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How to find a metapopulation1

D.A. Driscoll

Abstract: Where habitat loss and fragmentation is severe, many native species are likely to have reduced levels of disper-
sal between remnant populations. For those species to avoid regional extinction in fragmented landscapes, they must
undergo some kind of metapopulation dynamics so that local extinctions are countered by recolonisation. The importance
of spatial dynamics for regional survival means that research into metapopulation dynamics is essential. In this review I
explore the approaches taken to examine metapopulation dynamics, highlight the analytical methods used to get the most
information out of field data, and discover some of the major research gaps. Statistical models, including Hanski’sINCI-

DENCE FUNCTIONmodel (IFM) are frequently applied to presence–absence data, an approach that is often strengthened using
long-term data sets that document extinctions and colonisations. Recent developments are making the IFM more biologi-
cally realistic and expanding the range of situations for which the model is relevant. Although accurate predictions using
the IFM seem unlikely, it may be useful for ranking management decisions. A key weakness of presence–absence model-
ling is that the mechanisms underlying spatial dynamics remain inferential, so combining modelling approaches with de-
tailed demographic research is warranted. For species where very large data sets cannot be obtained to facilitate statistical
modelling, a demographic approach alone or with stochastic modelling may be the only viable research angle to take. Dis-
persal is a central process in metapopulation dynamics. Research combining mark–recapture or telemetry methods with
model-selection procedures demonstrate that dispersal is frequently oversimplified in conceptual and statistical metapopula-
tion models. Dispersal models like the island model that underlies classic metapopulation theory do not approximate the
behaviour of real species in fragmented landscapes. Nevertheless, it remains uncertain if additional biological realism will
improve predictions of statistical metapopulation models. Genetic methods can give better estimates of dispersal than di-
rect methods and take less effort, so they should be routinely explored alongside direct ecological methods. Recent devel-
opment of metacommunity theory (communities connected by dispersal) emphasises a range of mechanisms that
complement metapopulation theory. Taking both theories into account will enhance interpretation of field data. The extent
of metapopulation dynamics in human modified landscapes remains uncertain, but we have a powerful array of field and
analytical approaches for reducing this knowledge gap. The most informative way forward requires that many species are
studied in the same fragmented landscape by applying a selection of approaches that reveal complementary aspects of spa-
tial dynamics.

Résumé : Lorsque la perte et la fragmentation des habitats sont importantes, il est vraisemblable que plusieurs des espe`ces
indigènes aient des niveaux re´duits de dispersion entre leurs populations subsistantes. Pour que ces populations e´vitent
l’extinction régionale dans les paysages fragmente´s, il leur faut de quelque fac¸on adopter une dynamique de me´tapopula-
tion afin que les extinctions locales soient compense´es par des recolonisations. L’importance de la dynamique spatiale
pour la survie re´gionale rend indispensable l’e´tude de la dynamique des me´tapopulations. La pre´sente re´trospective exam-
ine les approches retenues pour l’examen de la dynamique des me´tapopulations, souligne les me´thodes analytiques utilise´es
pour extraire le maximum d’information des donne´es de terrain et identifie quelques-unes des lacunes principales dans la
recherche. On utilise fre´quemment des mode`les statistiques, dont le mode`le deFONCTION D’INCIDENCE (IFM) de Hanski,
avec des donne´es de pre´sence–absence, une me´thode souvent e´tayée par l’utilisation d’ensembles de donne´es àlong terme
qui renseignent sur les extinctions et les colonisations. Des de´veloppements re´cents sont en train de rendre l’IFM plus re´al-
iste biologiquement et e´largissent la gamme de situations dans lesquelles le mode`le peut s’appliquer. Bien qu’il soit peu
vraisemblable de pouvoir faire des pre´dictions précises a` l’aide de l’IFM, le modèle peut s’ave´rer utile pour mettre en or-
dre des de´cisions de gestion. Une faiblesse importante de la mode´lisation base´e sur la pre´sence–absence est que les me´ca-
nismes sous-jacents de la dynamique spatiale sont connus par de´duction; il est donc ne´cessaire de combiner les approches
de mode´lisation avec de la recherche de´mographique de´taillée. Chez les espe`ces pour lesquelles il n’est pas possible d’ob-
tenir de grands ensembles de donne´es pour faciliter la mode´lisation statistique, l’approche de´mographique seule ou
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combinée à la modélisation stochastique peut s’ave´rer être la seule avenue de recherche disponible. La dispersion est un
mécanisme central de la dynamique des me´tapopulations. Des travaux qui allient les me´thodes de marquage–recapture ou
de télémétrie et les me´thodes de se´lection de mode`les démontrent que la dispersion est fre´quemment sursimplifie´e dans les
modèles conceptuels et statistiques de me´tapopulations. Les mode`les de dispersion, comme le mode`le de bioge´ographie
des ıl̂es qui sous-tend la the´orie classique des me´tapopulations, ne s’accordent pas au comportement des vraies espe`ces
dans les paysages fragmente´s. Il est néanmoins pas suˆr qu’un meilleur réalisme biologique puisse ame´liorer les prédictions
des mode`les statistiques de me´tapopulations. Les me´thodes ge´nétiques peuvent fournir de meilleures estimations de la dis-
persion que les me´thodes directes et demandent moins d’effort; il y aurait donc lieu de les conside´rer en meˆme temps que
les méthodes e´cologiques directes dans les recherches courantes. Des progre`s récents dans la the´orie des me´tacommunaute´s
(des communaute´s réunies par la dispersion) mettent en lumie`re une gamme de me´canismes qui viennent comple´ter la thé-
orie des me´tapopulations. En conside´rant les deux the´ories, on ame´liore l’interprétation des donne´es de terrain. La porte´e
de la dynamique des me´tapopulations dans les paysages modifie´s par l’activitéhumaine reste incertaine, mais il existe un
ensemble efficace de me´thodologies de terrain et d’analyse qui permettraient de re´duire cette lacune dans nos connaiss-
ances. La me´thode la plus instructive pour progresser consiste en l’e´tude de plusieurs espe`ces dans un meˆme paysage frag-
mentéà l’aide d’un choix de me´thodologies qui permettent de mettre en lumie`re des aspects comple´mentaires de la
dynamique spatiale.

[Traduit par la Re´daction]

______________________________________________________________________________________

Fragmentation and metapopulations

Habitat loss and fragmentation leave patches of remnant
vegetation in a substantially altered matrix, often farmland
or urban development (Fahrig 2003). In appearance, these
landscapes mimic the island–sea study systems that inspired
island biogeography theory (MacArthur and Wilson 1967),
leading to the assumption that the matrix is uninhabitable
but traversable, while the remnant vegetation represents
semi-isolated patches of habitat (Janzen 1968; Vuilleumier
1970). Island biogeography theory taught us that small is-
lands support small populations which have a high risk of
extinction, with the implication that in fragmented land-
scapes extinction rates in remnant patches will be high. The
outlook for species in the extensive human-dominated land-
scapes around the planet was therefore bleak (Pickett and
Thompson 1978; Soule´ 1983). However, metapopulation
theory offers a theoretical solution to this unpalatable ex-
pectation of widespread extinction. Recolonisation of re-
cently extinct habitat patches could stem the expected
decline of species from fragmented landscapes (Hanski and
Gilpin 1991), and so metapopulation theory was firmly
grasped and applied in the conservation field (Harrison
1994). Hanski (1998) argued that species can only survive
in fragmented landscapes through metapopulation dynamics,
because without recolonisation, local extinctions must accu-
mulate into regional or global extinctions (Pickett and
Thompson 1978). Although there remains substantial uncer-
tainty about how important metapopulation dynamics might
be in fragmented landscapes (Harrison and Bruna 1999;
Fahrig 2003; Baguette 2004), the logic of Hanski’s (1998)
argument is inescapable for species that are confined to rem-
nant habitat patches and that are not very widely dispersing
relative to the distance between patches. If one is charged
with conserving biodiversity in a fragmented landscape, you
need to know which species function as a metapopulation or
which species could function as a metapopulation with some
level of habitat restoration.

Given the possibility that metapopulation dynamics could
help reduce the decline of biodiversity from fragmented
landscapes, taking a metapopulation approach to research in

extensively cleared regions is important (Hanski 1999; Han-
ski and Gaggiotti 2004). My aim in this review is to crit-
ically evaluate the methods used in the field to explore
metapopulation dynamics, to highlight the knowledge we
have gained through applying those methods, and to identify
knowledge gaps that need research attention. The review is
broad in scope, and so I do not attempt to review or present
the literature comprehensively. I give particular emphasis to
the analytical methods that have been used to extract the in-
formation hidden within field data because some of the most
informative papers in recent years have taken clever statisti-
cal approaches.

What is a metapopulation?

Many types of spatial population dynamics have been la-
belled as metapopulations, which hamper clear communica-
tion. Broad use of the term metapopulation was encouraged
when it was defined as a set of local populations with mi-
gration between them (Hanski and Simberloff 1997).
Although the broad definition was able to accommodate the
continuous reality of spatial population dynamics (Harrison
and Taylor 1997), the broad application of metapopulation
renders the term virtually uninformative (Elmhagen and An-
gerbjorn 2001). For example, patchy populations (Harrison
1991), where individuals are clumped but dispersal is so
high that the clumps are all part of a single population, are
frequently referred to as metapopulations. Examples include
wandering albatross (Inchausti and Weimerskirch 2002), sea
lions (Raum-Suryan et al. 2002), and cougars (Sweanor et
al. 2000). However, clumps of individuals with high levels
of dispersal between them, and either no extinction or ‘‘ex-
tinction’’ by patch selection, would not be called a metapo-
pulation by many authors (e.g., Marsh et al. 1999). This
means that we need to delve deeply into the study when a
species is reported to have a metapopulation to discover
how independent the populations were, how much dispersal
there is, if there is any population turnover, and the mecha-
nism behind the turnover. Rapid and efficient communica-
tion is not possible without the definition of types of
metapopulation.
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Harrison (1991) recognised four main types of spatial dy-
namics in the empirical metapopulation literature:
(1) Classic metapopulations, where all local populations

are prone to extinction and the rate of extinction is ba-
lanced by recolonisation (Levins 1970).

(2) Mainland–island metapopulations, where a large or
high-quality habitat patch supports a large population
with no risk of extinction, and smaller surrounding popu-
lations are dependent on immigration from the mainland
population (Harrison 1991), which is equivalent to
source–sink dynamics (Pulliam 1988).

(3) Patchy populations, where individuals in a single inter-
breeding population have clumped distributions. The
clumps do not exist as separate populations at all, so pat-
chy populations are not a kind of metapopulation.

(4) Nonequilibrium populations, where extinction is not
balanced by recolonisation, which is a scenario often ob-
served in highly fragmented landscapes (Bolger et al.
1997). Nonequilibrium systems represent declining or
expanding populations, and these are not metapopula-
tions.

Harrison and Taylor (1997) portrayed the continuous na-
ture of these four models using two axes (Fig. 1, modified
from their Fig. 2 on p. 40; also see Rieman and Dunham
2000). As dispersal ability increases relative to the distance
between patches, spatial dynamics pass from nonequilibrium
dynamics (dispersal too low for recolonisation, so extinction
is the dominant process) through classic metapopulations to
patchy populations (high dispersal creates a single inter-
breeding population). Increasing variation in patch size or
quality (surrogates for variation in extinction risk) represents
the second axis, with nonequilibrium, classic, and patchy
populations occurring when patches are all of similar size
or quality, and mainland–island (or source–sink) dynamics
occurring when some patches support large populations and
provide many emigrants, while others have populations that
are not self-sustaining and are dependent on immigration.
Harrison and Taylor’s (1997) scheme did not make explicit
reference to differences in extinction rates between nonequi-
librium, classic, and patchy populations. Extinction rate
should be inversely correlated with dispersal distance
(Fig. 1.). Also, the model does not include the scenario of
isolated populations with no dispersal or extinction, and it
does not include the expanding population scenario that was
originally included in the nonequilibrium category (Harrison
1991). Furthermore, the conceptual model does not easily
accommodate deterministic metapopulation processes, where
changes in habitat through succession and changes associ-
ated with human impacts determine when colonisation and
extinction occur (Thomas and Hanski 1997).

Although the continuous nature of these metapopulation
types has been emphasised (Harrison and Taylor 1997),
there is concern that ‘‘types’’ may lead to inappropriate in-
terpretation of mechanisms governing species distributions
(Thomas and Kunin 1999; Hanski and Gaggiotti 2004). Han-
ski (1999) and Hanski and Gaggiotti (2004) emphasise that
researchers should take a ‘‘metapopulation approach’’ rather
than try to fit real systems into theoretical boxes. The meta-
population approach includes assessing if habitat is discrete,
if local populations have asynchronous dynamics, if local
breeding populations are sustained for at least a few genera-

tions, and if there is dispersal to affect larger scale metapo-
pulation dynamics (Hanski 1999). The metapopulation
approach does provide the framework for research into spa-
tial population dynamics, even when metapopulation dynam-
ics are not observed (Sutcliffe et al. 1997). However, once
the metapopulation approach has been followed, there is still
a need to convey where on the metapopulation spectrum the
study species falls. It is not informative to report that a spe-
cies has metapopulation dynamics according to the broadest
definition. The categories and continuum diagram of Harri-
son and Taylor (1997) remains an effective means of de-
scribing spatial dynamics. Species in patchy landscapes are
frequently reported to include characteristics of more than
one metapopulation type (Hill et al. 1996; Nieminen and
Hanski 1998; Dunham and Rieman 1999), which is an infor-
mative and wel1-established solution to the problem of na-
ture not fitting a single theoretical box.

There has been some confusion about where migratory
species fit on the metapopulation spectrum. For example,
the 200 remaining orange-bellied parrots (Neophema chrys-
ogaster (Latham, 1790)) breed in a single population in
southwest Tasmania, Australia, in summer, but migrate to
two separate locations on the mainland in winter (Drechsler
1998). Drechsler (1998) suggested that this situation fitted a
mainland–island metapopulation model. However, Haila et
al. (1993) addressed a similar scenario of migratory birds re-
occupying habitat patches in Finland, and argued that the
loss or gain of migrant birds from habitat patches was due
to changes in territory locations and not population proc-
esses. This issue is likely to be general for species that in-
habit different regions at different times of the year (e.g.,
Sinsch 1988; Hinkes et al. 2005), and not just for birds. In
a review of the application of metapopulations to migratory
birds, Esler (2000) observed that subpopulations may be
geographically extensive but still function as a metapopula-
tion if separate subpopulations are demographically inde-
pendent. This may occur even if individuals from separate
subpopulations cohabited for part of each year. The degree
of independence of subpopulations is therefore the appropri-
ate means of attempting to classify the spatial dynamics of
migratory species. If subpopulations are not demographi-
cally independent, despite occurring in several sites, then
patchy population is an appropriate category, not one of the
metapopulation types (Harrison and Taylor 1997; Esler
2000).

Methodological approaches and insights

Presence–absence surveys and STOCHASTIC PATCH
OCCUPANCY models

Metapopulation theory predicts particular patterns of
patch occupancy. Therefore, examining the spatial pattern
of presence and absence among a set of habitat patches al-
lows field ecologists to make inferences about metapopula-
tion processes. For example, patchy populations will have
all suitable patches occupied, whereas classic metapopula-
tions will have only a proportion of suitable patches occu-
pied. A presence–absence data set represents the result of a
long period of extinctions and colonisations. Those proc-
esses can be inferred from the presence or absence of a spe-
cies from sites with particular characteristics, notably patch
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size (surrogate for population size and extinction risk), and
level of isolation (surrogate for colonisation rate) (Etienne
et al. 2004).

A common approach to analysing presence–absence data,
sometimes complemented by records of colonisation and ex-
tinction (population turnover) or dispersal data, is to use a
STOCHASTIC PATCH OCCUPANCYmodel. These models enable
the prediction of metapopulation dynamics based on data
sets that are readily collected in the field. In their review of
STOCHASTIC PATCH OCCUPANCYmodels, Etienne et al. (2004)
describe four steps in interrogating real metapopulations us-
ing these models: (1) collect patch occupancy data; (2) de-
cide which parameters to include in the model, depending
on the data available; (3) apply the data to the model to es-
timate model parameters; and (4) predict metapopulation dy-
namics under different scenarios but within the bounds of a
sound uncertainty analysis (Etienne et al. 2004).

The INCIDENCE FUNCTION model (IFM) (Hanski 1994) is
one of the most widely usedSTOCHASTIC PATCH OCCUPANCY

models. The simplest form uses a snapshot of species pres-
ence and absence. The model predicts extinctions based on
patch size and colonisations based on isolation. This allows
the proportion of patches that should be occupied (inci-
dence) to be estimated. The model assumes that the system
is in colonisation–extinction equilibrium (i.e., excludes non-
equilibrium metapopulations from consideration) and that
spatial autocorrelation among subpopulations is negligible
(discussed below). Hanski et al. (1996) used incidence of
the Glanville fritillary butterfly (Melitaea cinxia (L., 1758))
in 50 sites to parameterise the IFM. They tested the model
predictions using data from 15 separate patch clusters and
then for 16 km2 regions that covered the species’ entire
range and included 1502 patches (i.e., the data set was very
big). They expected a rescue effect to occur, where immi-
gration prevents local extinction (Brown and Kodric-Brown
1977). Consequently, they also needed to estimate the mini-
mum patch size that could sustain a population to enable the
model parameters to be estimated (Hanski et al. 1996). The
IFM predicted the incidence ofM. cinxia within patch net-
works to within two standard deviations (SD) for, on aver-
age, 6.4 of the 15 patch networks. When the data were

divided into 16 km2 regions, the observed incidence in 74%
of squares was within 2 SD of the predicted incidence, im-
plying moderate accuracy. Hanski et al. (1996) warned that
we should not take the quantitative values of IFM predic-
tions very seriously, but argued that management decisions
would not be hindered because they are more likely to be
based on relative results, not absolute values. There is some
theoretical support suggesting that management decisions
can be effectively ranked based on model results (Nicholson
and Possingham 2007).

Many metapopulations are driven by deterministic
changes in patch quality (Thomas 1994). For example, the
grasshopperBryodema tuberculata (Fabricius, 1775) is able
to breed on recently established gravel bars along braided
rivers in central Europe (Stelter et al. 1997). Populations
can be exterminated by flooding or by a lack of disturbance
during which plants overgrow the habitat thus rendering it
unsuitable (Stelter et al. 1997). The often cited metapopula-
tion of pool frogs (Rana lessonae Camerano, 1882) in Swe-
den is a deterministic metapopulation, with pond succession
leading to local population extinction (Sjo¨gren-Gulve 1994).
These common metapopulation structures cannot be ex-
plored using the simple IFM (Hanski 1994) because the
IFM assumes that patches become available for recolonisa-
tion after local extinction. However, Verheyen et al. (2004)
modified the IFM to include patch age as a factor in predic-
tions of incidence, as well as a measure of patch quality in
estimates of colonisation and extinction rates. They found
that the modified IFM models were as good as or better
than the logistic regression in describing their plant-species
data in successional forest patches (Verheyen et al. 2004).
Their results showed that species with low dispersal and fe-
cundity had lower rates of population turnover but were
slower to colonise patches and were unable to colonise iso-
lated patches.

Limitations of presence–absence and turnover data
There are some key limitations in using presence–absence

data to infer metapopulation processes. My discussion here
is focussed on limitations of the IFM, but the ideas gener-
ally highlight pitfalls to watch out for when using
presence–absence and turnover data to explore metapopula-

no dispersal high dispersal
between patches between patches

extinction > extinction = no extinction
colonization colonization

Variance in
extinction
risk (owing
to variation
in patch size
or quality)

Non–
Equilibrium

Classic
Metapopulation

Patchy
Populations

Mainland–Island and
Source–Sink

Fig. 1. The continuum of spatial dynamics encompasses four population types, distinguished by variance in extinction risk (vertical axis)
and dispersal between patches and extinction rate relative to colonisation rate (horizontal axis) (modified from Harrison and Taylor 1997,
p. 40; reproduced with permission of Elsevier#1997).
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tion dynamics. One of the most important limitations is the
quality of the data. Large data sets are needed, but the size
of the data set will depend on the system. STOCHASTIC

PATCH OCCUPANCY models extract information from the iso-
lation and size (or other patch traits in more complex mod-
els) of occupied and unoccupied patches. If the patches do
not encompass a broad range of sizes and isolation, there
will be very little information for the model to work on.
For species that occur in few patches with limited distribu-
tions, it may not be possible to build a model with adequate
power to detect management impacts (Tyre et al. 2001).
However, it may be possible to compensate for lack of sites
by surveying them over a longer period (Etienne et al.
2004). Etienne et al. (2004) suggest that 25 patches with
<3 years of data is unlikely to give realistic parameter esti-
mates (Etienne et al. 2004). However, different data sets
will contain different amounts of information depending on
the spatial arrangement of patches and rate of population
turnover, so there are no rules of thumb to define the mini-
mum adequate data set (Etienne et al. 2004).

Long-term projections based on short-term data sets will
be inaccurate when populations are not in a colonisation–
extinction equilibrium (Baguette 2004; Castellon and Siev-
ing 2006). Surveys over 30 years of the silver-studded blue
butterfly (Plebejus argus (L., 1758)) (Thomas et al. 2002)
showed that predictions based on a single survey gave sub-
stantially more optimistic predictions of extinction risk than
predictions based on the whole data set. Although Thomas
et al. (2002) thought that ranked decision-making would
still be possible based on short-term data sets, they warned
that predictions were likely to be misleading because short-
term colonisation and extinction rates vary stochastically
from the long-term average. In another example, Linden-
mayer et al. (1999) found that the actual incidence of moun-
tain brushtail possums (Trichosurus caninus (Ogilby, 1835))
in southeast Australian forests was not significantly related
to predicted incidence under any of the four IFMs they ex-
plored. Mountain brushtail possums are long-lived, so they
might not have reached an extinction–colonisation equili-
brium, preventing realistic estimates of incidence (Linden-
mayer et al. 1999). Hanski et al. (1996) suggest that the
bias associated with short-term deficits of colonisation or
extinction can best be overcome by estimating parameters
from more than one independent set of subpopulations.

Failing to detect a species in a patch when it is present
(false absences) can also hinder recognition of metapopula-
tion processes using presence–absence surveys (Tyre et al.
2003; MacKenzie et al. 2004; Wintle et al. 2004; Pellet and
Schmidt 2005). For example, in northeast Switzerland, Kery
et al. (2006) found that extinction rates of plants were over-
estimated by between 11% and 250% of the actual extinc-
tion rate when false absences were not accounted for. In
some study systems it is possible to completely search
patches to ensure that there are no false absences, such as
in specialist insects that use a single host plant and are con-
spicuous when present (Thomas and Harrison 1992; Eber
and Brandl 1996). However, for less convenient species,
false absences need to be quantified by repeatedly surveying
sites and using statistical measures to calculate the rate of
error for a given survey effort. Using a data set of eight re-
peated surveys of owl and possum species in forests of

southeastern Australia, Wintle et al. (2005) applied a Baye-
sian implementation of the zero-inflated binomial model to
estimate the rate of false absences for different survey ef-
forts. They reported that powerful owls (Ninox strenua
(Gould, 1838)) could be detected on 13% (95% confidence
intervals 9%–18%) of visits to a site, whereas the sugar
glider (Petaurus breviceps Waterhouse, 1838) could be de-
tected on 55% (47%–63%) of visits. To be 90% confident
of detecting the owl and glider, 18 and 5 repeat surveys
were needed, respectively. For species that cannot be com-
pletely surveyed, estimation of false-absence rates and ad-
justment of field survey effort will need to become routine
for metapopulation studies.

In a review of data limitations in metapopulation
presence–absence studies, Moilanen (2002) identified two
key weaknesses in addition to false absences: poorly esti-
mated patch size and unmapped patches. Patch mapping
may be inaccurate when the habitat of a species is not
clearly delineated from the matrix, and when the spatial res-
olution of data is course, precluding the recognition of small
patches. When patch size is not accurately measured, the ac-
curacy of extinction risk estimates is reduced, and when all
patches are not found, dispersal capability is overestimated.
In simple implementations of the IFM, size and isolation are
the two key parameters, so accurate estimation of patch size
and the location of all patches is essential. However, when
more complex dynamics are involved, additional factors
will also need to be accurately measured in the field, such
as patch condition or patch age in deterministic metapopula-
tions (Verheyen et al. 2004).

Spatial autocorrelation of extinction risk among subpopu-
lations is assumed to be weak under the IFM. Substantial
correlation of dynamics among subpopulations makes IFM
predictions vulnerable to being highly inaccurate (Eber and
Brandl 1996; Hanski et al. 1996). Spatial autocorrelation
can arise through dispersal, and this has been accounted for
in metapopulation analyses, at least in part, through incorpo-
ration of a rescue effect (Brown and Kodric-Brown 1977;
Hanski 1994). For example, Lindenmayer et al. (1999) de-
fined an IFM where colonisation rate into patches declined
with increasing distance from continuous forest. However,
autocorrelation can arise through other mechanisms, such as
correlated weather patterns (Koenig 1999). The solution is to
test for spatial autocorrelation in the presence–absence data
set. Gonza´lez-Megı́as et al. (2005) suggest that if there is
spatial autocorrelation in the dependent variable (beetle den-
sity in their example), then one should fit the explanatory
(independent) variables and should test for spatial autocorre-
lation in the residuals of the analysis. If there is no longer
significant autocorrelation, then the spatial autocorrelation
in the dependent variable is explained by the spatial pattern
in the explanatory variables, such as proximity to source
populations (Gonza´lez-Megı́as et al. 2005). If the residuals
are spatially autocorrelated, Gonza´lez-Megı́as et al. (2005)
show how variables can be generated that will remove the
spatial autocorrelation when the variables are used in a step-
wise regression. In this way, the spatial autocorrelation can
be fully accounted for, enabling the impact of other explan-
atory factors to be explored without being confounded by
autocorrelation. Gonza´lez-Megı́as et al. (2005) report that,
when spatial autocorrelation was accounted for, different
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factors were important in explaining the risk of extinction.
Based on 5 years of surveying 20 patches of the cruciferous
host plantHormathophylla spinosa (L.) P. Küpfer, the ex-
tinction risk of the chrysomelid beetleTimarcha lugens (=
Timarcha gravis Rosenhauer, 1856) was predicted by plant
density and altitude when one did not account for autocorre-
lation. When spatial autocorrelation was included in the
model, plant size, isolation, and aspect were the important
variables.

There is a risk thatSTOCHASTIC PATCH OCCUPANCYmodels
can be applied to data sets where the spatial dynamics are
not a metapopulation. For example, in testing the IFM using
the incidence of possum species in eucalypt fragments in
Australia, Lindenmayer et al. (1999) found that one IFM
could not be parameterised for the common ringtail possum
(Pseudocheirus peregrinus (Boddaert, 1785)), possibly be-
cause the possum was able to nest in the matrix, violating
the patch–matrix assumption of the model. Baguette (2004)
warns that classic metapopulations, assumed when applying
the IFM, are rare in nature. Similar conclusions have been
made by Harrison (Harrison 1994; Harrison and Hastings
1996; Harrison and Taylor 1997; Harrison and Bruna 1999).
Application of a STOCHASTIC PATCH OCCUPANCYmodel may
not be appropriate for many presence–absence data sets,
and appraisal of the assumptions of the classic metapopula-
tion model is necessary.

Etienne et al. (2004) described the historic development
of methods for analysing presence–absence and turnover
data, demonstrating that there are now many solutions to
the weaknesses of earlier analyses. The developments in-
clude methods for using both turnover and occupancy data,
Bayesian methods for estimating parameters (including in-
corporating risk of false absences), and examples of model
development that include more complex spatial processes
such as variation in matrix permeability. Ovaskainen and
Hanski (2004) report a method for including metapopula-
tion-wide environmental stochasticity into aSTOCHASTIC

PATCH OCCUPANCY model. Modelling tools of this kind will
continue to be increasingly powerful methods for extracting
information from presence–absence or turnover data sets, as
well as for exploring mechanisms that might underlie the
observed spatial patterns.

Other statistical modelling approaches
STOCHASTIC PATCH OCCUPANCY models are not the only

way of analysing presence–absence data sets in metapopula-
tion studies, and other statistical modelling approaches have
been used to good effect. For example, the combination of a
long-term data set with statistical modelling was used in one
of the most cited examples of a metapopulation. To identify
the importance of pond succession in the pool frog metapo-
pulation, Sjögren-Gulve (1994) combined a number of sour-
ces of information. Principle among these was a long-term
record of extinctions from 1962 to 1987. Habitat destruction
and overgrowing by succession were obvious causes of ex-
tinction, and formed the basis of the succession model.
However, at a large number of ponds, Sjo¨gren-Gulve (1994)
also recorded frog presence or absence along with water
chemistry, temperature, fish predators, pond exposure, and
spatial variables, particularly distances to the sea and to the
nearest occupied or extinct population. Using stepwise logis-

tic regression, Sjo¨gren-Gulve (1994) established that small
ponds with low temperature–exposure indices were prone to
extinction, and that populations that were isolated, usually
by loss of nearby ponds through succession, were also vul-
nerable to extinction.

Establishing relationships between patch occupancy and
condition is especially important in fragmented landscapes,
because patch degradation could have an over-riding influ-
ence on species occurrence (Harrison and Bruna 1999).
Wettstein and Schmid (1999) used an analysis of covariance
(ANCOVA) model to identify correlates of arthropod diver-
sity in Switzerland. They found that patch condition (e.g.,
whether wetland sites had been grazed or mown) and geo-
graphic variables implicating dispersal processes were both
important in explaining grasshopper and butterfly distribu-
tions (Wettstein and Schmid 1999). For pond-breeding frogs
in eastern Australia, a backward stepwise logistic regression
revealed that the amount of canopy cover within 1 km,
emergent vegetation, extent of bare ground, and presence of
predatory fish influenced species occurrence, emphasising
that both quality of the local pond and quality of nonbreed-
ing season habitat were important (Hazell et al. 2001, 2004).

An alternative to correlating environmental variables with
species presence to predict suitable habitat conditions is to
use patterns of species co-occurrence (Mu¨nzbergova´ and
Herben 2004). Using patterns of plant species co-occurrence,
Münzbergova´ and Herben (2004) were able to identify unoc-
cupied suitable and unsuitable patches without the need for
expensive and time-consuming transplant experiments,
although transplant experiments remain an alternative (de
Vries 1996). Predictions about metapopulation dynamics in
human-fragmented or restored landscapes must explore the
effects of habitat quality, in addition to parameters related
to connectivity, because remnants and restoration may not
provide suitable habitat for many species (Hobbs et al.
2003; Driscoll 2004; Jansen 2005).

Population dynamics
A different approach to understanding the potential influ-

ence of patch quality on metapopulation dynamics has been
to study the demography of populations in a small number
of patches. In a 25-year survey, Elliott (2004) recorded the
density of cocoons, juvenile, and adult leechesErpobdella
octoculata (L., 1758) from two populations: one in deep still
water (population A) and the other in shallow fast-flowing
water (population B). Population B showed substantially
greater population fluctuations than population A. Fitting a
Ricker model to examine density relationships among life-
history stages (Ricker 1954; Hanski 1999), Elliott (2004)
showed that the population dynamics were density depend-
ent. Density dependence probably arose because juvenile
and cocoon stages were preyed upon by adult leeches in
proportion to adult density. Furthermore, the larger popula-
tion fluctuations in population B were probably because the
relationship between young life-stage death and adult den-
sity was twice as strong in population B. Elliott (2004) con-
cluded that mainland–island metapopulation dynamics were
likely in this leech system. Populations in deep, still pools
had stable population dynamics and acted like a mainland,
while populations in shallow flowing water had large popu-
lation fluctuations and so were more vulnerable to extinction
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(Elliott 2004). By a detailed examination of population de-
mography, it is possible to make strong inferences about
possible metapopulation dynamics and to identify the mech-
anisms leading to those dynamics.

Inferences about metapopulations may not be obvious
from an array of demographic data and so simulation model-
ling has been used to explore likely metapopulation dynam-
ics. STOCHASTIC PATCH OCCUPANCYmodels like the IFM are
mathematically simpler than simulation modelling, and so
are preferable because they are easier to apply and under-
stand (Ovaskainen and Hanski 2004). However, spatial dy-
namics may not be adequately described by a simple model,
or it may not be possible to collect the extensive data sets
needed to parameteriseSTOCHASTIC PATCH OCCUPANCYmod-
els. As an alternative, detailed studies of demography and
dispersal from a smaller number of sites can be used to de-
velop a mechanistic simulation model. For example, Lead-
beater’s possum (Gymnobelideus leadbeateri McCoy, 1867),
from forests of southeastern Australia, has been extensively
studied and modelled (e.g., Lindenmayer and McCarthy
2006). Lindenmayer and Possingham (1996) parameterised
a metapopulation simulation model (Possingham and Davies
1995) of this species based on an extensive empirical data
set. Radio-tracking data implied that subadults disperse up
to 2 km, which was used as the maximum dispersal distance
in the model. Environmental correlates of occurrence identi-
fied two critical traits that determine patch quality: tree hol-
lows for nesting and gum exudates fromAcacia P. Mill.
trees as food. The availability of these resources was linked
to patch succession after logging or fire. The relationship
between tree hollow, food resources, and succession was in-
cluded in the patch suitability component of the model. Pop-
ulation growth, reproduction, mortality, and home-range size
were all included in the model based on extensive demo-
graphic surveys over the preceding 15 years. Lindenmayer
and Possingham (1996) used the model to explore manage-
ment scenarios that included varying the size and number of
logging exclusion areas, as well as retaining trees after fire
rather than logging them. Like applications of the IFM, the
precise outcomes from the possum simulation model were
sensitive to the parameter values; however, management op-
tions could still be ranked reliably, allowing better manage-
ment of metapopulations in fragmented landscapes.

Although simulation models provide valuable tools for
exploring scenarios to rank management options, they may
have very limited ability to project into the future when un-
certainty in predicted trajectories is taken into account
(Ludwig 1999; Fieberg and Ellner 2000). Lindenmayer et
al. (2003) reviewed the application of simulation models to
their natural fragmentation experiment at Tumut, Australia,
and concluded that predictions were likely to be less accu-
rate for study systems that were more complex, including
metapopulations. Recent empirical (Lindenmayer and Mc-
Carthy 2006) and theoretical tests (McCarthy et al. 2003) of
the relative ranks of management decisions using population
viability analysis models suggest that ranks may be robust to
plausible levels of uncertainty and to changes in model pa-
rameters as new data come to light, although these were not
metapopulation models. Exploration of metapopulation proc-
esses and management of metapopulations using simulation
models must continue to be approached in an experimental

way, including testing predictions with independent data
sets (McCarthy et al. 2000).

Dispersal
My consideration of demographic approaches to studying

metapopulations above included the mention of dispersal be-
cause dispersal is central to metapopulation dynamics. Here
I review the most important approaches for studying disper-
sal and relate insights gained into metapopulation dynamics.

Mark–recapture methods
Mark–recapture methods have provided important evi-

dence for metapopulation processes, including the role of ju-
venile dispersal (Skvarla et al. 2004; Smith and Green 2006)
and long-distance dispersal (Baguette 2003). Driscoll (1997)
used mark–recapture methods to explore the likelihood of
dispersal between adjacent populations for two frog species
(Geocrinia vitellina Wardell-Johnson and Roberts, 1989 and
Geocrinia alba Wardell-Johnson and Roberts, 1989) from
southwestern Australia. Annual displacement was <20 m for
90% and 97% of individuals forG. vitellina andG. alba, re-
spectively. All displacement between years was <50 m. Ex-
tremely low dispersal distances implied that recolonisation
of isolated swamps was unlikely and that these species do
not function as metapopulations (Driscoll 1997). Observa-
tions at the other extreme of dispersal have led Brommer
and Fred (1999) to infer patchy populations, not metapopu-
lations, in the Apollo butterfly (Parnassius apollo (L.,
1758)). The median recapture distance was 260 m, the max-
imum 1840 m, and only 27% of recaptures were in the orig-
inal host-plant patch (Brommer and Fred 1999). Mark–
recapture methods have also highlighted the influence of
matrix composition on dispersal. In the UK, Purse et al.
(2003) observed little movement of the rare damselflyCoe-
nagrion mercuriale (Charpentier, 1840) between heath
patches when there was scrub growing between patches. In
a second landscape with no scrub, the damselfly showed
substantial movement between patches (Purse et al. 2003).
Similarly, cactus bugChelinidea vittiger (= Chelinidea vitti-
gera Uhler, 1863) dispersal was reduced by >50% in land-
scapes with taller vegetation between theOpuntia P. Mill.
cactus host-plant patches (Schooley and Wiens 2004). These
field observations emphasise that the assumption of a homo-
geneous matrix made under the classic metapopulation
model is not true for some species and that more complex
models may be needed.

Mark–recapture data have recently been interrogated us-
ing model-selection procedures and these have led to valua-
ble insights into dispersal and possible spatial dynamics
(Roland et al. 2000; Casula 2006). Model selection involves
setting up statistical models that represent likely biological
processes, then applying the models to the data and selecting
among them using a goodness-of-fit measure such as
Akaike’s information criterion. Skvarla et al. (2004) cap-
tured, marked, and recaptured banner-tailed kangaroo rats
(Dipodomys spectabilis Merriam, 1890) at eight population
clusters in a 6 km2 desert area in the USA. Some clusters
were separated by a tall-grass matrix, others by shorter veg-
etation (Skvarla et al. 2004). They captured 1254 animals a
total of 5101 times, but only detected 26 interpopulation
movements. Skvarla et al. (2004) set up a priori statistical
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models that included parameters for matrix habitat type, age
class, distance between population clusters, and different
models of dispersal including isolation by distance (dispersal
proportional to distance between patches), stepping stone
(dispersal between adjacent patches only), and the island
model (equal dispersal among all populations regardless of
distance). Although the paucity of observations of interpopu-
lation dispersal led to low analytical power, their modelling
approach did suggest that theISOLATION-BY-DISTANCE model
was most appropriate, that the nature of the matrix could in-
fluence dispersal, that the probability of dispersal was low,
and that the cluster of populations is a closed system. In
terms of spatial dynamics, their results imply that total sys-
tem collapse would not be countered by recolonisation from
elsewhere and that new breeding clusters may be slow to es-
tablish, especially through a tall-grass matrix. The model-se-
lection procedure provides an explicit statistical means of
exploring the likelihood of particular biological processes
and is an important tool for extracting patterns from mark–
recapture data.

For species that have patchy distributions with limited
migration between semi-independent subpopulations, mark–
recapture data can be used to parameterise theVIRTUAL MI-

GRATION model (Hanski et al. 2000). TheVIRTUAL MIGRATION

model estimates emigration and immigration with respect to
patch size, migration mortality, and dispersal curves that
take into account the biases of the raw mark–recapture data
(Hanski et al. 2000; Wahlberg et al. 2002). At least 10 pop-
ulations varying in size and isolation are needed, including
the recapture of several hundred individuals (Hanski et al.
2000). The method will therefore be impossible to apply in
many study systems. However, it does work for habitat spe-
cialist butterflies (Hanski et al. 2000) and beetles (Matter
2006). Applying theVIRTUAL MIGRATION model (Hanski et
al. 2000) to five butterfly species from patchy habitat in Fin-
land, Wahlberg et al. (2002) reported relatively low migra-
tion mortality (10%–20%). The rate of emigration was
higher and the rate of immigration was lower for small
patches, inflating the risk of extinction on small patches
through dispersal behaviour (Wahlberg et al. 2002). Schtick-
zelle et al. (2006) used the same method, but applied it to a
single species (bog fritillary,Proclossiana eunomia (Esper,
1799)) in four landscapes representing a gradient of habitat
loss (0.4%, 12.9%, 18.5% suitable habitat in a cleared land-
scape in Belgium, and 48.2% in an uncleared landscape in
Finland). Using a very large data set of 15 573 recaptures
and applying theVIRTUAL MIGRATION model, Schtickzelle et
al. (2006) reported that emigration was reduced in more
fragmented landscapes. The amount of dispersal decreased
with increasing fragmentation, and in the two landscapes
with least habitat, the rate of dispersal mortality was very
high (approximately 30%). However, another interesting re-
sult from theVIRTUAL MIGRATION model was that for a given
level of connectivity the rate of dispersal mortality was
lower in more fragmented landscapes, although the observed
mortality in more fragmented landscapes was higher because
connectivity was much reduced. Based on tracking experi-
ments, reduced dispersal mortality in more fragmented land-
scapes (but assuming equal connectivity) was likely due to
the butterflies moving straighter and faster through the ma-
trix in the fragmented landscape. Faster movement through

unsuitable habitat, potentially leading to higher connectivity
in fragmented landscapes has been observed or inferred for
fish populations fragmented by an introduced predator (Gil-
liam and Fraser 2001) and for a reptile with populations
fragmented by agricultural development (Driscoll and Hardy
2005).

The VIRTUAL MIGRATION modelling approach suffers from
some of the initial limitations of the simplistic IFM. How-
ever, like the development of IFM to include a range of
more realistic processes, ongoing development of theVIR-

TUAL MIGRATION model, such as by including alternate dis-
persal rates for different matrix types (Matter et al. 2004),
will expand the potential for hypothesis testing, where large
data sets can be obtained.

Radiotelemetry
Mark–recapture methods are better at discovering routine

movements associated with annual migrations, for example,
rather than long-distance dispersal (Van Dyck and Baguette
2005). For some species, routine movements may be qualita-
tively similar to longer dispersal distances (Skvarla et al.
2004), so mark–recapture methods may be adequate for esti-
mating dispersal. However, faster, straighter dispersal
through the matrix does occur (Schooley and Wiens 2004),
so movement rules at a local scale may not represent large-
scale interpatch movement (Revilla et al. 2004). Tracking
individual animals, such as with radiotelemetry (Millspaugh
and Marzluff 2001), can overcome or identify possible
biases in mark–recapture data and provide additional insight
into movement behaviour (Van Dyck and Baguette 2005).

Radiotelemetry can be used to help define the home range
and dispersal tendencies of species, which can be used qual-
itatively to interpret spatial dynamics (e.g., toadsBufo
calamita Laurenti, 1768; Sinsch 1992) and to make esti-
mates of likely immigration or emigration rates (Sweanor et
al. 2000). For North American cougers (Puma concolor (L.,
1771)), high rates of migration among available habitat im-
plied a patchy population (Sweanor et al. 2000). Revilla et
al. (2004) used radiotelemetry to monitor movement of 30
Iberian lynx (Lynx pardinus (Temminck, 1827)) for an aver-
age of 115 days each, including periods of hourly location
and daily location. They developed mechanistic movement
models for the lynx, which was a more tractable approach
than directly studying metapopulation processes where large
numbers of individuals and locations need to be monitored.
The model based on hourly data was good at predicting dis-
persal at daily time scales and at the metapopulation level,
supporting the notion that short-term tracking can be scaled
up to predict landscape-level processes. However, they
found that habitat arrangement in the matrix had a strong in-
fluence on dispersal ability, emphasising that the matrix can-
not be reasonably modelled as being homogeneous. For
species that are difficult to capture and mark, or which oc-
cur at low densities such as large mammals, radiotelemetry
and a mechanistic model may be the best way to explore
possible metapopulation dynamics.

Behavioural experiments
Taking an experimental approach to dispersal has re-

vealed dispersal behaviour that departs from the common as-
sumptions of metapopulation models. In the UK, Conradt et
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al. (2001) released gatekeeper butterflies (Pyronia tithonus
(L., 1771)) up to 200 m from grassland habitat and then ob-
served their flight behaviour across the agricultural matrix.
Butterflies released within 65 m of an unfamiliar patch or
85 m of a familiar patch were able to arrive at the patch
more frequently than expected under random dispersal. This
experiment quantified the likely ability of this species to
move across unsuitable habitat, and shows that emigration
rates are likely to depend on patch isolation; butterflies may
return to more isolated patches when they do not detect an
alternative patch, potentially reducing emigration.

More direct population manipulations have been used to
explore the consequences of dispersal. Using fenced patches
(10 m � 10 m) connected by corridors (1 m� 30 m) and
with pitfall traps to capture animals at the end of the runs,
Boudjemadi et al. (1999) examined the impact of connection
between the two patches on the demography of common liz-
ards (Lacerta vivipara Jacquin, 1787). A lack of connection
reduced fecundity, promoted a second wave of potential dis-
persers that was not observed in the connected patches, and
reduced juvenile survival. Connection also served to stabi-
lise and synchronise population dynamics. Isolated popula-
tions underwent substantial population-size fluctuations,
including outbreaks and extinctions (Lecomte et al. 2004).
Although these microcosm studies are suggestive of proc-
esses that could influence metapopulations, they impose
constraints that do not exist in nature, such as higher than
natural density (Boudjemadi et al. 1999), and so we are still
left to wonder if these processes would operate in natural
systems (Harrison and Bruna 1999).

Haddad (1999) used a more realistic system by creating
open patches and corridors in a forest matrix and allowing
natural colonisation of the experimental system by two open-
habitat butterfly species (Junonia coenia Hübner, 1822 and
Euptoieta claudia (Cramer, 1776)). Using mark–recapture
methods, Haddad (1999) observed less dispersal for male
J. coenia in patches separated by longer corridors. Generally
higher dispersal was observed between patches with corri-
dors, although movement through the matrix was observed
up to the longest distance surveyed (384 m). In addition, the
study system showed that connected patches supported higher
densities of three butterfly species, but not a fourth generalist
species. The corridors may have intercepted animals moving
through the matrix, may have provided more habitat area, or
may have allowed movement between patches with different
resource availability (Haddad and Baum 1999). By directly
manipulating habitat arrangement, it is possible to gain some
insight into how different landscape elements influence meta-
population functions, although scale limitations may exclude
extrapolation to the real world.

Colonisation is an important aspect of metapopulation dy-
namics, and it has been explored using habitat creation ex-
periments. In Panama, ponds were created as breeding
habitat for tungara frogs (Physalaemus pustulosus (Cope,
1864)) (Marsh et al. 1999). Ponds at up to 200 m from oc-
cupied ponds were colonised at a rate inversely proportional
to distance (Marsh et al. 1999). Although pond use was re-
lated to isolation, frequent frog movement meant that this
was not a metapopulation, but a patchy population (Marsh
et al. 1999). In an ingenious application of a colonisation
experiment, Johnson and Horvitz (2005) took advantage of

a flood that had exterminated the chrysomelid beetleCepha-
loleia fenestrata Weise from a set of host-plant patches.
After recording the colonisation of newly unoccupied habi-
tat, they explored the process using a spatially explicit simu-
lation model but varied the parameters of the model. With
just 9% adult dispersal per 25 days, the model was a poor
fit to the real data, but with 81% postnatal dispersal, the
model was a good fit, implying that postnatal dispersal is
very important. Postnatal dispersal is an extremely intract-
able process to study because the postnatal period is very
short in this species (Johnson and Horvitz 2005). Again, ap-
plying biologically plausible models to real data have led to
an important conclusion about the mechanism underlying
the spatial processes.

Genetics
Genetic studies have provided critical insight into metapo-

pulation dynamics and continue to be an essential approach
for exploring spatial dynamics. Genetic methods have been
used to determine when there is too much (Roslin 2001; An-
derson et al. 2004; Aars et al. 2006) or too little (Driscoll
1998a, 1998b) dispersal for a metapopulation to function.
Studies on the genetic consequences of anthropogenic habi-
tat fragmentation have compared genetic structure in cleared
and continuous habitats, with contrasting implications for
metapopulations. Consistent with fragmentation theory,
Knutsen et al. (2000) found that populations of the fungivo-
rous beetleBolitophagus reticulatus (L., 1767) were three
times as genetically differentiated in a fragmented landscape
than in a continuous habitat. This implied reduced dispersal
between habitat fragments. However, the magnitude of ge-
netic differentiation was still relatively small (meanFST =
0.07), so it is possible that the system was shifted from a
continuous population to a metapopulation by fragmentation.
In New Zealand, Berry et al. (2005) found that populations
of grand skinks (Oligosoma grande Gray, 1845) were more
differentiated and less genetically diverse when the matrix
was heavily grazed compared with populations in a tussock
matrix, implying that livestock grazing had reduced disper-
sal. The reduced dispersal in grazed landscapes was corre-
lated with higher rates of extinction (Berry et al. 2005). In
contrast, after comparing the mitochondrial DNA structure
of the Nobbi dragon (Amphibolurus nobbi Witten, 1972) in
continuous woodland and fragmented landscapes, Driscoll
and Hardy (2005) suggested that dispersal was at least as
high or higher in the fragmented landscape because there
was no evidence of loss of genetic diversity or increased dif-
ferentiation. In this example, anISOLATION-BY-DISTANCE

model (Wright 1943) may have changed to a patchy popula-
tion with fragmentation, though a declining population was
also possible (Driscoll and Hardy 2005).

Compared with direct methods for estimating dispersal,
genetic methods are often more informative. In the grand
skink example, mark–recapture methods had not been sensi-
tive enough to differentiate rates of dispersal in the grazed
landscapes compared with the ungrazed landscapes (Berry
et al. 2005). The effort to undertake a mark–recapture study
(>7 years) was much greater than required to complete the
genetic study (<3 months) (Berry et al. 2004). In a study of
water vole (Arvicola terrestris (L., 1758)) dispersal in a
fragmented landscape, Telfer et al. (2003) used assignment
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tests to study dispersal. In an assignment test, the source
population of each individual is predicted, based on their
genotype relative to genotypes in other populations (Cornuet
et al. 1999). Telfer et al. (2003) were able to detect move-
ment in voles that were caught for the first time, including
juveniles. The former is impossible to do using mark–recap-
ture methods and the latter difficult. The estimated rate of
dispersal was three times higher and over twice the distance
as estimated using mark–recapture data (Telfer et al. 2003).
In contrast to these examples, genetic and direct estimates of
dispersal can concur for species that can be easily captured
and marked such as butterflies (Lewis et al. 1997).

There are limitations to the implementation of genetic
methods and some ambiguity of interpretation (Moritz
1994). Although assignment tests provide a powerful insight
into individual dispersal, they are dependent on adequate ge-
netic variation occurring within populations and adequate
differentiation between populations (Cornuet et al. 1999).
Using simulations, Cornuet et al. (1999) suggested that to
achieve 100% correct assignment, genetic divergence among
populations measured usingFST must be at least 0.1, hetero-
zygosity must be about 0.6, and 10 loci should be examined
in 10 populations, with 30–50 individuals sampled per pop-
ulation. The ability to assign individuals to populations be-
comes weaker as sampling effort and genetic differentiation
or heterozygosity decline from this scenario. The limited
power of genetic methods to understand dispersal patterns
was illustrated by Broquet et al. (2006) when they compared
the genetic structure of American martens (Martes ameri-
cana (Turton, 1806)) in logged and unlogged landscapes.
Although they were able to demonstrate a significant impact
of forestry operations on genetic structure and hence disper-
sal, these authors reported that the models only explained a
small amount of variation in genetic structuring, so there
was substantially more to understand about dispersal and
marten genetic structure. Similarly, Driscoll and Hardy
(2005) reported that mitochondrial DNA sequence data
were inadequate to differentiate between dispersal after land
clearing followed by complete population isolation and on-
going frequent dispersal. In both cases, mark–recapture data
may have provided more insight than the genetic method
they used. Perhaps the most serious problem with the appli-
cation of genetic methods in a fragmentation context is that
it can take many generations for genetic variation to be lost
through genetic drift, so current genetic structure may reflect
pre-fragmentation patterns of dispersal (Sumner et al. 2004).
Given these caveats and the recent work showing that as-
signment tests can be better than mark–recapture methods
(Telfer et al. 2003; Berry et al. 2004), it is prudent to em-
ploy both genetic and direct ecological methods to explore
spatial population dynamics.

Time lags
A novel analytical method for discovering average disper-

sal distances warrants its own subheading in this review, and
capitalised on previously identified source–sink population
dynamics and the extensive North American breeding bird
data set (Tittler et al. 2006). Changes in abundance in popu-
lations that regularly produce emigrants (source populations)
should be reflected in populations that only exist because
they receive immigrants from the source population (sink

populations). For annually migrating birds, the time lag be-
tween changes in abundance in the source population and re-
sulting changes in the sink population should be 1 year. By
recognising the distance over which time-lagged correlations
occurred, it was possible to identify the most common dis-
persal distance (Tittler et al. 2006). Time-lagged correlations
were observed over 60–80 km for the neotropical migrant
wood thrush (Hylocichla mustelina (J.F. Gmelin, 1789)),
emphasising the large spatial scale of dynamics in this mi-
grating bird. This method of exploring dispersal is applica-
ble in what are probably rare situations where populations
can be classified as permanent sources or sinks and where
long-term abundance data are available. Generally, genetic
or direct ecological approaches to measuring dispersal will
be more efficient.

Species occur in communities
The majority of the discussion to this point has focussed

on single-species metapopulations, with the assumption that
species interact with the spatial arrangement and condition
of the habitat. However, species do not occur alone in nature
and so inferences about single-species metapopulations may
not represent the broader community, and single-species
data may be difficult to interpret without knowledge of how
it interacts with other species in the community. There are
two questions that I will pursue from here: (1) how many
species within a single fragmented landscape show metapo-
pulation dynamics and (2) how important are metacommun-
ity dynamics?

Multiple species in the same landscape
The general importance of metapopulations in fragmented

landscapes is a function of how many species in that land-
scape show metapopulation dynamics. If the vast majority
of species in a patchy landscape have no dispersal between
populations or have very high dispersal between populations
(patchy populations), then metapopulation theory is rather
unimportant and perhaps applies to just a few exceptional
species. How many species in a fragmented landscape show
metapopulation dynamics?

Species that occur frequently in the matrix are unlikely to
have a metapopulation, and so Driscoll (2005) examined the
use of the matrix and natural forest patches by a beetle com-
munity in Tasmania, Australia. Forty percent of beetles oc-
curred in the matrix and were unlikely to exist as
metapopulations. Other studies giving the proportion of spe-
cies that occur in the matrix spanned a range from 91% to
23% (summarised in Driscoll 2005). These results empha-
sise that after this initial screening process to identify spe-
cies not in the matrix the proportion of species-remaining
candidates for metapopulation dynamics is substantial in
some landscapes, including some highly anthropogenically
fragmented landscapes (Klein 1989; Driscoll and Weir
2005). The implication is that metapopulations could be
common, although more direct assessment of dynamics is
required (Driscoll 2005).

There are a few studies that have examined dynamics of
many species in the same patchy landscape. These all pro-
vide some evidence that metapopulation dynamics may ap-
ply to a substantial proportion of habitat specialist species,
though a smaller proportion of all species in the landscape.
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After surveying 89 patches of rosemary scrub in Florida,
Quintana-Ascencio and Menges (1996) found 80 vascular
plant and lichen species. Only 16 species were scrub spe-
cialists; 12 showed some relationship with size or isolation.
The relationship with size or isolation implied that metapo-
pulation dynamics of some kind was likely in up to 75% of
specialist species. Among rocky islands adjacent to the
mainland of Finland, Nieminen and Hanski (1998) recorded
325 lepidopteran species. Sixty-five species were absent
from the groups of islands; 43 species were absent from the
scattered islands. The absence of these species implied that
there is a substantial proportion of species which occur on
the mainland but cannot form metapopulations among island
habitats. Approximately 20% of species occupied all of the
islands, and so did not have metapopulations. However, for
species that occupied a fraction of the islands (58%–66% of
the 325 species), metapopulation dynamics were possible,
including classic metapopulations for resident species on
groups of islands and mainland–island dynamics for widely
dispersing species that were not resident on groups of is-
lands (Nieminen and Hanski 1998).

From a survey of water plants in 53 Swedish lakes,
Dahlgren and Ehrlen (2005) found 22 rare species that could
not be analysed and 9 species that were extremely wide-
spread (incidence >84%). The latter may have had patchy
populations, not metapopulations. Incidence was analysed
for the 28 remaining species. Eight of the species were not
significantly correlated with any of the size or connectivity
measures, implying that metapopulation dynamics are un-
likely (unless habitat condition varies temporally and is cor-
related with species presence, leading to a deterministic
metapopulation). Metapopulation processes were possible in
the remaining 20 species (54% of 37 common species). In-
terestingly, three species had significant negative correla-
tions with connectivity (occurred less frequently on more
connected sites; Dahlgren and Ehrlen 2005), raising the pos-
sibility that interactions with poorly dispersing species may
limit their distribution.

Verheyen et al. (2004) present an outstanding analysis of
metapopulation processes in English forest patches, which
made powerful use of a combination of logistic regression
and the IFM. The patches had been established at times
spanning <35 years to >380 years. Of 155 forest specialist
plant species, Verheyen et al. (2004) analysed 63 species
that had a frequency of 20%–80%. The excluded 60% of
species were either ubiquitous or very rare, and so were un-
likely to form a metapopulation. The 63 species were ana-
lysed using logistic regression with four variables
(connectivity, patch age, patch size, and habitat quality) and
an IFM, which was modified to take into account age and
patch quality. Two of the 63 species were unrelated to any
of the parameters measured, so there was no evidence sug-
gesting metapopulation dynamics. Three species were posi-
tively correlated to age of patches or age and connectivity
in the regression. For these species, the IFM predicted no
extinction and a slow rate of colonisation, implying that
these species do not have metapopulation dynamics but
rather a gradual colonisation of new habitat (see
Appendix A published inEcological Archives E085-115-
A1; available from http://esapubs.org/archive/ecol/E085/
115/appendix-A.htm). Occurrence of 13 species was related

to patch quality only, and the IFM predicted significant rates
of extinction and colonisation, implying that some patch
turnover is likely. These species may be most closely allied
to a deterministic metapopulation, with turnover dictated by
patch condition rather than its size or isolation. The remain-
ing 45 species showed relationships that included size, con-
nectivity, or both. They also had a nonzero predicted rate of
extinction, implying that these species show some kind of
metapopulation dynamics, with extinction risk related to
patch size and colonisation rate related to connectivity. In
all, 58 species (37% of 155 forest plant species) are likely
to show metapopulation dynamics in the regenerating forest
system (Verheyen et al. 2004). The proportion would be
substantially lower if the nonforest plant species in the land-
scape were also taken into account.

Of the four examples discussed above, only Verheyen et
al. (2004) was from an anthropogenically fragmented land-
scape, and it was for re-established forests rather than for
remnant forests. These examples might be more representa-
tive of fragmented systems after a long period of time.
Different dynamics are likely in recently fragmented land-
scapes, where strong patterns of extinction without colonisa-
tions have been documented (Soule´ et al. 1992). For
example, Bolger et al. (1997) report the opposite pattern to
Verheyen et al. (2004), with fewer rodent species in older
patches of California sage scrub and a pattern of gradual
extinction. In the same California scrub landscape, Crooks
et al. (2001) document a pattern of decline among eight spe-
cialist scrub bird species. However, they suggested that three
bird species (38% of habitat specialists) may have a metapo-
pulation, with some colonisation balancing extinction. Meta-
populations may aid persistence in anthropogenically
fragmented regions for some widely dispersing species.
Although there are too few studies to draw conclusions
about how common metapopulations might be in fragmented
landscapes, it is certain that a sizable proportion of the spe-
cies do not require metapopulations to survive. To properly
appraise the importance of metapopulation theory, the prev-
alence of metapopulations in fragmented landscapes needs
urgent attention because it is possible that the knowledge
you have gained from reading this review is of rather lim-
ited application!

Metacommunity approach
The metapopulation approach is usually applied to single

species, although to appraise the importance of metapopula-
tion theory I have argued that we need to understand the
spatial dynamics of many species in the same fragmented
landscape. However, because species interact with one an-
other, an enumeration of single-species metapopulations
within a landscape may not effectively describe the dynam-
ics. For example, metapopulation theory does not adequately
explain the negative association with connectivity observed
in three species by Dahlgren and Ehrlen (2005). In another
example, the metapopulation simulation program ALEX did
not provide good predictions of incidence for sacred king-
fishers (Todiramphus sanctus (Vigors and Horsfield, 1827))
in forest patches of southeastern Australia, possibly because
of interactions among species within patches (Lindenmayer
et al. 2001). Given the above examples, metacommunity dy-
namics (Hanski and Gilpin 1991), including the interactions
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among species, may be the only fruitful way to understand
distributions of species in fragmented landscapes.

Two-species metacommunities such as predator–prey
metapopulations have been explored largely using models
and microcosms (Steffan-Dewenter and Tscharntke 2002).
These models have provided some evidence that spatial dy-
namics promote coexistence of antagonistic taxa (Taylor
1990; Holyoak and Lawler 1996; Janssen et al. 1997; Bon-
sall et al. 2002; Bull et al. 2006). However, the metacom-
munity concept is receiving accelerating attention, including
a field-based research focus (Holyoak et al. 2005a). Recent
development of metacommunity theory has highlighted four
concepts that may influence the distribution of species in
fragmented landscapes (Holyoak et al. 2005b):
(1) PATCH DYNAMICS: where poorer competitors or prey spe-

cies are also better dispersers than the superior competi-
tors or predators, and so they can survive in patchy
landscapes by colonising new habitat patches at least as
rapidly as the predator or competitor eliminates them
from other patches (Leibold et al. 2004).

(2) SPECIES SORTING: the species present in a patch are deter-
mined entirely by patch condition (such as habitat type).
Dispersal is not limiting, but is also not so high that
mass effects occur (Urban 2004).

(3) MASS EFFECTS: where large numbers of individuals mi-
grate out of source patches into sink patches (Leibold et
al. 2004; Urban 2004).

(4) NEUTRAL: all species are competitively equivalent and
habitat patches can house a limited number of indivi-
duals. Therefore, species composition is determined by a
lottery for the available spaces. Differences among
patches develop because the abundance of species drifts
stochastically over time (‘‘community drift’’; Bell 2001;
Hubbell 2001).

These four models differ in the relative influence on com-
munity composition of local habitat conditions, dispersal
rates, and interactions among species, and they provide a
useful theoretical framework for evaluating empirical re-
search (Leibold et al. 2004). Cottenie (2005) completed a
meta-analysis of 158 data sets, none of which had been col-
lected for testing metacommunity theory. By identifying the
amount of variation in the community data that was ex-
plained by environmental or spatial factors, it was possible
to identify SPECIES SORTINGprocesses,MASS EFFECTS com-
bined with SPECIES SORTING, or combined NEUTRAL and
PATCH DYNAMIC processes. The latter group was defined by
the absence of environmental correlates because theNEU-

TRAL and PATCH DYNAMIC concepts include the assumption
that patches offer the same environment. Cottenie (2005) re-
ported that most metacommunities appear to be influenced
by SPECIES SORTINGprocesses and byMASS EFFECTS. This
meta-analysis provides a course insight into metacommunity
prevalence, similar to the insight one might gain from a
field guide to birds (bird species have preferred habitat (SPE-

CIES SORTING), but can be observed in other environments on
occasions (MASS EFFECTS)). Direct assessment of metacom-
munity processes is needed for testing mechanisms and ap-
praising the prevalence of competing concepts.

There is limited metacommunity research using real eco-
systems. The work of Cottenie and colleagues (Cottenie and
De Meester 2004) provides a good example of how the rela-

tive importance of habitat condition, dispersal, and species
interactions can be teased out. By surveying the zooplankton
fauna of highly interconnected ponds over 3 years, Cottenie
et al. (2003) found that community structure was correlated
with pond turbidity. Furthermore, high rates of dispersal
provided propagules that ensured similar communities devel-
oped when pond conditions were similar; consistent with the
SPECIES SORTINGmodel. After this correlative survey, Cotte-
nie and De Meester (2004) used field enclosures to show
that the zooplankton community developed in response to
fish predation and presence of underwater plants. Fish abun-
dance was higher and plant abundance lower in more turbid
ponds. Our knowledge of metacommunity processes in the
field remains limited and the scope for further research is
enormous (Holt et al. 2005). There is a particular need to
examine systems that may not have such high levels of dis-
persal as the zooplankton–pond system (Cottenie and De
Meester 2004) to determine ifSPECIES SORTINGis a dominant
process in many patchy landscapes.

The four metacommunity models provide an additional
perspective on metapopulation processes by describing the
importance and nature of interactions among species. For
example, theNEUTRAL model describes a stochastic extinc-
tion process as appears in the classic metapopulation model,
but gives additional detail about the nature of the stochastic
extinction, where competitively equivalent species fill the
available space in a habitat patch and, by chance, the abun-
dance of individual species may drift to zero (Bell 2001).
The frequently observedSPECIES SORTINGmodel (Cottenie
2005) represents patchy populations under the metapopula-
tion approach, with many species in the landscape occupy-
ing all suitable habitat because they have high dispersal.
However, if patches followed a strong successional trajec-
tory, such as after fire, dynamics could still be described as
a SPECIES SORTINGmodel, with species occupying patches at
an appropriate time in the succession, but the system could
also be more informatively described as a deterministic
metapopulation. The substantial overlap and complementar-
ities of metapopulation and metacommunity theory empha-
sises that research into metapopulation processes will be
enhanced by also considering possible metacommunity
mechanisms.

Discussion
In this review I have aimed to canvas the main ap-

proaches to studying metapopulation dynamics, to provide a
brief critique of the limitations, and to emphasise some of
the recent field discoveries about metapopulation dynamics.
In this closing section I will summarise the key observations
from each section and highlight areas that remain unknown
and are in need of research attention.

STOCHASTIC PATCH OCCUPANCYmodels, like theINCIDENCE

FUNCTION model (IFM), are important tools for extracting
information from presence–absence and turnover data, and
with ongoing development the tools are being applied to a
broad range of metapopulation types (Hanski 1994; Ver-
heyen et al. 2004). Nevertheless, there are some serious
constraints on how these models can be applied, such as
the problems that arise if there is no long-term extinction–
colonisation equilibrium and if the species does not fit the
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patch–matrix assumptions. Research should be planned to
routinely address these issues, for example, by using regres-
sion models to identify which patches represent available
habitat. Other problems such as autocorrelation and false
absences can be overcome with appropriate attention to
field and analytical methods.

Another key limitation of using presence–absence data is
that the mechanism of dynamics can only be inferred, and
the inferences are constrained to the often simple assump-
tions of the statistical model that is applied. In contrast, de-
tailed demographic studies can pinpoint mechanisms that
would drive spatial population dynamics (Elliott 2004).
However, demographic studies alone can only infer spatial
dynamics. Metapopulation research would be more informa-
tive if designed to use both incidence and detailed demo-
graphic approaches. Simulation models are in need of
further testing but may also be valuable tools for exploring
metapopulations, particularly where extensive incidence
data sets are impossible to acquire.

Dispersal is certainly the most oversimplified process in
both conceptual and statistical metapopulation models, and
studies using direct or genetic methods demonstrate that
simple assumptions are often not supported. Standard eco-
logical field methods like mark–recapture approaches and
radiotelemetry are demonstrating that dispersal can be a sub-
stantially complex process. Field methods have shown that
dispersal varies according to the quality of the matrix (Purse
et al. 2003), patch size (Wahlberg et al. 2002), and the qual-
ity of the patch including the density of conspecifics and
other species (French and Travis 2001). Mark–recapture
data in combination with model-selection procedures
(Skvarla et al. 2004) or theVIRTUAL MIGRATION model
(Hanski et al. 2000) have propelled this traditional field ap-
proach into a statistically rigorous tool. These statistical ap-
proaches can be used for discriminating among competing
biological explanations, and for large data sets, for estimat-
ing migration rates and dispersal mortality. Genetic methods
of measuring dispersal can be more accurate than direct
methods and their application should always be explored
alongside direct ecological methods when studying possible
metapopulation dynamics.

Many of the rigorous statistical approaches to studying
metapopulation dynamics, such as the IFM and theVIRTUAL

MIGRATION model, have been devised with butterfly metapo-
pulations in mind, where it is possible to collect extremely
large data sets. For other species, such as large mammals or
rare species, these approaches may be impossible to imple-
ment (Elmhagen and Angerbjorn 2001). For those species,
alternative approaches are needed, including demographic
studies, behavioural experiments, direct or genetic estimates
of dispersal, and possibly simulation modelling.

In extensively cleared and fragmented landscapes, habitat
creation is a necessary management approach (Fahrig 1997).
Colonisation experiments (Marsh et al. 1999) may be possi-
ble at a larger scale than attempted previously if restoration
of native vegetation is implemented in an experimental man-
agement context (Driscoll 2007a). The few large-scale frag-
mentation studies undertaken have been valuable for testing
a range of fragmentation theory (Debinski and Holt 2000).
However, there is a paucity of large-scale habitat restoration

studies; a clear gap begging for collaboration between land
managers and researchers.

Throughout this review I have highlighted the variety of
mechanisms and processes that deviate from the classic
metapopulation model, and I have discussed a range of
methods for exploring those deviations. To avoid the naı¨ve
application of metapopulation models (Harrison 1994) and
to understand the spatial dynamics of a focus species, re-
search will need to examine the underlying premise of the
patch–matrix model that patches are all suitable habitat and
the matrix is entirely unsuitable. In addition, exploring the
nature of dispersal and assessing whether it is important to
include in predictive models (French and Travis 2001) is a
research priority. Furthermore, observations showing that in-
teractions between species can influence their distributions
in patchy landscapes emphasise that metacommunity theory
will be an integral part of the process of unravelling the
mechanisms behind spatial patterns and dynamics. To under-
stand metapopulation dynamics, one must approach the
study system with a broad range of field, analytical, and the-
oretical tools.

Based on a few multispecies studies, metapopulation dy-
namics may occur in a substantial proportion of the habitat
specialist species in fragmented landscapes (Nieminen and
Hanski 1998; Verheyen et al. 2004; Dahlgren and Ehrlen
2005; Driscoll 2007b). However, the general lack of atten-
tion to the frequency of occurrence of metapopulations in a
landscape, especially in anthropogenically fragmented land-
scapes, means that it is still unclear how important metapo-
pulation processes are likely to be. Nevertheless, isolated
populations in extensively cleared and fragmented land-
scapes are part of the extinction debt (Tilman et al. 1994)
that will be repaid over coming decades unless we can im-
plement functioning metapopulations for those species. The
metapopulation approach (Hanski and Simberloff 1997) in
fragmented landscapes remains essential.
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