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ABSTRACT

Almost all metapopulation modelling assumes that connectivity between patches is only a
function of distance, and is therefore symmetric. However, connectivity will not depend only
on the distance between the patches, as some paths are easy to traverse, while others are
difficult. When colonising organisms interact with the heterogeneous landscape between
patches, connectivity patterns will invariably be asymmetric. There have been few attempts
to theoretically assess the effects of asymmetric connectivity patterns on the dynamics of
metapopulations. In this paper, we use the framework of complex networks to investigate
whether metapopulation dynamics can be determined by directly analysing the asymmet-
ric connectivity patterns that link the patches. Our analyses focus on “patch occupancy”
metapopulation models, which only consider whether a patch is occupied or not. We pro-
pose three easily calculated network metrics: the “asymmetry” and “average path strength”
of the connectivity pattern, and the “centrality” of each patch. Together, these metrics can
be used to predict the length of time a metapopulation is expected to persist, and the relative
contribution of each patch to a metapopulation’s viability. Our results clearly demonstrate
the negative effect that asymmetry has on metapopulation persistence. Complex network
analyses represent a useful new tool for understanding the dynamics of species existing in
fragmented landscapes, particularly those existing in large metapopulations.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

close patches (e.g., high mountain ranges). Landscapes that
hinder connectivity in one direction may help it in the oppo-

Metapopulation theory provides a conceptual framework for
predicting and managing the future of species in fragmented
habitats. Given the possibility of local patch populations
becoming extinct, the ability of species to move across
uninhabitable landscapes to recolonise empty patches (“con-
nectivity”) is critical to the viability of species that exist in
metapopulations. The inter-patch landscape greatly affects
the movement of individuals, and thus the connectivity of the
metapopulation. Barriers can prevent recolonisation between
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site direction (e.g., topographical gradients or consistent wind
and water currents).

This interaction between individuals and the landscape
will result in inter-patch connectivity patterns that are not
simply functions of the distances between patches. If con-
nectivity is modelled solely on this distance, the movement
of individuals is implicitly assumed to be isotropic and sym-
metric. A symmetric connectivity pattern assumes that the
probability of an individual travelling from patch i to patch
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j (and thus potentially recolonising it) is the same as the
probability of patch j recolonising patch i. In a realistic, het-
erogeneous landscape, such symmetric connectivity will be
the exception, rather than the rule (Gustafson and Gardner,
1996). As well as being asymmetric, connectivity strengths
(the probability that a particular colonisation occurs) will not
only reflect inter-patch distance, but rather a combination of
distance, the direction of movement, and landscape type. In
general we will call the connectivity patterns that arise from
a realistic and complex landscape “asymmetric”. (Note that
asymmetric connectivity patterns may contain some symmet-
ric connections).

We acknowledge that the spatial arrangement of patches
in a metapopulation will have a very important impact on
metapopulation dynamics (Hanski and Gaggiotti, 2004). The
recent wealth of metrics that approximate the viability of a
metapopulation in a spatially heterogeneous landscape (e.g.,
Hanski and Ovaskainen, 2000; Vos et al., 2001; Frank and
Wissel, 2002; Ovaskainen, 2002, 2003) all focus on metapop-
ulations where connectivity strength depends on distance.
However simple, distance-based connectivity overlooks land-
scape factors that have crucial dynamical consequences.
For example, distance-based migration patterns ignore the
effects of “patch shadowing” (Hein et al., 2004), and individ-
ual behaviour (Gustafson and Gardner, 1996). Assuming that
connectivity is symmetric will lead to an underestimation of
the number of patches needed for metapopulation persistence
(Vuilleumier and Possingham, 2006). Recent work on marine
metapopulations shows that advective currents can lead to
source-sink behaviour that could not be captured or analysed
using distance-based migration (Gaines et al., 2003; Bode et al.,
2006). An accurate understanding of many metapopulations
will therefore require consideration of asymmetric connectiv-
ity.

Connectivity modelling was initially based solely on
distance because asymmetric connectivity could not be prac-
tically measured (Hanski, 1994), however simulation of the
connectivity in real landscapes is now computationally fea-
sible, and is becoming increasingly common. The landscape
matrix between patches can be quickly assessed by remote
sensing, and individual-based connectivity modelling can
then be used to simulate the responses of migrating species to
the landscape. These methods have been use to model crick-
ets (Kindvall, 1999), butterflies (Chardon et al., 2003), rodents
(Vuilleumier, 2003), grey seals (Austin et al., 2004), and espe-
cially marine fish (James et al.,, 2002; Cowen et al., 2002,
2006). Once these connectivities have been estimated how-
ever, making sense of the resulting asymmetric connectivity
patterns remains difficult, and very little metapopulation
theory has been formulated to address it. Analytic Markov
methods that can incorporate asymmetric connectivity (e.g.,
Day and Possingham, 1995) can only cope with a small num-
ber of patches (Ovaskainen, 2002). Urban and Keitt (2001) find
the minimum spanning tree of the connectivity “graph”, and
value connectivity paths and patches accordingly, however
minimum spanning trees are only defined for symmetric con-
nectivity patterns. Much population viability analysis relies
on Monte Carlo simulation models (Lacy, 1993; Possingham
and Davis, 1995; Ackakaya and Ferson, 1999), which can cope
with asymmetric connectivity patterns and large numbers

of patches, but drawing generalisable conclusions from the
results of such simulations is problematic. Ovaskainen (2003)
has devised a metric that can be applied to asymmetric con-
nectivity patterns, however his analyses are performed only
on distance-based connectivity patterns. The primary aim of
this paper is theoretical: to explore the potential of complex
network theory as a framework for quantitatively predicting
the dynamics of metapopulations with asymmetric connec-
tivity patterns.

Metapopulations and their connectivity patterns can be
modelled as networks (which share many features with
graphs, as discussed in Urban and Keitt, 2001), consisting of
a number of nodes (metapopulation patches) connected by a
set of edges (the connectivity pattern). Complex network the-
ory attempts to understand the dynamical properties of these
systems through analyses of their interconnections. Using
a complex network framework, we consider the importance
of several asymmetric connectivity features to the dynam-
ics of “stochastic patch occupancy” metapopulations (Etienne
and Heesterbeek, 2001). In particular, we are interested in the
dynamic consequences of increasing asymmetry, as well as
the mean strength of direct and indirect connectivity paths
between patches in the metapopulation. We define several
easily calculated metrics for these attributes, and use them
to predict properties of the metapopulation dynamics. We
focus on predicting the probability of metapopulation extinc-
tion, and on estimating the relative contribution of different
patches to metapopulation persistence. While these quanti-
ties are of considerable importance to practical applications
of metapopulation theory (e.g., ecology and conservation), our
analyses focus on simplified representations of these eco-
logical systems, to allow a clearer focus on the influence of
the connectivity patterns. A complex network approach has
the benefit that it is simple enough to be rapidly applied
to metapopulations that contain large numbers of patches.
It also focuses on the effects of the connectivity patterns
themselves, rather than abstractions such as a Markov state
transitions (Day and Possingham, 1995; Ovaskainen, 2002),
and thus yields a more intuitive understanding of the sys-
tem.

2. Methods

We consider three network metrics that characterise asym-
metric connectivity patterns, to see if they correlate with
particular metapopulation dynamics. The metrics are formu-
lated a priori, to quantitatively reflect connectivity features of
interest. We then assess the predictive utility of these metrics
by using them to estimate the probability of metapopulation
extinction. There are four steps in this method.

1. We generate metapopulations with asymmetric connec-
tivity patterns, using a version of the “small-world”
network-generating algorithm of Watts and Strogatz (1998).

2. We calculate complex network metrics for the metapopu-
lations.

3. The metapopulation model described by Day and
Possingham (1995) is used to determine the exact dynamics
of the asymmetric metapopulations.
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Fig. 1 - The mechanics of the small-world network generation algorithm. We begin with a two-dimensional lattice (a),
where each patch is connected to its nearest neighbours. Each connection is then either left unchanged, or is moved with a
probability q to connect two other unconnected patches. The magnitude of q determines how asymmetric the resultant

connectivity pattern, (b), is. Here, ¢=0.2.

4. Finally, the predictive ability of the network metrics is
tested by comparing them with the exact metapopulation
dynamics.

These steps are explained in more detail below. The tech-
nique that generates the connectivity patterns in step 1 can
resultin many possible asymmetric connectivity patterns, and
so the steps are repeated a large number of times to ensure
that the diversity of possible patterns is adequately captured.
The predictive performances of the metrics are also tested
over a wide range of parameter values.

2.1. Step 1: Generating asymmetric connectivity
patterns

In metapopulation theory, connectivity patterns are storedina
connectivity matrix, which we denote P. Connectivity matrices
are M x M square matrices, where M is the number of patches
in the metapopulation. Their elements, p;, represent the prob-
ability at each timestep that the unoccupied patch j will be
colonised from patch i, if patch i is occupied.

To construct an asymmetrically connected metapopula-
tion, we begin with a two-dimensional lattice of patches,
where each occupied patch can recolonise each of its near-
est neighbours with the same probability (p;=p). This is a
“regular” network (Fig. 1a), a type of distance-based connec-
tivity pattern. We then move each existing connection with
a “rewiring” probability q, to connect another randomly cho-
sen, unconnected pair of patches. If a connection is not moved
(with probability 1 — g), it remains in its original position. The
expected asymmetry of a connectivity pattern is thus defined
by q. When q=0, no connections are moved and the pattern
remains distance-based; as q increases, the resultant network
becomes increasingly asymmetric (Fig. 1b). The original def-
inition of small-world networks began with the nodes of the

regular network arranged along the perimeter of a circle (Watts
and Strogatz, 1998). The results of our analyses did not change
if the original regular network had circular topology.

Some of the resultant asymmetric connectivity patterns
may not be “strongly connected”. In a strongly connected
metapopulation, it is possible to travel from any patch to any
other patch, either directly or through intermediate patches.
Mathematically, a connectivity matrix is strongly connected if
P= Z?ilPi is strictly positive. Biologically, in a non-strongly
connected metapopulation some patches cannot colonise, or
cannot be colonised by other patches. Rather than acting as a
single entity, these non-strongly connected metapopulations
are actually split into a number of sub-metapopulations that
are not connected, or are connected only in a source-sink man-
ner.

The number of patches is a crucial determinant of
metapopulation persistence (Etienne, 2004), and so a
metapopulation split into two or more unconnected sections
will have a much lower viability than a strongly connected
metapopulation. Non-strongly connected metapopulations
are more likely to occur when connectivity is asymmetric, and
this will unfairly bias the assessment of persistence against
asymmetric patterns. For example, it is unclear whether the
lower persistence of asymmetrically connected metapop-
ulations in Vuilleumier and Possingham (2006) analysis is
due to the detrimental effects of asymmetric connectivity, or
the increased likelihood of disconnected metapopulations.
To avoid this bias, and to more directly focus on the effects
of asymmetry, we discard all metapopulations that are not
strongly connected.

2.2. Step 2: Calculating the network metrics

1. Asymmetry (Z): We measure the degree of metapopulation
asymmetry by the difference between the asymmetric con-
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Fig. 2 - Calculation of the strongest connection between
patches i and j. The numbers indicate the strengths of each
connectivity path. Although the dark path requires the
most steps, the magnitude of its connectivities makes it the
stronger connection. Its path strength is 0.73, while the
strengths of the two grey paths are 0.2 and 0.01.

nectivity pattern and its symmetric equivalent (the mean
of the asymmetric connections in both directions). We
define an “asymmetry matrix”: [Z];; = z; = |pj; — p;j/2|, and an
“asymmetry metric”: Z = z:\il Jhilzij, for the connectivity
pattern. When Z=0 the matrix is perfectly symmetric; as
the asymmetry increases, Z also increases to a maximum
value (Zmax = (M2 — M)/2).

2. Average path strength (S): The “path strength”, Sij, between

two patches in a metapopulation is defined as the path
with the maximum associated probability—the strongest
connection. Direct connections between patches may not
exist, and thus indirect connections must also be consid-
ered (Ovaskainen, 2002). When connectivity is asymmetric,
itis possible that an indirect path may be the strongest even
when a direct path exists (Fig. 2). This phenomenon is not
possible when connectivity is distance-based, where the
strongest connection is always the path that transverses
the fewest edges.
The average path strength, S, of an asymmetric connectiv-
ity pattern is the average of S;; over all pairs of patches.
Biologically, S is a measure of how closely connected the
entire metapopulation is. As S increases, the average unoc-
cupied patch in the metapopulation can be recolonised
more rapidly by an occupied patch. We therefore expect
metapopulations with a high S to be more persistent than
similar metapopulations with a lower S. To determine the
Sij values of a metapopulation connectivity pattern, we
implement the “burning algorithm” of Newman (2001),
which we have modified to cope with probabilistic, directed
networks. This method provides the strongest connection
between each pair of edges, and the associated strength of
those connections.

3. Centrality (C;): Centrality can be used to assess the impor-
tance of individual patches in the context of connectivity.
Urban and Keitt (2001) defined metapopulation patches as
either an “end” or a “centre” patch, depending on their
position in a minimum spanning tree. Preferential removal
of the “end” patches yielded a more persistent metapopu-
lation than removal of the “centre” patches. This method
however is limited to symmetric connectivity patterns, and
can only categorise patches as either “ends” or “centres”.

The centrality of a patch is related to the end/center des-
ignation, but is a quantitative valuation, and is defined for
both symmetric and asymmetric networks.

The strongest connection between two patches may be
direct, or may pass through a sequence of intermediate
patches. The centrality C; of a patch is the number of
strongest connections that pass through patch i, weighted
by their strengths (Newman, 2003). Biologically, the cen-
trality of a patch provides a measure of how important
it is to the rapid movement of individuals through a
metapopulation, and thus how able it is to recolonise tem-
porarily unoccupied patches. Conversely, it also measures
how close a patch is to the strongest connectivity paths
through a metapopulation, and thus its probability of being
recolonised in the event of local extinction.

2.3. Step 3: The Day and Possingham model

To determine whether these three metrics can predict the
effect of connectivity patterns on metapopulation dynam-
ics, we will compare them with the results of a model that
can explicitly incorporate asymmetric connectivity—the Day
and Possingham (DP) model. The DP model is a stochas-
tic metapopulation model that focuses on patch occupancy
rather than intra-patch dynamics. There are only two events
in the dynamics of a metapopulation: the extinction, and the
recolonisation of local patches. These events are modelled as
processes that occur with probabilities that are conditional on
the occupancy state of the metapopulation. Patch occupancy
models assume that local patch dynamics occur at a much
faster rate than metapopulation dynamics (Hanski, 1994), and
are widely used in metapopulation theory (Day and Possing-
ham, 1994; Ovaskainen, 2002; Vuilleumier and Possingham,
2006).

The extinction of individual patches is a stochastic pro-
cess, as is recolonisation. As we are particularly interested
in the effects of the asymmetric connectivity patterns, we
have not included any variation in the extinction probabilities
of the different patches. The probability of a patch becom-
ing extinct at each timestep is thus assumed to be the same
value, u, for each of the patches. The dynamics of a partic-
ular metapopulation can thus be completely modelled with
the connectivity matrix P and the extinction probability, x
By computing the second-largest eigenvalue of the associated
state transition matrix, we can determine the probability of
metapopulation extinction in a particular time period. For a
thorough explanation of the model, see Day and Possingham
(1995).

2.4.  Step 4: Testing the complex network metrics

To determine whether complex network metrics can be used
to estimate dynamic metapopulation properties, we compare
the set of network metrics to the exact predictions of the DP
model. The limitations of the DP model will restrict these com-
parisons to metapopulations with small numbers of patches
(M <12). In particular, we will judge the ability of the network
metrics to predict the following two dynamical metapopula-
tion properties.
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2.4.1. Probability of metapopulation extinction

Many methods exist to assess the health of a particular
metapopulation: Ovaskainen and Hanski postulated a num-
ber of patch-based measures (Ovaskainen and Hanski, 2003),
including the effective number of patches (Ovaskainen, 2002);
Frank and Wissel (2002) used the mean lifetime of a metapop-
ulation; Urban and Keitt (2001) measured the sum of the
connectivity strengths. We choose to measure metapopula-
tion health by using the probability that a metapopulation
thatis initially fully occupied will become extinct within a par-
ticular time, following a tradition beginning with MacArthur
and Wilson (1967). We have arbitrarily chosen this time as 100
years: Pext(100).

It is important that our results are valid for the entire
range of possible asymmetric connectivity patterns. The
analyses are therefore repeated for one thousand 10-patch
metapopulations with different asymmetric connectivity pat-
terns. These connectivity patterns are generated by repeatedly
applying rewiring probabilities, g, that range between 0 and 1,
to a regular lattice. Because all of the resultant metapopula-
tions begin as the same regular lattice, the total amount of
migration in each of the 1000 metapopulations (Z?ilz}.l\ilpij)
is the same, and the different resulting connectivity patterns
are the result of the probabilistic variation in the small-world
algorithm. The variation in the probability of metapopula-
tion extinction is therefore solely attributable to the different
asymmetric connectivity patterns. For each connectivity pat-
tern we calculate the asymmetry and average path strength
of the connectivity pattern, and use these as predictor vari-
ables for the probability of metapopulation extinction in a
non-linear regression. We select the optimal model using the
Akaike information criteria (AIC). This fit is not performed to
determine a general model of the extinction probability, but to
better understand the effects of the different metrics on the
persistence of the metapopulation.

2.4.2. Importance of individual patches

We also use the centrality metric to estimate the relative
importance of different patches in the metapopulation, and
test these estimates using simple sequential patch removal
experiments. We propose that if the patches with the low-
est centrality are removed first, the resulting decrease in
metapopulation viability will be small, relative to other
removal strategies.

We examine how patch removal based on lowest central-
ity compares with all alternative removal methods. First, we
generate a metapopulation of 10 patches, connected by an
asymmetric connectivity pattern. The patch with the lowest
centrality is “destroyed”, and the viability of the remainder
of the metapopulation is determined. Additional patches are
then removed sequentially. It is important that the C; values
be recomputed after each successive removal, as the loss of
patches - which leads to a re-routing of some strongest con-
nections and the elimination of others - alters the dynamics
of the metapopulation connectivity. To determine the effec-
tiveness of this centrality method, we compare it to all other
removal strategies (there are 10 factorial options, which we
search exhaustively), and measure its performance by the
number of alternative removal strategies it outperforms. To
examine the robustness of the results, we repeated these
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Fig. 3 - The effect of average path strength, S, and
asymmetry, Z, on the probability of metapopulation
extinction. Each point represents a 10-patch
metapopulation with the same total connectivity strength.
The only difference between metapopulations is the
asymmetric connectivity pattern. The average path
strength of the particular connectivity pattern is given by
the position on the abscissa, and the colour of the points
indicates the asymmetry of the connectivity pattern. Darker
points are more asymmetric.

patch experiments with many different asymmetric connec-
tivity patterns, generated with different rewiring probabilities
(q). We also examined how the method performed when the
connectivity strengths (p;;) were not all equal, but varied ran-
domly about a mean value.

3. Results
3.1.  Probability of metapopulation extinction

Fig. 3 shows the results of the first experiment, estimat-
ing the probability of metapopulation extinction using the
asymmetry and average path strength of the asymmetric
connectivity patterns. Each point represents the probabil-
ity of a 10-patch metapopulation becoming extinct in 100
years. Each of the 1000 dots in this figure represents a differ-
ent, strongly connected asymmetric connectivity pattern. The
rewiring probability q has been varied across its entire range
(0<q <1) to generate these metapopulations, and this results
in asymmetric connectivity patterns with very different S and
Z combinations. In this figure, the extinction probability of
each patch is ©=0.4, and the probability of each connection
is p=0.75. Varying these constant values alters the average
probability of extinction, but does not have a significant effect
on the predictive capabilities of the two metrics.

It is immediately apparent from this figure that connec-
tivity structure has an important effect on the viability of a
metapopulation. Although all of these metapopulations have
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the same number of patches and the same total amount of
migration, the viability of the metapopulations varies greatly,
ranging from 20% to 70% probability of extinction within 100
years. The location of each point on the x-axis indicates the
average path strength of the connectivity pattern. We can
see that, as we predicted, the probability of metapopulation
extinction is negatively correlated with S. Much of the varia-
tion around this trend can be explained by Z, the asymmetry
of the connectivity pattern, which is indicated by the colour of
the point (lighter dots indicate more symmetric connectivity
patterns).

The asymmetry of a connectivity pattern is negatively
correlated with the metapopulation’s persistence: the more
asymmetric a connectivity pattern (darker circles), the higher
the probability of metapopulation extinction. Fitting a poly-
nomial regression to the data shown in Fig. 3 reveals that
both the average path strength and the asymmetry are impor-
tant predictor variables. The fit of all subsets of a third degree
polynomial model were calculated:

3
Pext = ao + Zai(é)l + bi(Z)i. (1)
i=1

Based on the R? statistic, AIC chooses the best predictive model
as

z 2
Pext = Ao + a1S + az(S)” + b1 Z. 2)

This model has an R? value of about 0.85, indicating that the
average path strength and the asymmetry together account
for a large proportion of the variation in the probability of
metapopulation extinction.

3.2.  Importance of individual patches

It seems common sense that if patches must be lost from
a metapopulation, we should try to maximise the connect-
edness of the remaining metapopulation. In Fig. 4, we have
used the centrality metric to decide which patch is the least
important for metapopulation connectedness. At each step,
the patch with the lowest centrality (C;) is removed. Fig. 4a
shows this method applied to a single asymmetric connectiv-
ity pattern.

The pattern was generated from a regular lattice withp=0.7
and p=0.6. The asymmetry results from a rewiring probabil-
ity of q=0.3. The triangle on the ordinate axis indicates the
probability that the full 10-patch metapopulation will become
extinct in 100 years. As we remove more patches, the prob-
ability of extinction increases. The small dots indicate the
results of all possible patch removal strategies; the open cir-
cles indicate the performance of the average removal strategy.
The particular strategy suggested by the centrality method
is indicated by the closed, dark circles. As more patches are
removed from the metapopulation, the probability of extinc-
tion increases rapidly under all removal strategies. In terms of
extinction probability, the removal method based on central-
ity is consistently much better than the average strategy, and
is very close to the optimal strategy.
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Fig. 4 - (a) We remove five patches sequentially from a
10-patch metapopulation, always removing the patch with
the lowest centrality. The probability of metapopulation
extinction that result from this method is indicated by the
y-position of the large closed black circles (®). Marked with
small dots () are all of the possible methods for removing
patches from the metapopulation. The open circles (Q)
indicate the average removal strategy. The triangle (A)
indicates the probability of extinction of the
metapopulation with no patches removed. (b) The
centrality removal method is repeated on 100 different
metapopulations with asymmetric connectivity, and the
average performance of the centrality method is recorded
when four patches are removed sequentially. The centrality
method performed better than a certain percentage of the
alternative removal strategies, indicated by the black line.

Fig. 4b records the average results of applying the central-
ity method to many asymmetric connectivity patterns such as
the single example in Fig. 4a. The performance of the method
is measured by the percentage of removal strategies that the
centrality method performs as well as or better than, in terms
of Pext. We investigated the performance of this method under
more general conditions, by (1) varying the rewiring proba-
bility, q and (2) allowing the values of p; to vary randomly
between 0.6 and 0.8 (+15%). Neither alteration reduced the rel-
ative performance of the centrality method, which performed
consistently well.

4, Discussion

These results demonstrate that complex network metrics can
reflect properties that define the dynamics of stochastic patch
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occupancy metapopulations. A complex network perspective
complements existing metapopulation analysis techniques as
it focuses on statistical properties of the connectivity patterns
that have direct intuitive interpretations. Although it is typi-
cally quite difficult to quantify dynamic quantities from static
interconnection patterns, our results indicate how an under-
standing of metapopulation dynamics can be advanced using
this method.

We used the DP model to predict the probability of a
metapopulation becoming extinct, and applied these results
to demonstrate the potential of a complex network approach
to metapopulation theory. Such stochastic patch occupancy
models will not be feasible for metapopulations with more
than a small number of patches. Modelling an M-patch
metapopulation requires calculating 2°M probabilities. When
complexity increases at this rate, even a moderately sized
metapopulation is impossible to cope with. Using complex
network metrics to directly analyse the same metapopulation
requires a relatively manageable M? probabilities. Unfortu-
nately, the complexity of the DP model restricted our analyses
to small metapopulations (M < 12), and it is therefore not pos-
sible to guarantee that these network metrics exhibit similar
accuracy when applied to larger metapopulations.

The complex network analyses show that the two metrics,
asymmetry (Z) and average path strength (S), are quantita-
tively associated with metapopulation persistence. Together,
the average path strength and asymmetry of a connectivity
pattern explain much of the variation in metapopulation per-
sistence when the probability of patch extinction is uniform.
The average path strength can be thought of as a measure
of how closely connected the patches are in connectivity
space. If the value of S is high, any patch in the metapop-
ulation can be rapidly recolonised by another patch, either
directly or through a series of intermediate recolonisations.
Increasing asymmetry in a connectivity pattern has a nega-
tive effect on metapopulation persistence. To help understand
this phenomenon, consider an isolated pair of connected
patches. If the sum total of colonisation probabilities is con-
stant (p12 +p21=C) then the probability of metapopulation
extinction is minimal when the matrix is perfectly symmetric
(p12 =p21, see Appendix). This analytical result cannot be easily
extended to larger metapopulations, however itis feasible that
this mechanism, working between all pairs of patches, helps
ensure that large metapopulations with symmetric connec-
tivity are the most persistent.

The negative effect of asymmetry on persistence is likely to
particularly affect metapopulations in areas with strong land-
scape gradients. For example, marine metapopulations would
be susceptible, as the unidirectional advective effect of cur-
rents in marine settings can be pronounced (Largier, 2003),
and migrating individuals are frequently in their larval stages,
where their ability to counteract these flow-fields is limited
(Leis, 2002). Connectivity can also be made more asymmetric
by population factors (e.g., individuals leaving overcrowded
patches; Mclntire et al., 2007).

Patch removal strategies that focus on low centrality ensure
that the persistence of the remaining metapopulation is
maximised, a result we have demonstrated holds for many dif-
ferent asymmetric metapopulations. Intuition suggests that
patches with high centrality are more likely to be frequently

occupied, and thus cannot be easily spared from the metapop-
ulation. Stochastic metapopulation simulations (not shown
here) support this assertion, showing increased occupancy on
patches with high centrality. The removal method based on
centrality is an asymmetric extension of Urban and Keitt (2001)
patch removal method, both of which focus of the importance
of “core” patches.

We have assumed throughout our analysis that all of the
patches have an equal probability of extinction, an unlikely
scenario in real metapopulations. This assumption was made
to better focus on the effects of connectivity. If this approach
is to be directly useful to conservation practitioners, the vary-
ing extinction probabilities of the different patches must also
beincluded in the analyses. Both asymmetric connectivity and
patch variability could be incorporated using a method similar
to that described by Urban and Keitt (2001): an ex post inclusion
of patch area (frequently considered a surrogate for extinction
probability), where the least important patches for connectiv-
ity (“end” patches) are removed in order of increasing size. A
better method would incorporate both factors into the initial
viability analysis, thus acknowledging their interdependence.
If complex network approaches to metapopulations are to
advance beyond theoretical analyses, this is an important
direction for future research.

The connectivity patterns analysed in this paper are all
generated by the small-world network model of Watts and
Strogatz (1998). Small-world network generation can be sum-
marised in two steps: (1) A regular network is proposed
and then (2) edges from this network are rewired with a
set probability q to random positions. The underlying spa-
tial nature of metapopulations can be used to rationalise
the first decision. As a first assumption we expect that each
patch is most strongly connected to its closest neighbours.
Small-world connectivity patterns are thus rooted in space,
distinguishing them from methods that merely assign con-
nections between patches at random (e.g., Vuilleumier and
Possingham, 2006). In a real environment however, some of
these close connections are blocked by obstacles or difficult
terrains, while other paths are corridors which facilitate long
distance connectivity—these mechanisms are simulated in
the second-step. The closer q is to one, the greater is the
influence of the heterogeneous landscape compared with
the distance between the patches. The two extreme cases
of the algorithm have been frequently used in metapopula-
tion modelling: randomly connected metapopulations (q=1;
e.g., Vuilleumier and Possingham, 2006) and distance-based
metapopulations (q=0; e.g., Hubbell, 2001). However, future
empirical connectivity analyses may show that real connec-
tivity patterns do not conform to small-world models, despite
their plausibility. In addition, the networks used in these anal-
yses may not be of sufficient size to exhibit some of the key
features of small-world networks (e.g., drastically increased
average path strengths, compared with regular networks).

Analysing metapopulation dynamics by using complex
network metrics offers a feasible method for predicting and
understanding very large metapopulations with asymmetric
connectivity patterns. Deducing system processes from com-
plex network structure is difficult however, and a complete,
systematic framework for such analyses does not yet exist
(Newman, 2003). Although the systems in these theoretical
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analyses are ecologically simplified, we have shown in this
paper the considerable potential of easily calculated network
metrics for determining dynamic properties of metapopula-
tions.

Appendix A. Effect of asymmetry on a
two-patch metapopulation

We assert in this paper that asymmetry in the connectivity
pattern of a stochastic patch occupancy metapopulation has
a negative effect on its persistence. In this Appendix we show
this to be analytically true for a two-patch metapopulation.
The fundamental events in the dynamics of stochastic patch
occupancy metapopulations are the extinction and recoloni-
sation of patches. Extinction of the population on patch i
occurs with a probability u;, and recolonisation of a patch
1 from another occupied patch j occurs with probability pj.
We store all the colonisation probabilities in a metapopu-
lation connectivity matrix P, which for two patches takes
the form:

0  pw
= 3
! L?n 0 ] @

The current state of a metapopulation completely defines
its future dynamics. For a two-patch metapopulation we label
possible states (a,b), where a and b take the values of 1 or
0, indicating an occupied (1) or unoccupied (0) patch. The
value of a indicates the state of the first patch, and b indi-
cates whether the second-patch is occupied. The two-patch
metapopulation will therefore be in one of four different
states: (0,0), (0,1), (1,0) or (1,1). The state (0,0) corresponds to the
extinction of the entire metapopulation. The expected time
to metapopulation extinction is inversely proportional to the
second-largest eigenvalue (1) of the state transition matrix
(Day and Possingham, 1995).

If the connectivity pattern is symmetric (for example, if the
connectivity depended on the distances between the patches),
then the two connectivity values are equal: p1p =ps1 =p. This
connectivity matrix has an asymmetry value of Z=0. To inves-
tigate the effects of asymmetry, we express the colonisation
probabilities as deviations from this symmetric connectivity
matrix, so that p1p =p+3§, and py1 =p — 8. The resulting asym-
metric connectivity matrix is

(4)

P(8)—[ 0 p+8}

p—-68 O

which has the same total connectivity as the symmetric con-
nectivity pattern, 212:1 Z}.z:lpij = 2p. The degree of asymmetry
in the new matrix is Z(P,(8))=24. The state transition matrix for
this metapopulation can be written as

1 0 0 0

5o |* (1-u)(1-p-9) 0 (1-wp+9) ’
I 0 (1-w@-p+8)  (1-wp-9)
12 (1= @)1 —p = 8) (1 — u) (1 —p+8) 2pp(Ll — ) + (1 — )’

(%)

0.896

~ 0.894

0.892

-0.1 -0.05 0 0.05 0.1

8

Fig. 5 - The value of 1, as a function of §, the degree of
asymmetry in the connectivity pattern. Increasing
asymmetry results in a less persistent metapopulation. For
this figure, p=0.3 and ¢ =0.2.

where the probability of patch extinction at each timestep
is assumed to be the same for the two patches. The rate at
which this metapopulation becomes extinct can be calculated
by using the second-largest eigenvalue, 15, which is the largest
eigenvalue of the matrix when the row and column corre-
sponding to metapopulation extinction are removed (Darroch
and Seneta, 1965). The characteristic equation of the reduced
matrix is a quadratic in §, and implicit differentiation gives an
equation for (dxr,/09):

o _ (2 20 = 2+ 1= 3)’(u — 1) ©
35 (1 — 14 212)(pA +B) ’

where A=(1—pu+2ury —2o)(1—p)?, and B = p3 —23 —dpu -
Surz —1—3u2 +4rou? 4+ 24 + 31 + 2ur3. Eq. (6) seems com-
plicated, but we can immediately see that there is a unique
stationary point at §=0, if (u?+2uiy —2u+1—13)%>#0. This
term is a quadratic in (1 — «) that has no real roots. Thus A,
has a stationary point only when §=0.

To show this is a maximum, and that the persistence of the
metapopulation is therefore maximised when the connectiv-
ity matrix is symmetric, we simply show that 1, (§ = 0) > A(6) for
any § #0. This is most easily done when § =p, where 1 = (1 — p).
When §=0,

1
=3 (2+2up—u—10+\/(QMP—M—P)2+4MP) (1=n). ()

and the stationary point is therefore a unique maxima if

2MP—M—P+\/(ZMP—M—P)2+4MP>Q (8)

which is always true. Thus for two-patch metapopulations,
asymmetry has a negative effect on population persistence

(e.g., Fig. 5).
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