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Abstract. The metapopulation concept initiated a paradigm shift in ecology and conserva-
tion biology, recognizing the eminent role of dispersal and colonization as fundamental pro-
cesses contributing to species’ long-term persistence. Early models made ad hoc assumptions
about a positive area dependency of dispersal (i.e., total number of emigrants), which persisted
in the theoretical literature; however, numerous empirical examples of negative area dependen-
cies of dispersal have been reported. Here, we first give a qualitative overview for different area
dependencies of dispersal in empirical systems. Then, using a spatially realistic Levins model,
we show that extending assumptions on the area dependence of dispersal (ADD) to include all
empirically supported parameter space, specifically also negative ADD, alters predictions on
several conservation-relevant patterns. Importantly, we find that small patches could be of sim-
ilar importance as large ones if dispersal decreases inversely with patch area, a result contrast-
ing with previous findings based on a positive ADD. This leads to context-dependent
strategies to preserve metapopulations. If dispersal is positively correlated with patch area,
efforts should be devoted to preserving large patches and the total habitat area. If dispersal is
negatively correlated with patch area, the most efficient strategy is to preserve a high number
of patches, including small ones. Our results have direct implications for management decisions

in the context of destruction, deterioration, and protection of habitat patches.
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INTRODUCTION

The metapopulation concept was a major break-
through and paradigm shift in ecology (Gilpin and Han-
ski 1991, Hanski 1998, Hanski and Gaggiotti 2004).
Before its development (Levins 1969, 1970), ecological
models had mostly assumed that the dynamics and per-
sistence of populations can be described by local factors
and from a localized and equilibrium perspective (Levin
1992). The metapopulation concept showed how a spe-
cies can still persist regionally while every local popula-
tion is doomed and has a finite extinction risk.

As a consequence, the focus of theoretical ecology, and
eventually also empirical ecology and conservation biol-
ogy, shifted from a localized perspective to a spatial per-
spective (Clobert et al. 2001). Extensive consecutive
work showed that dispersal and metapopulation dynam-
ics are important for a wide range of settings and organ-
isms (Gilpin and Hanski 1991, Hanski 1998, Hanski and
Gaggiotti 2004), and the original models were expanded
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in various aspects, including consideration of spatially
explicit and realistic dispersal networks (e.g., Hanski
1999, Gilarranz and Bascompte 2012, Mari et al. 2014),
stability of patches (e.g., Reigada et al. 2015, Wang et al.
2015), species interactions (e.g., Leibold et al. 2004,
Fournier et al. 2017), evolution and genetics (e.g., Hanski
and Saccheri 2006, Jansen and Vitalis 2007, Saasta-
moinen et al. 2018), and ecoevolutionary feedbacks (e.g.,
Hanski et al. 2011, Fronhofer and Altermatt 2017).
Earlier theoretical work assumed that all patches were
identical, and either in an empty or occupied state
(Levins 1969). Harrison (1991) was one of the first,
clearly recognizing that patches in a metapopulation
vary in quality and size, and that this variation may
affect population sizes and subsequently metapopulation
dynamics. One implication of an almost universal varia-
tion in patch size in natural metapopulations is a subse-
quent variation in the number (quantity) of dispersers
per patch. Consequently, theoretical work started to
relax the assumption that all habitat patches are identi-
cal and generally assumed that the number of dispersers
produced per patch is an increasing function of both
patch lifetime and patch area. This early-on “assump-
tion” of a positive area dependence of dispersal (ADD)
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postulated and used in seminal theoretical work (Gyllen-
berg and Hanski 1992, 1997, Hanski and Gyllenberg
1993, Travis et al. 1999, Metz and Gyllenberg 2001,
Poethke and Hovestadt 2002; but see Kindvall and
Petersson 2000) subsequently immersed the empirical lit-
erature as an “expected,” but rarely tested, relationship.
More recently, it was put forward that the dependence
between patch size and dispersal/emigration needs to be
looked at (e.g., Stamps et al. 1987, Englund and
Hamback 2004a, Hamback and Englund 2005, Alter-
matt and Ebert 2010), and individual empirical studies
started to reveal that the area dependence of dispersal is
not as unequivocal as one would expect. It was found
that dispersal, or the total number of emigrants, is not
only positively related, but can also be negatively related,
to patch size. For example, high numbers of emigrants
from small patches were found in a vole metapopulation
(Crone et al. 2001), in phytophagous beetles. and some
lepidoptera (e.g., Turchin 1986, Hjermann 2000, Menén-
dez et al. 2002). Similarly, in ephemeral rock pools with
frequent desiccation and subsequent exposition of
migration stages to dispersal, it was found that most dis-
persers at the metapopulation level originated from
small pools (Altermatt et al. 2008, 2009, Altermatt and
Ebert 2010). The observation of negative ADD in natu-
ral metapopulations obviously requires also some evolu-
tionary explanation. Although not the focus of our
paper, the study of dispersal evolution in metapopula-
tions has a long tradition (e.g., Olivieri et al. 1995, Tra-
vis and Dytham 1998, Ronce 2007, Fronhofer and
Altermatt 2017). From an evolutionary perspective, a
negative ADD can emerge under certain conditions, for
example, when there is strong, patch-size-dependent
Allee effects. In this case, individuals have problems find-
ing mates in small patches, so high levels of dispersal are
expected to evolve. This scenario may be realistic for a
well-studied metapopulation of voles (Pokki 1981,
Crone et al. 2001). Another, mutually nonexclusive sce-
nario resulting in the evolution of high levels of dispersal
in small patches is expected in cases where patch area
and patch stability are correlated. For example, when
small patches are more (or more often) affected by per-
turbations or are more ephemeral, environmental
change cannot only induce dormancy, but would likely
also evolve to trigger high levels of dispersal, especially
in small patches. The dependency of dispersal on patch
stability and/or patch disturbances is relatively well doc-
umented and also seems to have a genetic basis in natu-
ral metapopulations (Purves and Dushoff 2005,
Vanschoenwinkel et al. 2008, Berendonk et al. 2009,
Reigada et al. 2015). Despite these varying dependencies
of dispersal on patch area (from positive to negative; see
also our literature survey below) theoretical models con-
tinued to consider mostly a positive ADD. Integrating
all realized parameter spaces of ADD into metapopula-
tion models is important because we expect negative
ADD to lead to qualitatively different predictions than
those claimed by current theory using positive ADD.

SHAOPENG WANG AND FLORIAN ALTERMATT

Ecology, Vol. 100, No. 9

A quantitative framework to understand the effects of
patch area and locations on the persistence of metapop-
ulations was developed by Hanski and Ovaskainen
(2000), who considered mainly a positive dependence of
the overall dispersal on patch area (i.e., positive ADD),
particularly a linear or power-law increase of dispersal
with area (Ovaskainen and Hanski 2001, 2003). One pre-
diction from these models is that larger patches are more
important than smaller ones in the persistence of
metapopulations (Hanski and Ovaskainen 2000), but
these conclusions might not apply to observed natural
metapopulations that exhibit opposite scenarios of area
dependence of dispersal (e.g., Kareiva 1985, Turchin
1986, Crone et al. 2001, Bates et al. 2006, Altermatt and
Ebert 2010).

In this paper, we first compiled empirical evidence
for positive, neutral, and negative ADD. We then revis-
ited metapopulation theory, and addressed the rele-
vance of small patches on the overall metapopulation
dynamics. Our model is built upon the upgrade of
Levins’ model by Hanski and Ovaskainen (2000),
allowing for variation in patch size. We combine ana-
lytic and numerical approaches to investigate how
assumptions on ADD alter the predictions on (1) the
relationship between the importance of a patch for
metapopulation persistence with its area, (2) the effects
of area distribution of patches on the persistence of
metapopulations, and (3) the consequences of habitat
destruction and deterioration. We note that our focus is
on the dependence of total number of dispersers or
emigrants on patch area, as this is directly compatible
with the assumptions in the classical metapopulation
models (Hanski and Ovaskainen 2000, Ovaskainen and
Hanski 2001, Ovaskainen 2003). This differs from
approaches looking at the density dependence of dis-
persal or the area dependence of dispersal rates (i.e.,
dispersal propensity per individual), both of which are
also commonly found in the literature (Matthysen
2005, Steen et al. 2006). For instance, many empirical
studies have revealed that dispersal rates not only
depended on the density of the focal species, but also
on the density of its competitors, prey, and predators
(Matthysen 2005, De Roissart et al. 2015, Fronhofer
et al. 2015, 2018). Although clearly interesting, we will
not elaborate further on those aspects, but focus instead
on the area dependence of dispersal on metapopulation
dynamics and stability. This has rarely been studied,
but is critically needed to apply metapopulation models
in a conservation perspective realistically.

METHODS

The framework for studying area dependence of dispersal
(ADD)

To investigate the effect of ADD, we consider a spa-
tially realistic (i.e., having variation in patch size and dis-
tance between patches) version of the Levins model
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(Ovaskainen 2003), in which the dynamics of the proba-
bility of patch 7 being occupied (p;) is:

dp; e
=D exp(—adi) Alp; - (1 =pi) ——-pi (D)
J# !

where 4; is the area of patch i, dj; is the distance between
patch i and j, and ¢ and e are constants. The first term
on the right-hand side of Eq. 1 captures the rate of
recolonization of an empty patch, as realized by dis-
persers from other patches. o is a parameter that cap-
tures the scale of dispersal (i.e., 1/a is the characteristic
length). The parameter o captures different scenarios of
ADD (Fig. 1). When o = 1, dispersal (i.e., total emigra-
tion) increases linearly with patch area, a scenario that
was most often considered in previous models (Hanski
and Ovaskainen 2000, Ovaskainen and Hanski 2001);
when o = —1, dispersal decreases reciprocally with
patch area, a scenario observed in some empirical stud-
ies (Altermatt and Ebert 2008, 2010) but rarely explored
in previous models; when ® = 0, dispersal is indepen-
dent of patch area, which is an intermediate scenario
between the above two. The second term in Eq. 1 cap-
tures the extinction rate of an occupied patch, which is
assumed to be inversely related with patch area. We also
examine an alternative model assuming an exponential
decay of extinction rate with patch area, which generates
qualitatively similar results (Appendix S2: Fig. S1).

Hanski and Ovaskainen had analyzed models that are
close variants of Eq. 1 in detail (Hanski and Ovaskainen
2000, Ovaskainen and Hanski 2001). One remarkable
result from their work is that the condition for the
metapopulation to persist on the landscape is: A > e/c.
Here A is referred to as the metapopulation capacity and
is calculated by the dominant eigenvalue of the land-
scape matrix M, the elements of which are

50 Positive
© 2.0
o
)
2 _
A Neutral
0 05

Negative
0.1 9
I I I I I I I
01 02 05 1.0 20 5.0
Patch area
Fic. 1. Different scenarios of the area dependence of dis-

persal (ADD). When o = 1, dispersal (emigration) increases
linearly with patch area (black line). When ® = —1, dispersal
decreases reciprocally with patch area (red line). We also con-
sider an independent or neutral case, i.e., ® = 0 (blue line). Note
that x- and y-axes are both on logarithmic scales.
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The concept of metapopulation capacity thus provides
a quantitative tool to assess the effects of habitat area
and locations on the persistence of a metapopulation liv-
ing in a patchy landscape.

Overview of empirical work on dispersal in
metapopulations

In order to get a better understanding of the relation-
ships between patch area and dispersal (emigration), we
screened the literature for ADD. We did not aim for a
quantitative review, but rather wanted to get a qualita-
tive overview of the types of area dependence of disper-
sal observed to justify the parameter space explored with
our model. In a first step, we did two Web of Science
searches on 2 February 2019, searching for “patch area
AND metapopulation AND emigration” and “patch size
AND emigration,” respectively. We screened abstracts of
42 and 137 papers in total, respectively, and were inter-
ested in papers giving raw data to calculate ADD. In a
second step, we complemented this search with cross-
referenced papers and papers mentioned by Englund
and Hamback (2004a). We were interested in papers giv-
ing absolute numbers of dispersers (or where this could
be calculated from) and actual patch area. We compiled
18 papers, ending up with a total 23 independent popu-
lation-specific estimates of empirically observed ADD
(Batch 1984, Kareiva 1985, Turchin 1986, Sutcliffe et al.
1997, Baguette et al. 2000, Hjermann 2000, Roland
et al. 2000, Andreassen and Ims 2001, Bergman and
Landin 2001, Crone et al. 2001, Menéndez et al. 2002,
Valimaki and Itamies 2003, Englund and Hamback
2004b, Wang et al. 2004, Bates et al. 2006, Altermatt
and Ebert 2008, Fred and Brommer 2009, Andersson
and Hamback 2012). We note that this list is not com-
prehensive. Many additional studies also reported a rela-
tionship between patch area and per capita dispersal
rates, including many negative relationships (e.g., Hill
et al. 1996, Kindvall 1999, Wahlberg et al. 2002,
Schtickzelle and Baguette 2003).

The selected studies cover many animal groups, such
as aquatic invertebrates, butterflies, moths, beetles, crick-
ets, and small mammals, and include both experimental
as well as comparative studies. For each of these studies,
we extracted (if possible) the raw values of all patch areas
(in m2, except for Altermatt and Ebert 2008 for which
patch size was described by volume) and the absolute
number of dispersers for each of the populations studied.
For 19 of the 23 populations, we then fitted a linear
regression model between log(number of dispersers) ~ log
(patch area). We used the predicted relationship for the
range of patch areas covered by the respective studies.
For two further metapopulations (Andersson and
Hamback 2012) only the mean values for three different
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patch area classes were given. For those, we directly used
the interpolation between these three mean values.
Finally, for two further metapopulations (Crone et al.
2001, Altermatt and Ebert 2008), the relationship
between patch area and number of dispersers was uni-
modal and the respective dependency was extracted from
the figures in the two papers (for the latter paper, the
number of dispersal stages produced was multiplied by
the likelihood of patch-specific dispersal defined by pool
desiccation, such that it was directly comparable as effec-
tive number of dispersers). We plotted all of these empiri-
cally observed relationships between patch area and
number of dispersers, and also summarized the slope esti-
mates of all linear models predicting the relationship
between patch area and dispersal in a histogram.

Analysis of the model

We combine analytic and numerical approaches to
investigate how the assumption of ADD alters the pre-
dictions on the importance of individual patches, patch
size distribution, and habitat destruction on the persis-
tence of metapopulations. Our analytic approach builds
on previous results by Hanski and Ovaskainen (Hanski
and Ovaskainen 2000, Ovaskainen and Hanski 2001,
Ovaskainen 2003), but we derive new solutions (e.g.,
Egs. 2, 3). Our numerical approach also extends the ana-
lytic results to general cases with spatially realistic land-
scape structure.

Patch importance—Following Ovaskainen (2003), we
defined the importance of a patch as its relative contri-

bution to the metapopulation capacity: Iy = 7“%{”, with

AR denoting the metapopulation capacity if the patch
k is removed. One mathematical result derived by Ovas-
kainen (2003) is that the importance of patch k can be

approximated by: I; ~ 23 where y and x are the left

yvix
and right leading eigenvectors of matrix M, respectively,
and y, and x; are the kth components of the respective
vector. Based on this result, we derive a rough approxi-
mation for the relationship between patch importance

and area (Appendix S1):
I o< A )

When o = 1, we have [ Ai, as shown in Hanski
and Ovaskainen (2000); when ® = 0, we have I o< Ay;
when ® = —1, I is independent of A;. Thus, on a log—
log scale, I and A, are expected to exhibit a linear rela-
tionship with slopes of 1 + o, that is, 2 under positive
ADD (o =1), 1 under neutral ADD (®w =0), and 0
under negative ADD (0 = —1).

We then derive the importance of each patch numeri-
cally by simulating the loss of a particular patch and
monitoring the change of metapopulation capacity.
Under different scenarios of ADD, we examine the rela-
tionship between patch importance and area. We
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conduct regression analyses and derive the slope
between patch importance and area on a log-log scale
and compare these numerical slopes to analytic approxi-
mations given by Eq. 2.

Effects of size distribution of patches.— We investigate,
given the total area of habitats, the effect of size distribu-
tion of patches (i.e., patch number and size variation of
patches) on metapopulation capacity under different sce-
narios of ADD. First, we examine how the number of
patches may affect the metapopulation capacity. In a
homogeneous landscape, that is, all patches have the same
area and colonization rates, Ovaskainen (2002) showed
that metapopulation capacity changes with the number of
patches (n) as: L oc n~®. To extend their results to hetero-
geneous landscapes where habitat patches differ in their
area and distances to each other, we perform simulations
and examined the relationship between metapopulation
capacity and number of patches under different values of
ADD (i.e, o =—1, —0.9, ..., 0.9, 1). Second, given the
total area and number of patches, the variation in patch
size may also affect the metapopulation capacity. To
investigate this, under different values of ADD, we
simulate 100 metapopulations with the same total area
and number of patches but with varying variances in
patch size distribution. This was realized by first ran-
domly sampling patch areas from log-uniform distribu-
tions with different variance and then normalizing them
by a constant total area. We then investigate the relation-
ship between the standard deviation of patch areas and
metapopulation capacity.

Consequence of habitat destruction.— We investigate how
metapopulation capacity changes following habitat
destruction. We first consider habitat deterioration,
where the number of patches remains the same but patch
area decreases. In a special case in which all patches
change in a coherent manner, that is, the area of all
patches reduces to a proportion 6 of their origins, the
landscape matrix My becomes

0 1=
mi(0) = {CXP(_Otdij) (045) - (04))" i )

It is easy to see that the metapopulation capacity fol-
lowing habitat deterioration is

ho = h- 61+w (3)

Such a scenario may happen when the number of
patches stays constant, but their effective size
changes, for example when ponds are only filled par-
tially with water, or when desiccation makes moss
patches effectively smaller (Hanski and Gaggiotti
2004). It predicts that, the metapopulation capacity
decreases with habitat deterioration under positive
(0 =1) and neutral (® =0) ADD scenarios, and it
does not change under the negative ADD (o = —1)
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scenario. In more general cases, we perform simula-
tions by reducing the area of selected patches to a
pre-assigned minimum area (so as to prevent the
complete loss of the patch and keep the number of
patches constant) and ensuring the total reduction of
habitat area to match the pre-defined degree of habi-
tat deterioration. We considered the three following
scenarios: (1) large patches lost first, (2) small patches
lost first, and (3) random loss.

We then consider habitat loss, where a number of
patches become completely unhabitable. We simulate
subsequent loss of habitat patches and monitor the
changes in metapopulation capacity under different sce-
narios of ADD. Again, the loss of patches follows each
of the three regimes: (1) large patches lost first, (2) small
patches lost first, and (3) random loss. For a given pro-
portion (p) of remaining patches, we calculate the corre-
sponding metapopulation capacity (A,) and define the
relative metapopulation capacity as Awi(p) = Ay/A
Under each distribution of patch areas and each regime
of patch loss, we simulate 100 metapopulations and
examine the patterns of A.(p) as a function of p.

RESULTS

Our analysis of empirical studies shows that positive,
negative, neutral, and unimodal relationships between

METAPOPULATIONS REVISITED
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patch area and number of dispersers have been found
across a wide range of animal groups, including aquatic
and terrestrial invertebrates and small mammals
(Fig. 2a). We also find that the distribution of slopes of
all linear models (log-log scale) between patch area and
number of dispersers covers the parameter space from —
1 to 1 (Fig. 2b).

Our simulations show that within a metapopulation,
the importance of a patch increases with its area when
® =1 or 0 and has no relation when ® = —1 (Fig. 3a).
Across 100 simulated metapopulations, the median log—
log slopes (and their 90% confident interval) of regres-
sions between patch importance and area are 1.99 (CI:
[1.86, 2.13] when ® =1), 0.99 (CI: [0.90, 1.12] when
o = 0), and —0.0003 (CI: [-0.090, 0.063] when » = —1),
which are matching the analytic expectations of 2, 1, and
0 (Eq. 2; Fig. 3b). The qualitative results that a negative
ADD always increases the relative importance of small
patches and weakens that of large patches are robust to
assumptions of an exponential decay of extinction rate
with patch area, although the regression slopes change
quantitatively and deviate from the expectations by
Eq. 2 (Appendix S2).

Our simulations show that under different scenarios
of ADD, the metapopulation capacity A is differently
affected by the size distribution of patches. Given the
total area of patches, A decreases with the number of

100+

(@)

10—

Aphantopus hyperanthus (1)
Aphantopus hyperanthus, Monks Wood (2)
Asellus aquaticus (3)
Baetis sp., long channel (3)
Baetis sp., short channel (3)
Bembidion atrocaeruleum (4)
Lopinga achine (5)
=== Parnassius apollo (6)
== Microtus oeconomus (7)
=== Melanargia galathea (1)
=== Phyllotreta cruciferae/striolata (8)
Melitaea phoebe (9)
w=== Parnassius mnemosyne (10)
=== Parnassius smintheus (11)
Acalymma innubum (12)
Aphantopus hyperanthus, Silwood Park (2)
=== Daphnia magna (13)
=== Decticus verrucivorus (14)

Number of dispersers (per patch)

=== Epilachna varivestis (15)
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Fic. 2. Different empirically observed patterns of the area dependence of dispersal (ADD). (A) Species-specific predictions
between patch area and number of dispersers. Each line is a prediction derived from the original study for the respective species and
covers the range of patch sizes assessed. The color code denotes relationships that were positive (green colors), neutral (blue colors),
negative (red colors), or hump-shaped (purple colors). The species and respective studies considered are named and numbered,
respectively, in the legend: Baguette et al. (2000) (1), Sutcliffe et al. (1997) (2), Englund and Hambéack (2004a,b)(3), Bates et al.
(2006) (4), Bergman and Landin (2001) (5), Fred and Brommer (2009) (6), Andreassen and Ims (2001) (7), Kareiva (1985) (8), Wang
et al. (2004) (9), Vilimaki and Itamies (2003) (10), Roland et al. (2000) (11), Batch (1984) (12), Altermatt and Ebert (2008) (13, here
the predictor is patch volume in L), Hjermann (2000) (14), Turchin (1986) (15), Menéndez et al. (2002) (16), Andersson and
Hamback (2012) (17), and Crone et al. (2001) (18). (B) Histogram of the slope estimates of all linear models predicting the relation-
ship between patch area and dispersal (i.e., number of dispersers; estimated on a log—log scale).
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(a) Scatter plot of patch importance and area from one simu-
lated metapopulations with 100 local patches. Each point shows
the area and importance of one patch under the corresponding
scenario of ADD. Lines are regression lines. (b) Distribution of
regression slopes between patch importance and area on a log—
log scale, based on 100 simulated metapopulations. Each
metapopulation consists of 100 local patches, with patch areas
sampled from a log—uniform distribution, i.e., log2(A) ~ U[—4,
4], and locations uniformly distributed within [0, 10] x [0, 10].
Different colors represent different ADD scenarios, and the
dashed lines correspond to theoretical expectations, that is, 2, 1,
and 0 (i.e., predictions by Eq. 3). Other parameters: o = 0.5,
c=e=1.

patches when ® >0, increases with it when ® <0, and has
no trend when ® > =0 (Fig. 4a). The log-log slopes
between A and the number of patches are globally con-
sistent with the theoretical expectations from the neutral
cases (Ovaskainen 2003; see Fig. 4c). However, as o goes
close to 1 (i.e., positive ADD), the deviation between
numerical and theoretical results increases (Fig. 4c).
Given the total area and number of patches, A increases
with the standard deviation of patch area when ® >0
and decreases with it when —1 <® > 0 (Fig. 4b,&thinsp;
d). Under the scenarios of neutral (@ = 0) and negative
(0o = —1) ADD, the metapopulation capacity does not
change with the standard deviation.

Different scenarios of ADD result in different patterns
of metapopulation capacity following habitat destruc-
tion (Fig. 5). Consistent with our analytical predictions,
habitat deterioration does not alter metapopulation
capacity under the negative ADD scenario (® = —1),
but decrease it in other scenarios (i.e., @ =0or 1),
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regardless of the order of habitat destruction (Fig. 5).
Moreover, if all patches deteriorate in a coherent manner
(i.e., proportional decreases for all patches), theory also
predicts a linear decrease of metapopulation capacity
with habitat area under the neutral ADD scenario
(v =0) and a quadratical decrease under the positive
ADD scenario (o = 1; Fig. 5a). When habitat deteriora-
tion happens mostly in large patches, the decrease of
metapopulation capacity with area reduction follows
similar patterns as the above theoretical predictions
(Fig. 5a). When deterioration occurs mostly in small
patches, the metapopulation capacity (when ® >0)
decreases linearly under the neutral ADD scenario, and
it decreases first slowly and then fast under the positive
ADD scenario (Fig. 5b). When deterioration occurs
randomly, the decrease of metapopulation capacity is
always linear, regardless of ADD scenarios (Fig. 5¢).

The loss of habitat patches reduces metapopulation
capacity under all scenarios of ADD and all regimes of
habitat loss (Fig. 5d—f). Under the positive and neutral
scenarios of ADD (®w = 1and0), the metapopulation
capacity decreases sharply if large patches are lost first,
linearly if patches are lost randomly, but it remains rela-
tively constant if small patches are lost first. Under the
negative scenario of ADD (o = —1), metapopulation
capacity declines linearly with the number of patches
lost, regardless of the order of patch loss.

Discussion

In this paper, we used a spatially realistic metapopula-
tion model to demonstrate how assumptions on ADD
significantly affect metapopulation dynamics and
change conclusions about the importance of habitat
patches and the consequences of habitat deteriorations,
which are of high relevance for conservation biology.
Classic metapopulation models have mostly considered
positive ADD (Hanski and Ovaskainen 2000, Ovaskai-
nen 2002, 2003, Ovaskainen and Hanski 2003), which
contrasts with some empirical findings showing that in
some natural metapopulations small patches can pro-
duce more dispersers than large ones (Fig. 2). In such
systems, our analyses showed that several important and
conservation-relevant aspects, especially with respect to
metapopulation capacity, could be reversed depending
on scenarios of habitat deterioration or habitat loss

(Fig. 5).

The area dependence of dispersal

Our literature review reveals that across different sys-
tems, dispersal can either increase or decrease with patch
area. Although the occurrence of a negative ADD is not
restricted to specific organisms nor to specific environ-
ments, we notice particular evidence for this type of
metapopulation dynamics from ephemeral habitats, that
is, habitats that have a high turnover rate and where
patch persistency is often short, and extrinsically driven
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Fic. 4. The dependence of metapopulation capacity on the (a), (c) number and (b), (d) standard deviation of patches, given the
total area of patches. For each scenario of ADD, we simulated 100 metapopulations with fixed total area of 100. In (a) and (c), each
metapopulation consists of 10—1,000 patches, with patch areas initially sampled from a log—uniform distribution (i.e., log2(A) ~ U
[—4, 4]) and then rescaled proportionally to match the total area. In (b) and (d), each metapopulation consists of 100 patches, with
patch areas sampled from log—uniform distributions ranging from U[—1, 1] to U[-5, 5]. In (a) and (b), each point corresponds to
one metapopulation, and lines represents fits from simple regressions. Different colors represent the three scenarios of ADD in
Fig. 1. In (c) and (d), each bar represents the regression slope between metapopulation capacity and the number of patches (c) or
the standard deviation (d) under respective value of ADD exponent. Note that the three scenarios in (a) and (b) are included in (c)
and (d). The green triangles in (c) represent the theoretical expectation derived under a homogeneous case. All other parameters are

the same as in Fig. 3.

(Reigada et al. 2015, O’Neill 2016). In such habitats,
temporal or spatial dispersal is a common response to
escape the local patch deterioration (O’Neill 2016,
Mabhaut et al. 2017), and for these negative ADDs to
emerge, we expect different dispersal strategies depend-
ing on patch sizes because populations in patches of
different sizes experience different levels of stress.
Well-known cases of such ephemeral habitats are mea-
dow habitat patches inhabited by butterfly species, and
rock pools, tidal pools, vernal pools, or possibly also
pitcher-plant communities and the diverse and well-stu-
died invertebrate communities found in those. This
includes cladocerans, copepods, or ostracods, which are
not only commonly found in such habitats, but which
are also characterized by rapid population and colo-
nization dynamics (Srivastava et al. 2004, Altermatt
et al. 2007, 2009, 2012, Altermatt and Ebert 2008, Van-
schoenwinkel et al. 2008). Importantly, several of these

organisms possess drought-resistant resting stages that
are also their dispersal propagule. Thus, their strategy to
persist during desiccation events (one of the drivers of
pond ephemerality) covers both local persistence and
dispersal (Altermatt and Ebert 2008, 2010, Vanschoen-
winkel et al. 2008, Altermatt et al. 2009). This may also
be a more general criterion to look for negative ADD:
we expect that it is likely to occur in cases where the evo-
lutionary/ecological strategy to persist unfavorable con-
ditions (such as a drought in a pond) is the same
strategy/life stage central to dispersal. In such a scenario,
and more generally stated, when the rate of externally
driven extinctions is inversely related to patch area,
selection may favor a strong nonlinear decrease of dis-
persal with increasing area (or an increase with increas-
ing succession status; Ronce et al. 2005). Importantly,
however, for a negative ADD to emerge, such a decrease
in dispersal propensity with increasing patch area must
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patches first, (b), (¢) small patches first, and (c), (f) and random order. Under each scenario of ADD and regime of habitat destruction,
we simulated the gradual deterioration and loss of patches across 100 metapopulations, with initial parameters as in Fig. 3. In the simula-
tion of habitat deterioration (a)—(c), we first rank the patches following the three regimes and then continuously reduce the area of patches
(no smaller than 0.01) to match the predefined degree of deterioration. For habitat loss (d)—(f), we remove patches sequentially following
the three regimes. Each curve represents the median of relative metapopulation capacity as a function of the remaining relative area
(a)—(c) or number (d)—(f) of patches. In (a), the blue line and black curve overlap with the 1:1 line and the quadratic curve, respectively.

be sufficiently steep to compensate for the increase in
dispersal resulting from larger population sizes observed
in larger patches.

The relevance of ADD may increase with ongoing cli-
mate change: Many ecosystems are expected to change
in their state, and mechanisms associated with ADD,
such as dispersal or demography, are predicted to be
especially vulnerable to climate change (Urban et al.
2016). We thus speculate that the study of ADD would
be especially relevant when matched with the study of
dispersal strategies, dispersal syndromes, and dispersal
genetics (Cote et al. 2016, Fronhofer et al. 2018, Saasta-
moinen et al. 2018). A further possible interesting link
between ADD and existing ecological literature is with
respect to nonlinear dispersal responses and recruitment,
such as tests of the Janzen-Connell model (Terborgh
et al. 2008) or inverse density-dependent dispersal (Little
et al. 2019). These are related examples and scenarios of
ecological dynamics that follow inverse relationships, for
example, that recruitment of plant saplings is scarce near
reproductive conspecifics, even though seed set may be
highest. The explanation is that negative effects of
predators or pathogens is highest at high population
densities, and that this effect decreases with increasing
distance. Thus, recruitment is higher in populations that
are small and or with scattered individuals, and low in
large and dense populations. We conclude that negative

(inverse) relationships between dispersal and demo-
graphic or environmental properties may be more abun-
dant than generally assumed.

Our empirical results (Fig. 2) are not based on a for-
mal and quantitative meta-analysis, but rather give a
qualitative reasoning for all possible ADD to be found
in natural systems. Generally, to test our model assump-
tions, one needs to collect data on the number of total
emigrants and patch area, rather than dispersal propen-
sity and population density only. While doing our litera-
ture search, we found many studies that likely collected
such information on total number of dispersers, but then
transformed it into dispersal rates, and we could not use
these values for a direct comparison with our model.
Thus, we highlight the importance of recording and
reporting raw data on both patch area and absolute
number of dispersers per patch. Such a practice will
allow an easier and much better integration of empirical
findings and the respective metapopulation models.

Conservation implications of ADD

Are larger or smaller patches more important in main-
taining the persistence of metapopulations? The answer
differs substantially among different ADD scenarios. As
our model clarifies, the contribution of each patch to
metapopulation persistence is jointly determined by the
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ADD and extinction rates (i.e., Eq. 2). Under the classic
assumption that dispersal increases linearly and extinc-
tion likelihoods decreases inversely with area, a larger
patch has higher contribution that scales quadratically
with its area (see also Hanski and Ovaskainen 2000). In
contrast, under the scenario that dispersal and extinc-
tion both decrease inversely with area, every patch has
roughly the same contribution to the persistence of the
metapopulation. This counterintuitive result, which is
explained by the trade-off between dispersal and extinc-
tion across patches with different areas, has direct impli-
cations for conservation in this type of ecosystems.

A long-standing debate in conservation biology is
whether we should have a single large (SL) or several
small (SS) reserves (the so-called SLOSS problem, Dia-
mond 1975, Simberloff and Abele 1976, Ovaskainen
2002, McCarthy et al. 2011). Our results demonstrate
that the answer to this question also depends on the sce-
nario of ADD. Under the classic assumption of a posi-
tive ADD, a larger patch contributes more than
proportional to the MC, and hence landscapes with a
few larger patches (i.e., SL) can better support metapop-
ulations than those with many smaller patches. Thus, SL
is better than SS (Ovaskainen 2002). However, under the
scenario of a neutral ADD, landscapes with a few large
patches and many small patches have roughly same MC,
because the contribution of a patch to MC increases pro-
portionally with its area. Thus, SL is similar as SS.
Under a negative ADD, all patches have similar contri-
bution regardless of their areas, so landscapes with more
smaller patches can better support metapopulations
than those with a few larger patches. Thus, SS is better
than SL. Although early studies derived similar conclu-
sions under a homogeneous case (Ovaskainen 2002), our
analyses extend this to more realistic cases of heteroge-
neous patch size distributions.

To devise a better conservation strategy given total
habitat area, a related question is whether we should
maintain more or less evenly distributed patch sizes?
Our results show that ADD assumptions also alter
answers to this question. Under a positive ADD, a
higher variation in patch size distribution increases the
metapopulation capacity. This is because a higher vari-
ance in patch size distribution implies a higher probabil-
ity of larger patches, which contributed more than
proportionally to metapopulation capacity. Under a neg-
ative ADD, a more even patch size distribution is benefi-
cial to the persistence of metapopulations.

Therefore, the assumption of ADD alters our predic-
tions on the importance of individual patches and the
configuration of patch networks. As a consequence, it
also alters the response of metapopulation capacity to
habitat destruction. Habitat deterioration, which reduces
the area but not the number of patches, decreases
metapopulation capacity under the positive and neutral
ADD scenarios, but has no effect under the negative
ADD scenario (Fig. 5a). Habitat loss, which reduces
both the total area and number of patches, decreases the
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metapopulation capacity under all scenarios of ADD.
However, different regimes of habitat loss generate dif-
ferent patterns of metapopulation capacity under differ-
ent assumptions of ADD.

CONCLUSION

Our study shows that an effective management strat-
egy for metapopulations is context dependent of ADD.
If dispersal is positively correlated with patch area,
efforts should be devoted to preserving large patches
and the total habitat area. If dispersal is negatively cor-
related with patch area, the most efficient strategy is to
preserve a high number of patches, even small ones. Our
results highlight the importance of detailed knowledge
about the ADD in the focal spatial system for planning
conservation strategies. Heuristically, our study demon-
strates in principle that efficient management may often
require context-dependent strategies considering the
details of the target systems. Therefore, future studies
incorporating system-specific knowledge into models are
key to achieve a more practical theory for landscape
management.
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