, : : :, 1994 for the post-vaccination
era. The same procedure is applied to the model simulations.
Since the number of cases is proportional to the population size
(Finkensta« dt & Grenfell 1998), the standardized counts, ci,t, have
comparable ranges for di¡erent cities, i.

The behaviour of the time-series ci,t is analysed throughout the
paper by a set of three plots:

1. The scatterplot as a delay plot of ci,t against ci,tÿ1.
2. A surface showing the joint density of the scatterpoints,

estimated via nonparametric kernel smoothing (Silverman
1986), where we chose the two-dimensional Gaussian
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product kernel. As a starting point, we used the normal refer-
encing bandwidth given by Silverman (1986), i.e.

bandwidth � 1:06scn
ÿ1

6,

where n is the number of observations, and sc is the estimated
standard deviation of ci,t. However, since it is based on the
normal distribution, the Silverman rule is oversmoothing.We
deliberately corrected for this by using 0.7 times the band-
width, which reveals additional information about modes

becoming unstable. However, we also checked that the
results reported below do not vary for a wide range of
smoothing parameters, including the normal referencing
bandwidth given above.

3. The contour lines corresponding to the joint density.

3. RESULTS

(a) Basic patterns in the observed data before
vaccination

To clarify which interesting dynamical features can be
extracted from the joint density, let us consider the form
of the three plots for the entire pre-vaccination data set
(¢gure 2). The most striking feature is that they reveal a
negative density dependence between successive major and
minor epidemics: this means that the overall number of
cases during a two-year wave approximately c̀onsumes' a
¢xed proportion of the population (Finkensta« dt & Gren-
fell 1998). Secondly, the plots reveal information about
the underlying cyclicity. The clustering in ¢gure 2a indi-
cates the predominance of the biennial pattern where the
major epidemic years are regularly followed by minor
epidemic years and vice versa. This implies that the joint
density in ¢gure 2b has two modes which are most
frequently visited. Thirdly, the plots provide an insight
into the regularity of the data. If the underlying cyclicity is
irregular in the sense that main epidemics are occasionally
missed out then (a) the density-dependent negative rela-
tionship will be more dispersed and (b) there will be a
higher density of scatterpoints near the origin. Figure 2c
shows the contours of the estimated joint density. The
points imposed on the contours are for model data for a
medium-sized city (200 000 inhabitants) with a birth rate
equal to the mean observed birth rate (0.017 per person
per year). Figure 2c demonstrates that real and model
data are compatible with respect to both their range and
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Figure 2. Real data, pre-vaccination 1948^1966. (a) Scatter-
plot of ci,t against ci,tÿ1. (b) Joint density of scatterpoints. (c)
Contour lines of estimated joint density, for observed data
(i � 1, : : :, 60) during the pre-vaccine era (960 data points).
The scatterpoints superimposed on the contour lines in (c) are
model data for a median-sized population with mean birth
rate.
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Figure 3. Maximum height of peak versus mean of previous
minor epidemic year on natural log scale for the 12 largest
cities in the sample set. Data standardized by population size.
The solid line denotes the estimated smooth relationship
(Gaussian kernel, normal referencing bandwidth (Silverman
1986)). The dashed lines are 95% percentiles of the nonpara-
metric estimation applied to 300 replications of pairwise
bootstrap drawings of the same sample size. The estimated
rank correlation coe¤cient is 70.53.



cyclicity. The two biennial modes are also clearly visible in
both model and data.

Figure 2 re£ects two processes: the biennial epidemic
pattern and the negative density dependence between
successive years. Figure 3 focuses on the latter by explicitly
estimating the relationship between the major peak height
and the mean of the previous minor epidemic year for the
12 largest centres. The nonparametric curve indicates
the negative decline in that low troughs are followed by
high peaks and vice versa (Spearman rank correlation

�70.53). This clearly illustrates the negative density
dependence embedded in ¢gure 2. This pattern is also
presentöalthough it is more noisyöin smaller centres.

To summarize, the smooth joint density enables us to
extract information regarding important characteristics of
the underlying attractor such as cyclicity, regularity, and
negative density dependence. We now explore how these
characteristics change with respect to (1) spatial variations
in population size and (2) spatiotemporal variations in
birth rate.
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Figure 4. Set of plots (scatter-
plot, joint density, contour
lines) for observed pre-
vaccination data. The data
are pooled into three di¡erent
population size classes:
(a) 5100 000; (b) 100 000^
250 000; (c) 4250 000. The
number of data points are 208,
518, 234 for the low, medium
and high population level.

Figure 5. Set of plots
(scatterplot, joint density,
contour lines) for observed
pre-vaccination data where
the data are pooled into three
di¡erent birth rate classes:
(a) 50.016; (b) 0.016^0.02;
(c) 40.02. The number of
data points are 372, 518, 70
for the low, medium and
high birth rate levels.
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Figure 6. Set of plots (scatterplot, joint density, contour lines) for simulated data from realistic age-structured compartment
(PRAS) model for three di¡erent population sizes, (a) 20 000; (b) 200 000; (c) 2 million, and three birth rate levels (rows). Each
group contains 300 data points.



(b) E¡ect of variations in demographic parameters

(i) Pre-vaccination era

Observed data
Variations in population size. Figure 4 shows the joint

density and the corresponding plots where the data are
pooled into three classes of population size: small towns
with less than 100 000 inhabitants (13 towns), medium
towns with 100 000^250 000 inhabitants (32 towns), and
large communities above the CCS (15 towns).

For each class, the joint density is bimodal, indicating
that the biennial cycle predominates irrespective of the
local population size. However, the regularity of the
relationship and the negative density dependence do vary
with population size. Figure 4 shows that the height of the
joint density between the two biennial modes rises with
population size. For large communities, the relationship
between the major and minor epidemic years implies
relatively low major epidemics in conjunction with a
higher proportion of cases during the minor epidemics.
The relationship between ci,t and ci,t�1 is monotonic and
less dispersed for the large centres than for the small
ones. For the latter, it is di¤cult to predict the magnitude
of the following major epidemic, in particular if the
previous minor epidemic has been small. The clustering
of scatterpoints towards the origin indicates a lack of regu-
larity, in that smaller places sometimes miss out on main
epidemics (Cli¡ et al. 1993).

The sequence of plots in ¢gure 4 therefore summarizes
the transition from the sporadic pattern of the disease in
small places (type III dynamics) to the smooth, regular
endemic pattern of the large centres (type I and II
dynamics) as classi¢ed by Bartlett (1957).

Variations in birth rate. In ¢gure 5, the data are pooled into
three di¡erent classes according to the four year delayed

birth rate: low birth rate (less than 0.016 per person per
year), mediumbirth rate (between 0.016 and 0.02) and high
birth rate (larger than 0.02). Since birth rate was subject to
more temporal variations than population size, the data for
one city are not necessarily pooled into the same class.
Because birth rate peaked in 1947, the high birth rate class
mainly contains data points from the early 1950s. Some
cities, such as Liverpool, Sunderland, and Coventry, are in
the highest birth rate class almost throughout the whole
study period. The distinctive shape of the dynamics of
communities with high birth rates is also addressed by
Grenfell et al. (1994a) and Finkensta« dt &Grenfell (1998).
For low birth rates, the two-year cyclicity is clearly

predominant. However, the two modes gradually merge
towards one mode in the high birth rate class, where
annual cyclicity becomes predominant. This observation
is supported by our previous study (Finkensta« dt & Gren-
fell 1998), where it was shown that the birth rate has an
increasing e¡ect in particular on the minor epidemic
years due to a quicker replacement of susceptibles after
major epidemics (Grenfell et al. 1994a,b, 1995a). The
impact of the minor epidemic de-emphasizes the biennial
pattern towards a predominant annual pattern. Most
interestingly, ¢gure 5 illustrates the empirical analogue of
a period doubling bifurcation (May 1976) for decreasing
values of the birth rate parameter.

Model data
Figure 6 summarizes the transitions of the model time-

series for three levels of population size (20 000, 200 000,
2 million) and three levels of birth rate (0.015, 0.019, 0.024)
along the vertical axis. These values fall within the low,
medium, and high catagories taken for the real data, so that
parameter values are comparable.
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Consider the changes in pattern for varying demo-
graphic parameters. The small populations (¢gure 6a)
generally behave irregularly with a high frequency of
points close to the origin. For increasing birth rate, the
joint density bifurcates from a single mode close to the
origin towards a bimodal pattern. The corresponding
dynamics therefore evolves from irregular behaviour with
sporadic outbreaks of infection towards a state where
biennial cycles become frequent. The large and medium-
sized populations (¢gure 6b,c) exhibit regular two-year
cycles at low birth rates which become unstable and
merge towards annual cyclicity for high birth rates.
Increasing the population size causes a transition from
irregular behaviour towards regular endemic cycles,
which may be biennial or annual (or a mixture)
depending on the level of the birth rate. The negative
density dependence therefore progresses from the
dispersed, least predictable relationship for small places
towards a predictable, smooth relationship for large towns.
Figure 6 shows that both parameters, population size

and birth rate, act as bifurcation parameters on the joint
density, displaying a single mode at the extremes of a
small population with a low birth rate or a large popula-
tion with a high birth rate. Elsewhere, two modes, and
hence biennial dynamics, dominate.

(ii) Post-vaccination era
Figure 7 shows the delay plots for successive periods

after the onset of the vaccination programme. Since vacci-
nation modulates the recruitment rate of susceptibles from
births, but detailed information on the spatial variations in
vaccine uptake is not available, we cannot disentangle the

impact of birth rate variations during the vaccine era. As
predicted by theory (Anderson & May 1991), ¢gure 7
reveals a reduction in the tendency for biennial epidemics.
Graphs (a)̂ (c) show that the overall incidence pattern
declines with the trend of increasing vaccine uptake in
time. There is e¡ectively no visible pattern other than the
secular decline in disease incidence.

4. DISCUSSION

Both data and models indicate a strong density-depen-
dent signature in the sequence of pre-vaccination measles
epidemics in England and Wales. More generally, the
results illustrate that the joint density summarizes useful
information about the behaviour of ecological time-series
around the deterministic attractor. Using the annual
number of measles cases in 60 communities in England
andWales, the joint density has been shown to be a¡ected
by demographic parameters such as population size and
birth rate. From the joint density, we can infer the
dynamics of the local population, and these results agree
well with intuition. Small populations su¡er from irre-
gular dynamics and long fadeouts, whereas the dynamics
of large populations lies closer to the attractor. Moreover,
both models and data exhibit very similar dynamical
patterns. Speci¢cally:

1. the model predicts proportions of cases that approxi-
mately lie in the same range as the real data.

2. there is a negative density dependence between succes-
sive minor and major epidemics, the predictability of
which improves with a larger population size. The
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Figure 7. Sequence of plots
(scatterplot, joint density,
contour lines) for observed
post-vaccination data. Data
are pooled into three classes of
successive time-periods after
vaccination was taken up: (a)
1972^1982; (b) 1982^1992; (c)
1992^1994. The number of
data points are 600, 480, 120
for the subsequent time-spans.



dynamical behaviour evolves from an irregular occur-
rence of the disease in the small places towards a
regular endemic pattern for large communities.

3. for medium and larger cities the model predicts a tran-
sition from biennial towards annual cyclicity for an
increasing birth rate. Figure 6 shows the empirical
analogue of such bifurcation in the real data.

It is reassuring to ¢nd that the modelöwhich represents
the global attractoröalso has similar behaviour to the
real system far from the stable orbit, and for small popula-
tions when the level of stochasticity is relatively large.

Both models and observed data show that the transi-
tion from biennial to annual epidemics in large
populations is driven by an increasing birth rate. This is
a particularly clear example of a change in dynamic
behaviour driven by a population parameter. More
generally, our results parallel recent work on the dyna-
mical e¡ect of spatial (BjÖrnstad et al. 1995; Stenseth et
al. 1996b) and temporal (Dennis et al. 1995; Costantino et
al. 1995, 1997) parameter variations in ecological systems.
There is a particular analogy with the Tribolium work
(Costantino et al. 1997), since these researchers ¢nd a
simpli¢cation of system dynamics with decreasing
mortality rate of adult beetles, which is broadly analo-
gous with the e¡ects of increasing birth rates on measles
epidemics. However, we also see spatial variations in
measles dynamics, because of the spatio-temporal
pattern of birth rate heterogeneities.

Measles is also unusual because it allows us to test how
the dynamic e¡ects of parameter shifts interact with
demographic stochasticity. In small towns, where demo-
graphic noise is relatively high, we see a dynamic
transition with increasing birth rate from irregular
outbreaks to more biennial patterns. By contrast, the
equivalent transition in large centresöwhich are much
more bu¡ered against demographic noiseöis from bien-
nial to annual epidemics. The pattern in large centres is
the one we would predict from simple deterministic
models (Mclean & Anderson 1988a,b). In small centres,
this picture is complicated by local extinctions of infection,
which can lead to successive years without major epidemics,
if the birth rate is low (the points near the origin in graph
(a) of ¢gure 5). Further modelling and time-series analysis
of epidemics in small centres is required to clarify these
interesting patterns completely.

Finally, what does this analysis tell us about the long-
term stability of the measles attractor? Before vaccination,
there is clear evidence of a density-dependent tendency to
return to the biennial limit cycle. Classical models of
unforced measles dynamics (Anderson & May 1991)
predict that this tendency is weaköepidemics damp very
slowly to the deterministic attractor. This is also the case
for the nonlinearities documented here. For the vaccine
era, the basically biennial epidemic pattern seen before
vaccination gives way to irregular epidemics of low ampli-
tude (Aron 1990; Ferguson et al. 1996). The resulting
signature of density dependence is much less clear than
that for the pre-vaccination era. Apart from the reduction
in cases and the amplitude of epidemics, the most dramatic
impact of vaccination has been a statistical decorrelation
of epidemics (Bolker & Grenfell 1995). Teasing out
whether this arises from a reduction in density-dependent

feedbacksöas documented hereöor other dynamic
e¡ects is an important area for future research.
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