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Abstract

The viability of metapopulations in fragmentddndscapes has becon® central theme in
conservation biology. Landscape fragrtagion is increasingly recognizeas a dynamical process: in
many situations, the quality of loclahbitats must be expected to undergo continual changes. Here we
assess the implications of such recurrent lodaturbances for the equilibrium density of
metapopulations. Using a spatiatxplicit lattice model in which the considered metapopulation as
well as the underlying landscape nga dynamically, we show for thest time that equilibrium
metapopulation density is maximized at intermedfeggquencies of local landscape disturbance. On
both sides around this maximum, the metapomnathay go extinct. We show how the position and
shape of the intermediatéability maximum is responding to charggm the landscape’s overall habitat
quality and the population’s propernsior local extinction. We interpteur findings in terms of a dual
effect of intensified landscapisturbances, which on the one hamderminate local populations and

on the other hand enhance a metapopulation’s tggacspreading between habitat clusters.
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I ntroduction

Several effects in ecology that weagriori considered detrimental to certain performance measures
were later found to be beneficial at intermediatensity. For example, antermediate frequency of
disturbance has been suggested to maxinsgecies diversity (Grime 1973; Connell 1978).
Experimental corroborations of this hypothesisvendeen reported for rain forests (Molino and
Sabatier 2001), phytoplankton communities (Sommeal €t993), and experimental microcosms of
bacteria (Buckling et al 2000). Bha et al. (1997) and Roxburgh al. (2004) suggested a common
theoretical approach to undemding such intermediate mesa. Caswell and Etter (1999)
demonstrated, based on a cellular automaton modelath intermediate frequency of disturbance
facilitated the coexistence of competitively superior and fugitive species, while maximizing the
equilibrium population size of the inferispecies. It has also been shawat an intermediate intensity
of grazing may maximize plant productivity througle thcceleration of a system’s nutrient cycling
(McNaughton 1979; Hilbert et dl985; Dyer et al 1986; Lorealf95; de Mazancourt et al 2001).
Furthermore, intermediate disturbance can fatéliooperation among bacteria in the formation of
biofilms (Brockhurst et al 2007). termediate disturbance regimesvéahus been demonstrated to
possess the potential for maximizing a number fbéidint measures of ecological performance.

The maintenance of species diversity and thenopation of grazing intensity clearly touch on
important issues of applied ecologinother issue of practical imgance is the effect of habitat
fragmentation on spatially didttited populations (Hanski 1998). Metgulation models offer widely
applied tools for theoretical ingggations of habitat fragmenian (Hanski 1998). In particular,
spatially explicit metapopulatiomodels, accounting for the twordénsional structure of many
terrestrial habitats, allow forsaessing the impact of environnanpatchiness on a metapopulation’s
viability.

Habitat fragmentation is often modelled based simple random landscapes, termed percolation
maps (Gardner et al 1987; Kun 2007). In these spaecritical transition occurs from a continuous
habitat to a fragmented habitat as the overdiitatdensity is reduced (Gustafson and Parker 1992;
Bascompte and Solé 1996). Models based on peraolataps have also proveeful in studies on

the effects of habitat heterogeneity on the dynanot spatially distributed populations (see, e.g.,
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Dytham 1995; Bascompte and Solé 1996; Neuwtrad998; Hiebler 2000Hovestadt et al 2001;
Oborny and Kun 2002; Kun and Oborny 2003).

Most previous models, however,rsidered constant landscape @ats. By contrast, highly dynamic
landscapes are widespread in nat(Watt 1947; Pickett et al 200Wiens 2000). For example, the
dynamics of trees create a dynamic landscape for undeyplants (Verheyen et al 2004), epiphytes
(Snall et al 2005a; Snall et al 2005b), and algofdoest-dwelling animals (Akcakaya et al 2004).
Succession in patches coupled witbhadbextinctions and disturbancesgparticularly likely to create
changing landscapes (Stelteraél997; Amarasekare and Poggiam 2001; Boughton and Malvadkar
2002; Wahlberg et al 2002; Ellner and Fussma0@3). Recently, the possibility of turnover in the
quality of sites has been incorporated int@atgly explicit models ofmetapopulation dynamics
(Keymer et al 2000). These new models are likelyedefine our undetanding of metapopulation
persistence, since the desttion and renewal of habitat sitessharned out to be a key element for
evaluating such persistenfiéeymer et al 2000; Johst et al 2002; Mieerg et al 2002; Akcakaya et al
2004; Verheyen et al 2004; Oborret al 2005). It has been demonstrated, in particular, that
metapopulation persistence not only depends oratieunt of available hahat (Tilman et al 1994;
Bascompte and Solé 1996; Boswell et al 199&hVend King 1999), but also on the frequency of
environmental change (in other words, on the avelitegpan of habitat patches; Keymer et al 2000;
Hastings 2003). It is important to note here thahése studies — as well as in ours here — the notion of
disturbance refers to changes in the arrangemehalotat patches, whereather studies have used
disturbance in a different sense, a synonym for habitat destruction.

In our analysis below, a local disturbance makdwmbitable patch non-hakita and thus results in
the extinction of thdocal population. We assume that suclbite loss is balanced, on average, by
habitat gain through the regeneratimnrestoration of a patch elsesvk in the landscape, so that the
average density of habitable patches remainstaonsOn this basis, we study the metapopulation
dynamics of a species with shoange dispersal in a spatiallgnd temporally heterogeneous,
fragmented landscape. We demonstriair the first time that intermediate levels of local landscape
disturbance can maximize metapopulation density, vaadry to elucidate # general mechanisms

responsible for this phenomenon.
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M ethods

A square lattice ofn=300x 300 sites with periodic boundary comdns is used to represent a
dynamic landscape. Each site of this landscape is assumed to be either habitable or non-habitable for
the population. Habitat sites cha occupied by a local population or they can be empty.

Two processes take place ireteystem: (a) metapopulation dynasjichanging the occupancy of
sites, and (b) landscape dynamics, changing theatadpiality of sites. Té latter process creates
environmental fluctuations tbhugh the rearrangement diabitable and non-habitable sites. More
specifically, the following two processase carried out joity and repeatedly:

(a) First, a site is randomly selected for updatiogupancy. If the focal site is occupied, then the
local population goes extih with probability e. When extinction occurs, g¢hsite becomes empty. If
the focal site is empty, it can be (re)coloniZea the sites in its von Neumann neighbourhood (four
nearest neighbours). (Re)coimation occurs if a randomly pickatkighbouring sites occupied. In
that case, the focal site becomes occupied.

(b) A second site is then randomly selected for tipdahabitat quality. If the & is habitable, then
its quality is changed to ndmabitable with probabilitys f / p; if the focal site is non-habitable, then a

change to habitable occurs with probability /(1— p). This transition rule ensures that the fraction of

habitable sites in thevhole area converges tp, while the distribution of habitable sites remains

spatially uncorrelated. The rule also means that the frequency at which a site’s quality changes,
averaged across the whole metapopulatiorf, idVe assume that a site that has just become habitable
is initially empty, while a site thdtas become non-habitable becomes empty.

We confirmed that when sites are not selectedpieddently in the two steps, but instead are forced
to be the same, the qualitative results regbtbelow remain unchanged. In order to assess the
generality of our results, we also investigatece¢halternative scenariosurvival on non-habitable
sites, rare long-range dispersahd synchronous updating. In thetficase, a population can survive in
a non-habitable sit&ith probability s<<1. Accordingly, an empty non-habitable site can be colonized
with probability s from a randomly chosen occupied neighbiogisite, and an occugad habitable site,
when becoming non-habitable, camaysbccupied with probabilitys. In the second case, rare long-

range dispersal occurs once gftan average, each siteshiaeen updated once (i.e., afteiterations):
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any empty habitable site then becomes occupied with probahilityn the third case, updating is
synchronous. Accordingly, the occupgraf all sites is updated simultamesly before theguality of all
sites is updated simultaneously.

At the beginning of each simulation, a fractign of sites is habitableand all these sites are
occupied. The remaining sites are non-habitableecamgty. We allow the system to reach equilibrium,
by iterating processes (a) and (b) asctibed above. This takes betweerl® and 510 iterations
and happens faster wheh is higher. At equilibrium, the fracth of occupied siteis recorded. For
each parameter combination, thesefions are averaged over 11 independent runs. To elucidate how
our results may generalize to tinensient dynamics before the nmaaulation reachesquilibrium, we
also investigated the effects of starting fronfully occupied landscape or from a cluster % 3

occupied sites in an otherwise empty landscape.

Results

Figure 1 shows how the metapopulation density (theagldbnsity or fraction obccupied sites) at
equilibrium changes with the frequendy of local landscape disturbance in the special ease=0,
with p=0.45. For e=0, local populations do not go extinct fany other reason but habitat loss. The
figure shows that at low values df, nearly all habitat sites are@upied by the metapopulation: its
equilibrium density is close tq=0.45. As the frequency of landscape disturbance increases, a
growing number of local populations becometirest. Consequently, equilibrium metapopulation
density is a strictly decreasingriction of disturbance frequency.

When populations may occasionally go extinct even on habitable ste8)( an intermediate
maximum of equilibrium metapopulation density emer@egure 2). Similarly to Figure 1, this density
drops when the disturbance freqag is increased to large valudsow, however, the density also

drops when the disturbance frequency becomes too low.
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Figure 2 reveals how the position of the resulta 0.45 o e semy
intermediate maximum and of the viability range ~ zzz R."-.,.
(i.e., the range ofe for which the equilibrium éézzz '-..
metapopulation density exceeds zero) surroundi §§o:zu- e
that maximum vary with the global fractiop of % © o015
habitable sites (middle column) and with the loci = 2;2
extinction ratee (middle row). In particular, the e FoSaaR e v o

Disturbance frequency, f
Fig. 1. Equilibrium metapopulation density
e or p increases. Notice also that, fgr= 0,45 as a function of the frequencyf of

landscape disturbance, for an average
fraction p= 0.450f habitable sites and in
local extinction rate becomes too high (at he gpecial casee=0 (extinction of

approximatelye=0.17) and, fore=0.10, when the Populations occurs ®n through habitat
. ) ) loss). Notice that the frequency of
global fraction of habitablsites becomes t0o low (at |andscape disturbance is shown on a

approximately p=0.38). Even in environments in logarithmic scale. Each circle represents
the average of 11 independent model runs.

which the netapopulation can persist, only a fractiol Coefficients of variation among these
model runs were smaller than 1%, and thus
error bars are not shown. In each model
equilibrium metapopulatiordensity increases with run, metapopulation density was first
equilibrated and then averaged over 1000
samples spread out in time, with each new
decreases with extinctiontea(middle row in Fig. 2).  sample takem iterations after the previous
one.

peak’s position shifts to lower values 6f as either

metapopulation viability is copletely lost when the

of habitable sites are occupied. As expected, t

habitat quality (middle column in Fig. 2) anc

Underlining the robustrss of our results, the
intermediate maximum of equilibrium
metapopulation density is retainedeewvhen populations can survivenon-habitable sites (Fig. 3a),
populations exhibit rare long-range dispersal (Bly), habitat loss only occurs on empty sites (results
not shown), or when updating is synchronous (resitshown). By systematically varying all model
parameters, we have demonstratedir effects on equilibrium nt@population density. Despite the
absence of a — probably impossiblanalytical treatment, our resultsus provide a fulanalysis of the

model’s equilibrium behaviour.
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Fig. 2. Equilibrium metapopulation density as a function of the frequemcyof landscape
disturbance, fore>0. Increases inp (from bottom to top) ance (from left to right) show,

respectively, the effects of alterfrdctions of habitable sites andaitered rates of local extinction.
Notice the existence of an intermediate maximn each panel (even in the top panel, whpre

slightly exceeds the percolation thnekl). Other details as in Fig. 1.

Natural sytems are not always near equilibrium. Instead, they may be subject to large system-scale
environmental perturbations, which frequently aréhaopogenic. We therefore investigated whether
the maximization of equilibrium metapopulation dengjgneralizes to theansients a metapopulation
may undergo on a disturbed landscape after it isnté&e away from equilibrium. To this end, we
studied the effects of disturb@n frequency after starting the tagopulation from extreme initial
conditions of maximal and minimal occupation. eTifiormer describes a previously undisturbed

landscape that becomes exposediigturbances, while the latter rcesponds to a previously empty
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landscape that bec@ws invaded by the focal populatidResults are shown in Fig. 4. The intermediate
maximum of metapopulation density emerges both akenovo exposure to disturbances and after
invasions. In the latter case, the intermediate mawi even occurs right from the onset: this shows
that intermediate disturbance frequencies nét oraximize equilibrium metapopulation densities but

also maximize invasion speeds.
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Disturbance frequency, f Disturbance frequency, f
Fig. 3. Equilibrium metapopulation density as a function of the frequehcyf landscape
disturbance (a) when populatioean survive on non-habitable sitep £€0.40, e=0.1, and
s=0.01) and (b) when considering rare long-range disperpat .40, e=0.1, and m= 0.J).
Other details as in Fig. 1.

Discussion

Our simple model of metapopulation dynamicsaloihg on dynamic landscapes shows that an
intermediate frequency of lolcalisturbance maximizes equiliom metapopulation density and
invasion speed. This observatican be explained by two independeffects of landscape disturbance
on metapopulation dynamics:

(a) First, a higher frequency of landscape distacbacauses the more rapid extinction of local
populations, thus naturally deasing metapopulation density. At 0, i.e., when disturbance is the
only cause of local extinction,ithnegative effect acts alone, rédga@xplaining the monotonic decline
of metapopulation densityith disturbance frequency (Fig. 1). ktrge disturbance déquencies, this
first effect always dominates, explaining, for example, the faster equilibration of a disturbed

metapopulation starting from a fulbccupied landscape (Fig. 4a).
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Fig. 4. Metapopulation density at different times idgr equilibration, as a function of the
frequency f of landscape disturbance when the metapdipulas started from (a) a fully occupied

landscape and (b) from a cluster 8k 3 occupied sites in an otherwise empty landscape.
Metapopulation density is shown after 100200n , 5001, and 100@ iterations (thinnest to
thickest curves). @er parametersp=0.45 and e=0.1. Other details as in Fig. 1, except that

results from each model run were not averaged twee. Coefficients of variation among model
runs were smaller than 1% in (a) and larger than 1% in (b).

(b) Second, the rearrangent of habitable sitebelps populations to (re)colonize empty habitat
patches by creating temporary bridges between hahiistecs (sets of connectadbitable sites). This
bridging effect is cleayl visible in Fig. 4b, whre it accelerates invasi of a previously empty
landscape before effect (a) takes over.

In percolation maps, habitat clusgtenight be isolated from each other (Gardner et al 1987). For such
maps, with each site being eithebhable or non-habitable, it is wethown that there exists a critical
fraction of habitable sites =0.5923 for the four-neighbour case), below which the landscape
consists of isolated hdhbt clusters (Stauffeand Aharony 1994). In these settings, the capacity of
populations to disperse from habitable sites to dthéitable sites is seriously limited. The number of
isolated habitat clusters is maximal at aroupé 0.3 (Gustafson and Parker 1992; Bascompte and
Solé 1996), and is still high gt = 0.45. Without landscape disturbandemwever, most of the isolated

habitat clusters reain uncolonized (Fig. 5.; sesso Oborny and Kun 2002). This implies that, for

P<P: gnge>0, metapopulations go extinct even when ldr@scape is infinitelyarge (Szabé etla
2002). Extensive habitat destructioesults in a highly fragmented landscape, in which population
viability is lost (Bascompte and Solé 199@)ynamic changes of the landscape introduce the

possibility of the emergence of itable sites (“stepping stonesthat connect otherwise isolated
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10 habitat clusters. In such a amer,

metapopulations may overcome the

inherent constraints on spreading

imposed by a landscape’s structure (Fig.

Well-mixed

metapopulation 5). This positive effect of landscape

disturbance trades off with the

Metapopulation
density

' Spatially _ .
024 ' <— structured aforementioned negative effect.
] ’/ metapopulation _ _
&6 Y 4 Owing to these two competing effects,
0.0 0.2 0.4 06 0.8 1.0 an optimal frequency of landscape

Fraction of habitable sites, p
Fig. 5. Equilibrium metapopulation density as a function
of the average fractiop of habitable sites, for spatially metapopulation density is maximized
structured and well-mixe metapopulations without (Fig. 2). At higher frequencies of
disturbance ¢ =0; gray curves) and with disturbance

(f =0.005; black curves). Other parametee=0.1.
Other details as in Fig. 1. metapopulation may go extinct because

disturbance exists, at which a

landscape disturbance, the

it is clobbered by environmental

fluctuations, whereas at lower
frequencies extinction is due to the scarcity agportunities leading tahe (re)colonization of
unoccupied habitat clusters. Wamanstrate in the Appendix thaktintermediate maximum cannot be
captured without accounting for a metapopulation’stigpatructure, which ows that this effect
crucially depends on spatial celations among occupied sites.

The presence of amtermediate maximum ofmetapopulation density thus requires that local
extinctions occur (at leasiccasionally) due to causes other thahitaé loss, and that habitat clusters
be sufficiently spatially isolated. The first crit@niis usually fulfilled for real-world metapopulations.

If habitat sites are more aggregated comparedremdom landscape (percolation map), and individual
clusters are thus larger but fewer in number, temction at the scale of habitat clusters is rare,
which implies that re-colonization fino other clusters is less important.

The second criterion has to bealwated by examining the spatiiaracteristics of a landscape in
conjunction with the ability of a ggies to “disperse through the matrix” of non-habitable sites. This
requires considering three situations: (i) survival on non-habitable sites, (i) long-range dispersal
between habitable sites, and (iii) sufficiently conedctlusters of habitable sites. We discuss these

possibilities in turn. (i) In sever@ocumented cases, it cannot belesed that species survive even

10
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within that matrix (Andrén 1994Wiens 2001; Bowne and Bower8@). We have shown that when
including this possibility in our model, thenetapopulation density will continue to show an
intermediate maximum, as long as dispersal thrahghmatrix is sufficientlyrare compared to the
population’s rate of spread acrossbitable sites (Fig. 3a). (iiRare long-range dispersal and
subsequent establishment of popwias is another mechanism by whitle spatial isolation of habitat
clusters is alleviated. While rare in many systehong-range dispersal is more common in others
(Wiens 2000). It is therefore importathtat our general rekus robust to rare dpersal evds through
which individuals are bypassingethntervening inhospitable matyixor example by seed dispersal
(Fig. 3b). While a populatn with long-range dispersaapabilities can colose habitats vacated by
extinction, it will still benefit from intermediate levels of disturbance if the establishment of dispersing
individuals is sufficiently rare. Establishment fraseeds can indeed be very low in populations of
clonal plants, for which the main mode of spreadegetative growth (Eriksso1997). (iii) If habitat
landscape is not much fragmentgapulations can percolate throughe large cluster of habitable
sites. In such a situation, the bridging effectisturbances is not very portant, as it only connects
smaller unconnected clusters to the already existirge cluster that greatly facilitates a population’s
spread. It is important to point out, howeverattithe intermediate maximum still occurs, if only
weakly, even when the fraction ofthtable sites is raised above a lacajse’s percolation threshold, as
illustrated by the top panel in Fig. 2.

Several studies have indicatee timportance of modest disturbanfor the maintenance of natural
populations. For example, the population of a grasshopper spBryesegma tuberculata) on gravel
bars along braided rivers in tidorthern Alps depends on irregulfloods creating open areas that
would otherwise be overgrown and become non-habitg&ielter et al 1997)n another flood plain,
habitat ice scour disturbsdal populations of louseworPédicularis furbishiae), but the pruning effect
of the ice drift also keeps the vegetation sparse, which is essential for the growth of this species
(Menges 1990). As yet another example, localimess can remove plant cover and thus create new
habitat, for example, focheckerspot butterfliesE(phydrias gilettii; Debinski 1994) and lichen
grasshoppersT(imerotopis saxatilis; Gerber and Templeton 1996). Dabmg a different but similar
phenomenon, Nee and May (1992) showed that ifrapetitively inferior species can coexist with a
dominant competitor, its equilibrium density exhibits a maximum at intermediate habitat density. It
could be interesting to extend of our model to mepalations in which avaitde habitat is limited not

only by a fragmented landscape of potential habitat, but also by the presence of a strong competitor.

11
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Our nodel predicts that the management of disnces, or of restorati efforts counterbalancing
habitat loss, can increase a metapopulation’s dewkién landscapes are fragmented, survival on non-
habitable sites is low, local extinction risks are ertreme, and dispersal is mostly short-range. In
general, the negative effeadf habitat fragmentation will oftdee difficult to couteract (Fahrig 1998;
Harrison and Bruna 1999; Falther and Bevers 2002; Fahrig 2003are bound to differ much among
species and landscapes (Fahrig 2001). Howeveenwdountermeasures can be taken in a (cost-
)effective manner, our results offer two relevant insights. First, we have shown how sensitively a
metapopulation’s equilibrium density can dependtioa frequency of landspa disturbances, as
illustrated by the steep parts of curves in Fig. 2s Bensitivity, and therefore the benefit-to-cost ratio
of appropriate management measures, is higheat the maximum distoance frequency that a
metapopulation can sustain. For natureetapopulations threaxted by extinctionthis realization is
especially salient. Second, our results have tggted an unexpected berwdil effect of landscape
disturbance, resulting in a mmum disturbance frequency that a metapopulation can sustain. In the
vicinity of that lower thresholdsmall changes in disturbancesduency again go a long way in
elevating metapopulation density. What is perhaps evane important is that our findings also show
how well-meant attempts to improve a metapoputéd viability by reducing the frequency of
disturbances can backfire, if they are appbadhe wrong side of the intermediate maximum.

Observations of systems in which landscape dyrmapiey an essential role for population dynamics
have lead to a re-evaluation of the role ddtalibance and of the conditions for (meta)population
persistence. Our results confirm that the dreadéstteof the percolation threshold (Gardner et al
1987; Stauffer and Aharony 1994; Bascompte and 8a&; Boswell et al 1998) might be alleviated
on dynamic landscapes (see also Keymer et al 2R00;et al 2004; Oborngt al 2007) through the
occasional formation of bridges between habdaisters. Accordinglylandscape disturbance can
increase metapopulation density, resulting in eased persistence. Tkedindings may enable
innovative strategies for landscapa@anagement. In particular, whenly a limited numbeof sites can
be protected, our results highlight the importanctofising efforts on creaiiy habitable sites at new
locations, so as to allow the escape of populatimm existing enclosures. Under some conditions, a
moderate amount of dynamic changes in the pattehalotable sites sufficeas significantly increase

a metapopulation’s viability.
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Appendix: Well-mixed metapopulations

When long-range dispersal is much more frequbah short-range dispsal, the metapopulation
described by our model is well-mixed, so that all igbabrrelations in theaupancy of sites are lost.
This enables a simple analytical treatment, whichinetude here so as to demonstrate the crucial
importance of spatial structure for our results.

Assuming a well-mixed metapoptilan with a large numbem of sites, the dynamics of the
proportion of habitable occupied sitd¥,, is given by

= N(p-N)-N(e+11/p).

where timet is measured in units of. This is a special case of the mean-field metapopulation
dynanics studied by Keymer et 2000; in our mode the fraction p of habitable sites and the total
number of sites remain constant).

The equilibrium metapopulation density’ = max(0,p—e-1 f /p) decreases a$ increases. This
shows that, as expected, mean-figlddels cannot capture the bridgieffect of landscape disturbance
and therefore only account for the local extinctions ahbyesuch disturbance. Moreover, the effect of
a small disturbance frequencly on N* is negligible for a well-mied metapopulation, whereas it
leads to marked changes in the equilibriumtapepulation densities of a spatially structured

metapopulation (Fig. 5).
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Abstract

The viability of metapopulations in fragmentddndscapes has becon® central theme in
conservation biology. Landscape fragrtagion is increasingly recognizeas a dynamical process: in
many situations, the quality of loclahbitats must be expected to undergo continual changes. Here we
assess the implications of such recurrent lodaturbances for the equilibrium density of
metapopulations. Using a spatiatxplicit lattice model in which the considered metapopulation as
well as the underlying landscape nga dynamically, we show for thest time that equilibrium
metapopulation density is maximized at intermedfeggquencies of local landscape disturbance. On
both sides around this maximum, the metapomnathay go extinct. We show how the position and
shape of the intermediatéability maximum is responding to charggm the landscape’s overall habitat
quality and the population’s propernsior local extinction. We interpteur findings in terms of a dual
effect of intensified landscapisturbances, which on the one hamderminate local populations and

on the other hand enhance a metapopulation’s tggacspreading between habitat clusters.

Keywords

environmental heterogeneity, habitat fragmentatpercolation, dynamic lancgpes, cellular automata
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I ntroduction

Several effects in ecology that weagriori considered detrimental to certain performance measures
were later found to be beneficial at intermediatensity. For example, antermediate frequency of
disturbance has been suggested to maxinsgecies diversity (Grime 1973; Connell 1978).
Experimental corroborations of this hypothesisvendeen reported for rain forests (Molino and
Sabatier 2001), phytoplankton communities (Sommeal €t993), and experimental microcosms of
bacteria (Buckling et al 2000). Bha et al. (1997) and Roxburgh al. (2004) suggested a common
theoretical approach to undemding such intermediate mesa. Caswell and Etter (1999)
demonstrated, based on a cellular automaton modelath intermediate frequency of disturbance
facilitated the coexistence of competitively superior and fugitive species, while maximizing the
equilibrium population size of the inferispecies. It has also been shawat an intermediate intensity
of grazing may maximize plant productivity througle thcceleration of a system’s nutrient cycling
(McNaughton 1979; Hilbert et dl985; Dyer et al 1986; Lorealf95; de Mazancourt et al 2001).
Furthermore, intermediate disturbance can fatéliooperation among bacteria in the formation of
biofilms (Brockhurst et al 2007). termediate disturbance regimesvéahus been demonstrated to
possess the potential for maximizing a number fbéidint measures of ecological performance.

The maintenance of species diversity and thenopation of grazing intensity clearly touch on
important issues of applied ecologinother issue of practical imgance is the effect of habitat
fragmentation on spatially didttited populations (Hanski 1998). Metgulation models offer widely
applied tools for theoretical ingggations of habitat fragmenian (Hanski 1998). In particular,
spatially explicit metapopulatiomodels, accounting for the twordénsional structure of many
terrestrial habitats, allow forsaessing the impact of environnanpatchiness on a metapopulation’s
viability.

Habitat fragmentation is often modelled based simple random landscapes, termed percolation
maps (Gardner et al 1987; Kun 2007). In these spaecritical transition occurs from a continuous
habitat to a fragmented habitat as the overdiitatdensity is reduced (Gustafson and Parker 1992;
Bascompte and Solé 1996). Models based on peraolataps have also proveeful in studies on

the effects of habitat heterogeneity on the dynanot spatially distributed populations (see, e.g.,
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Dytham 1995; Bascompte and Solé 1996; Neuwtrad998; Hiebler 2000Hovestadt et al 2001;
Oborny and Kun 2002; Kun and Oborny 2003).

Most previous models, however,rsidered constant landscape @ats. By contrast, highly dynamic
landscapes are widespread in nat(Watt 1947; Pickett et al 200Wiens 2000). For example, the
dynamics of trees create a dynamic landscape for undeyplants (Verheyen et al 2004), epiphytes
(Snall et al 2005a; Snall et al 2005b), and algofdoest-dwelling animals (Akcakaya et al 2004).
Succession in patches coupled witbhadbextinctions and disturbancesgparticularly likely to create
changing landscapes (Stelteraél997; Amarasekare and Poggiam 2001; Boughton and Malvadkar
2002; Wahlberg et al 2002; Ellner and Fussma0@3). Recently, the possibility of turnover in the
quality of sites has been incorporated int@atgly explicit models ofmetapopulation dynamics
(Keymer et al 2000). These new models are likelyedefine our undetanding of metapopulation
persistence, since the desttion and renewal of habitat sitessharned out to be a key element for
evaluating such persistenfiéeymer et al 2000; Johst et al 2002; Mieerg et al 2002; Akcakaya et al
2004; Verheyen et al 2004; Oborret al 2005). It has been demonstrated, in particular, that
metapopulation persistence not only depends oratieunt of available hahat (Tilman et al 1994;
Bascompte and Solé 1996; Boswell et al 199&hVend King 1999), but also on the frequency of
environmental change (in other words, on the avelitegpan of habitat patches; Keymer et al 2000;
Hastings 2003). It is important to note here thahése studies — as well as in ours here — the notion of
disturbance refers to changes in the arrangemehalotat patches, whereather studies have used
disturbance in a different sense, a synonym for habitat destruction.

In our analysis below, a local disturbance makdwmbitable patch non-hakita and thus results in
the extinction of thdocal population. We assume that suclbite loss is balanced, on average, by
habitat gain through the regeneratimnrestoration of a patch elsesvk in the landscape, so that the
average density of habitable patches remainstaonsOn this basis, we study the metapopulation
dynamics of a species with shoange dispersal in a spatiallgnd temporally heterogeneous,
fragmented landscape. We demonstriair the first time that intermediate levels of local landscape
disturbance can maximize metapopulation density, vaadry to elucidate # general mechanisms

responsible for this phenomenon.
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M ethods

A square lattice ofn=300x 300 sites with periodic boundary comdns is used to represent a
dynamic landscape. Each site of this landscape is assumed to be either habitable or non-habitable for
the population. Habitat sites cha occupied by a local population or they can be empty.

Two processes take place ireteystem: (a) metapopulation dynasjichanging the occupancy of
sites, and (b) landscape dynamics, changing theatadpiality of sites. Té latter process creates
environmental fluctuations tbhugh the rearrangement diabitable and non-habitable sites. More
specifically, the following two processase carried out joity and repeatedly:

(a) First, a site is randomly selected for updatiogupancy. If the focal site is occupied, then the
local population goes extih with probability e. When extinction occurs, g¢hsite becomes empty. If
the focal site is empty, it can be (re)coloniZea the sites in its von Neumann neighbourhood (four
nearest neighbours). (Re)coimation occurs if a randomly pickatkighbouring sites occupied. In
that case, the focal site becomes occupied.

(b) A second site is then randomly selected for tipdahabitat quality. If the & is habitable, then
its quality is changed to ndmabitable with probabilitys f / p; if the focal site is non-habitable, then a

change to habitable occurs with probability /(1— p). This transition rule ensures that the fraction of

habitable sites in thevhole area converges tp, while the distribution of habitable sites remains

spatially uncorrelated. The rule also means that the frequency at which a site’s quality changes,
averaged across the whole metapopulatiorf, idVe assume that a site that has just become habitable
is initially empty, while a site thdtas become non-habitable becomes empty.

We confirmed that when sites are not selectedpieddently in the two steps, but instead are forced
to be the same, the qualitative results regbtbelow remain unchanged. In order to assess the
generality of our results, we also investigatece¢halternative scenariosurvival on non-habitable
sites, rare long-range dispersahd synchronous updating. In thetficase, a population can survive in
a non-habitable sit&ith probability s<<1. Accordingly, an empty non-habitable site can be colonized
with probability s from a randomly chosen occupied neighbiogisite, and an occugad habitable site,
when becoming non-habitable, camaysbccupied with probabilitys. In the second case, rare long-

range dispersal occurs once gftan average, each siteshiaeen updated once (i.e., afteiterations):
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any empty habitable site then becomes occupied with probahilityn the third case, updating is
synchronous. Accordingly, the occupgraf all sites is updated simultamesly before theguality of all
sites is updated simultaneously.

At the beginning of each simulation, a fractign of sites is habitableand all these sites are
occupied. The remaining sites are non-habitableecamgty. We allow the system to reach equilibrium,
by iterating processes (a) and (b) asctibed above. This takes betweerl® and 510 iterations
and happens faster wheh is higher. At equilibrium, the fracth of occupied siteis recorded. For
each parameter combination, thesefions are averaged over 11 independent runs. To elucidate how
our results may generalize to tinensient dynamics before the nmaaulation reachesquilibrium, we
also investigated the effects of starting fronfully occupied landscape or from a cluster % 3

occupied sites in an otherwise empty landscape.

Results

Figure 1 shows how the metapopulation density (theagldbnsity or fraction obccupied sites) at
equilibrium changes with the frequendy of local landscape disturbance in the special ease=0,
with p=0.45. For e=0, local populations do not go extinct fany other reason but habitat loss. The
figure shows that at low values df, nearly all habitat sites are@upied by the metapopulation: its
equilibrium density is close tq=0.45. As the frequency of landscape disturbance increases, a
growing number of local populations becometirest. Consequently, equilibrium metapopulation
density is a strictly decreasingriction of disturbance frequency.

When populations may occasionally go extinct even on habitable ste8)( an intermediate
maximum of equilibrium metapopulation density emer@egure 2). Similarly to Figure 1, this density
drops when the disturbance freqag is increased to large valudsow, however, the density also

drops when the disturbance frequency becomes too low.
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Figure 2 reveals how the position of the resulta 0.45 o e semy
intermediate maximum and of the viability range ~ zzz R."-.,.
(i.e., the range ofe for which the equilibrium éézzz '-..
metapopulation density exceeds zero) surroundi §§o:zu- e
that maximum vary with the global fractiop of % © o015
habitable sites (middle column) and with the loci = 2;2
extinction ratee (middle row). In particular, the e FoSaaR e v o

Disturbance frequency, f
Fig. 1. Equilibrium metapopulation density
e or p increases. Notice also that, fgr= 0,45 as a function of the frequencyf of

landscape disturbance, for an average
fraction p= 0.450f habitable sites and in
local extinction rate becomes too high (at he gpecial casee=0 (extinction of

approximatelye=0.17) and, fore=0.10, when the Populations occurs ®n through habitat
. ) ) loss). Notice that the frequency of
global fraction of habitablsites becomes t0o low (at |andscape disturbance is shown on a

approximately p=0.38). Even in environments in logarithmic scale. Each circle represents
the average of 11 independent model runs.

which the netapopulation can persist, only a fractiol Coefficients of variation among these
model runs were smaller than 1%, and thus
error bars are not shown. In each model
equilibrium metapopulatiordensity increases with run, metapopulation density was first
equilibrated and then averaged over 1000
samples spread out in time, with each new
decreases with extinctiontea(middle row in Fig. 2).  sample takem iterations after the previous
one.

peak’s position shifts to lower values 6f as either

metapopulation viability is copletely lost when the

of habitable sites are occupied. As expected, t

habitat quality (middle column in Fig. 2) anc

Underlining the robustrss of our results, the
intermediate maximum of equilibrium
metapopulation density is retainedeewvhen populations can survivenon-habitable sites (Fig. 3a),
populations exhibit rare long-range dispersal (Bly), habitat loss only occurs on empty sites (results
not shown), or when updating is synchronous (resitshown). By systematically varying all model
parameters, we have demonstratedir effects on equilibrium nt@population density. Despite the
absence of a — probably impossiblanalytical treatment, our resultsus provide a fulanalysis of the

model’s equilibrium behaviour.



Intermediate disturbance maximizes metapopulation density

Monotonicat p = 1

p=060,e=0.10

e it

5 oo \
32 ow
g c \
(=% 0204
m o
% 010 .
Q - \
g 1E-5 1E-4 1E-3 oo o1 r\‘
b g
.'%‘ ? > on p=045 e=0.05 . p=045 e=0.10 . p=045 e=0.15 o
7]
1] C o “"‘"_ _» &6 . 123
R P N S 75 :
- 0.08
E © ,5 0.20 f . 015 f/ . J . 6
=10 2 ) . \ 008 4
o1 .2 B \ | 1 )
[1v] c a . 0104 . T
o _'9 S 010 i l / O
"6 g ‘g 0.05- a5 \ 0.02 .T \ -
g o T i e ray TR S L ey PR TR T L P PSR N R —
;,8 = Disturbance frequency, f Disturbance frequency, %
9 s _p=0.40,e=0,10 . >
L
5 0.12
8 5
5 & 009 »
g2 7 A
go ™ !
g 003 * ',.
o L

0.00 3 -
1ES 1E4 1E-3 om 01

Disturbance frequency,

Viability lost at p = 0.38

Rate of local extinction, e
Fig. 2. Equilibrium metapopulation density as a function of the frequemcyof landscape
disturbance, fore>0. Increases inp (from bottom to top) ance (from left to right) show,

respectively, the effects of alterfrdctions of habitable sites andaitered rates of local extinction.
Notice the existence of an intermediate maximn each panel (even in the top panel, whpre

slightly exceeds the percolation thnekl). Other details as in Fig. 1.

Natural sytems are not always near equilibrium. Instead, they may be subject to large system-scale
environmental perturbations, which frequently aréhaopogenic. We therefore investigated whether
the maximization of equilibrium metapopulation dengjgneralizes to theansients a metapopulation
may undergo on a disturbed landscape after it isnté&e away from equilibrium. To this end, we
studied the effects of disturb@n frequency after starting the tagopulation from extreme initial
conditions of maximal and minimal occupation. eTifiormer describes a previously undisturbed

landscape that becomes exposediigturbances, while the latter rcesponds to a previously empty



Intermediate disturbance maximizes metapopulation density

landscape that bec@ws invaded by the focal populatidResults are shown in Fig. 4. The intermediate
maximum of metapopulation density emerges both akenovo exposure to disturbances and after
invasions. In the latter case, the intermediate mawi even occurs right from the onset: this shows
that intermediate disturbance frequencies nét oraximize equilibrium metapopulation densities but

also maximize invasion speeds.

a b
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Disturbance frequency, f Disturbance frequency, f
Fig. 3. Equilibrium metapopulation density as a function of the frequehcyf landscape
disturbance (a) when populatioean survive on non-habitable sitep £€0.40, e=0.1, and
s=0.01) and (b) when considering rare long-range disperpat .40, e=0.1, and m= 0.J).
Other details as in Fig. 1.

Discussion

Our simple model of metapopulation dynamicsaloihg on dynamic landscapes shows that an
intermediate frequency of lolcalisturbance maximizes equiliom metapopulation density and
invasion speed. This observatican be explained by two independeffects of landscape disturbance
on metapopulation dynamics:

(a) First, a higher frequency of landscape distacbacauses the more rapid extinction of local
populations, thus naturally deasing metapopulation density. At 0, i.e., when disturbance is the
only cause of local extinction,ithnegative effect acts alone, rédga@xplaining the monotonic decline
of metapopulation densityith disturbance frequency (Fig. 1). ktrge disturbance déquencies, this
first effect always dominates, explaining, for example, the faster equilibration of a disturbed

metapopulation starting from a fulbccupied landscape (Fig. 4a).
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Fig. 4. Metapopulation density at different times idgr equilibration, as a function of the
frequency f of landscape disturbance when the metapdipulas started from (a) a fully occupied

landscape and (b) from a cluster 8k 3 occupied sites in an otherwise empty landscape.
Metapopulation density is shown after 100200n , 5001, and 100@ iterations (thinnest to
thickest curves). @er parametersp=0.45 and e=0.1. Other details as in Fig. 1, except that

results from each model run were not averaged twee. Coefficients of variation among model
runs were smaller than 1% in (a) and larger than 1% in (b).

(b) Second, the rearrangent of habitable sitebelps populations to (re)colonize empty habitat
patches by creating temporary bridges between hahiistecs (sets of connectadbitable sites). This
bridging effect is cleayl visible in Fig. 4b, whre it accelerates invasi of a previously empty
landscape before effect (a) takes over.

In percolation maps, habitat clusgtenight be isolated from each other (Gardner et al 1987). For such
maps, with each site being eithebhable or non-habitable, it is wethown that there exists a critical
fraction of habitable sites =0.5923 for the four-neighbour case), below which the landscape
consists of isolated hdhbt clusters (Stauffeand Aharony 1994). In these settings, the capacity of
populations to disperse from habitable sites to dthéitable sites is seriously limited. The number of
isolated habitat clusters is maximal at aroupé 0.3 (Gustafson and Parker 1992; Bascompte and
Solé 1996), and is still high gt = 0.45. Without landscape disturbandemwever, most of the isolated

habitat clusters reain uncolonized (Fig. 5.; sesso Oborny and Kun 2002). This implies that, for

P<P: gnge>0, metapopulations go extinct even when ldr@scape is infinitelyarge (Szabé etla
2002). Extensive habitat destructioesults in a highly fragmented landscape, in which population
viability is lost (Bascompte and Solé 199@)ynamic changes of the landscape introduce the

possibility of the emergence of itable sites (“stepping stonesthat connect otherwise isolated
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10 habitat clusters. In such a amer,

metapopulations may overcome the

inherent constraints on spreading

imposed by a landscape’s structure (Fig.

Well-mixed

metapopulation 5). This positive effect of landscape

disturbance trades off with the

Metapopulation
density

' Spatially _ .
024 ' <— structured aforementioned negative effect.
] ’/ metapopulation _ _
&6 Y 4 Owing to these two competing effects,
0.0 0.2 0.4 06 0.8 1.0 an optimal frequency of landscape

Fraction of habitable sites, p
Fig. 5. Equilibrium metapopulation density as a function
of the average fractiop of habitable sites, for spatially metapopulation density is maximized
structured and well-mixe metapopulations without (Fig. 2). At higher frequencies of
disturbance ¢ =0; gray curves) and with disturbance

(f =0.005; black curves). Other parametee=0.1.
Other details as in Fig. 1. metapopulation may go extinct because

disturbance exists, at which a

landscape disturbance, the

it is clobbered by environmental

fluctuations, whereas at lower
frequencies extinction is due to the scarcity agportunities leading tahe (re)colonization of
unoccupied habitat clusters. Wamanstrate in the Appendix thaktintermediate maximum cannot be
captured without accounting for a metapopulation’stigpatructure, which ows that this effect
crucially depends on spatial celations among occupied sites.

The presence of amtermediate maximum ofmetapopulation density thus requires that local
extinctions occur (at leasiccasionally) due to causes other thahitaé loss, and that habitat clusters
be sufficiently spatially isolated. The first crit@niis usually fulfilled for real-world metapopulations.

If habitat sites are more aggregated comparedremdom landscape (percolation map), and individual
clusters are thus larger but fewer in number, temction at the scale of habitat clusters is rare,
which implies that re-colonization fino other clusters is less important.

The second criterion has to bealwated by examining the spatiiaracteristics of a landscape in
conjunction with the ability of a ggies to “disperse through the matrix” of non-habitable sites. This
requires considering three situations: (i) survival on non-habitable sites, (i) long-range dispersal
between habitable sites, and (iii) sufficiently conedctlusters of habitable sites. We discuss these

possibilities in turn. (i) In sever@ocumented cases, it cannot belesed that species survive even

10
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within that matrix (Andrén 1994Wiens 2001; Bowne and Bower8@). We have shown that when
including this possibility in our model, thenetapopulation density will continue to show an
intermediate maximum, as long as dispersal thrahghmatrix is sufficientlyrare compared to the
population’s rate of spread acrossbitable sites (Fig. 3a). (iiRare long-range dispersal and
subsequent establishment of popwias is another mechanism by whitle spatial isolation of habitat
clusters is alleviated. While rare in many systehong-range dispersal is more common in others
(Wiens 2000). It is therefore importathtat our general rekus robust to rare dpersal evds through
which individuals are bypassingethntervening inhospitable matyixor example by seed dispersal
(Fig. 3b). While a populatn with long-range dispersaapabilities can colose habitats vacated by
extinction, it will still benefit from intermediate levels of disturbance if the establishment of dispersing
individuals is sufficiently rare. Establishment fraseeds can indeed be very low in populations of
clonal plants, for which the main mode of spreadegetative growth (Eriksso1997). (iii) If habitat
landscape is not much fragmentgapulations can percolate throughe large cluster of habitable
sites. In such a situation, the bridging effectisturbances is not very portant, as it only connects
smaller unconnected clusters to the already existirge cluster that greatly facilitates a population’s
spread. It is important to point out, howeverattithe intermediate maximum still occurs, if only
weakly, even when the fraction ofthtable sites is raised above a lacajse’s percolation threshold, as
illustrated by the top panel in Fig. 2.

Several studies have indicatee timportance of modest disturbanfor the maintenance of natural
populations. For example, the population of a grasshopper spBryesegma tuberculata) on gravel
bars along braided rivers in tidorthern Alps depends on irregulfloods creating open areas that
would otherwise be overgrown and become non-habitg&ielter et al 1997)n another flood plain,
habitat ice scour disturbsdal populations of louseworPédicularis furbishiae), but the pruning effect
of the ice drift also keeps the vegetation sparse, which is essential for the growth of this species
(Menges 1990). As yet another example, localimess can remove plant cover and thus create new
habitat, for example, focheckerspot butterfliesE(phydrias gilettii; Debinski 1994) and lichen
grasshoppersT(imerotopis saxatilis; Gerber and Templeton 1996). Dabmg a different but similar
phenomenon, Nee and May (1992) showed that ifrapetitively inferior species can coexist with a
dominant competitor, its equilibrium density exhibits a maximum at intermediate habitat density. It
could be interesting to extend of our model to mepalations in which avaitde habitat is limited not

only by a fragmented landscape of potential habitat, but also by the presence of a strong competitor.

11
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Our nodel predicts that the management of disnces, or of restorati efforts counterbalancing
habitat loss, can increase a metapopulation’s dewkién landscapes are fragmented, survival on non-
habitable sites is low, local extinction risks are ertreme, and dispersal is mostly short-range. In
general, the negative effeadf habitat fragmentation will oftdee difficult to couteract (Fahrig 1998;
Harrison and Bruna 1999; Falther and Bevers 2002; Fahrig 2003are bound to differ much among
species and landscapes (Fahrig 2001). Howeveenwdountermeasures can be taken in a (cost-
)effective manner, our results offer two relevant insights. First, we have shown how sensitively a
metapopulation’s equilibrium density can dependtioa frequency of landspa disturbances, as
illustrated by the steep parts of curves in Fig. 2s Bensitivity, and therefore the benefit-to-cost ratio
of appropriate management measures, is higheat the maximum distoance frequency that a
metapopulation can sustain. For natureetapopulations threaxted by extinctionthis realization is
especially salient. Second, our results have tggted an unexpected berwdil effect of landscape
disturbance, resulting in a mmum disturbance frequency that a metapopulation can sustain. In the
vicinity of that lower thresholdsmall changes in disturbancesduency again go a long way in
elevating metapopulation density. What is perhaps evane important is that our findings also show
how well-meant attempts to improve a metapoputéd viability by reducing the frequency of
disturbances can backfire, if they are appbadhe wrong side of the intermediate maximum.

Observations of systems in which landscape dyrmapiey an essential role for population dynamics
have lead to a re-evaluation of the role ddtalibance and of the conditions for (meta)population
persistence. Our results confirm that the dreadéstteof the percolation threshold (Gardner et al
1987; Stauffer and Aharony 1994; Bascompte and 8a&; Boswell et al 1998) might be alleviated
on dynamic landscapes (see also Keymer et al 2R00;et al 2004; Oborngt al 2007) through the
occasional formation of bridges between habdaisters. Accordinglylandscape disturbance can
increase metapopulation density, resulting in eased persistence. Tkedindings may enable
innovative strategies for landscapa@anagement. In particular, whenly a limited numbeof sites can
be protected, our results highlight the importanctofising efforts on creaiiy habitable sites at new
locations, so as to allow the escape of populatimm existing enclosures. Under some conditions, a
moderate amount of dynamic changes in the pattehalotable sites sufficeas significantly increase

a metapopulation’s viability.
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Appendix: Well-mixed metapopulations

When long-range dispersal is much more frequbah short-range dispsal, the metapopulation
described by our model is well-mixed, so that all igbabrrelations in theaupancy of sites are lost.
This enables a simple analytical treatment, whichinetude here so as to demonstrate the crucial
importance of spatial structure for our results.

Assuming a well-mixed metapoptilan with a large numbem of sites, the dynamics of the
proportion of habitable occupied sitd¥,, is given by

= N(p-N)-N(e+11/p).

where timet is measured in units of. This is a special case of the mean-field metapopulation
dynanics studied by Keymer et 2000; in our mode the fraction p of habitable sites and the total
number of sites remain constant).

The equilibrium metapopulation density’ = max(0,p—e-1 f /p) decreases a$ increases. This
shows that, as expected, mean-figlddels cannot capture the bridgieffect of landscape disturbance
and therefore only account for the local extinctions ahbyesuch disturbance. Moreover, the effect of
a small disturbance frequencly on N* is negligible for a well-mied metapopulation, whereas it
leads to marked changes in the equilibriumtapepulation densities of a spatially structured

metapopulation (Fig. 5).
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