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Highlights:

e We study the evolution of dispersal in a patch-structured population.

Habitat patches may encounter natural disasters such as flooding or wildfire

Such catastrophes, even rarely occurring, have major impacts on dispersal
evolution

Increasing the probability to survive dispersal may select against dispersal

This counterintuitive phenomenon occurs due to interplay with kin selection
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Abstract
2 Evolution of costly dispersal has been one of the main topics in evolu-
tionary biology. Theoreticians have tried to study realistic models including
4 properties such as 1) finite patch sizes, 2) heterogeneity in patch qualities,
3) conditional dispersal strategy based on the patch quality, and 4) catastro-
6 phes (i.e, local population extinctions in habitat patches). Finite patch sizes
lead to kin competition within each patch, promoting dispersal. Heterogene-
8 ity is expected to promote conditional dispersal from low-quality patches.
Catastrophes cause temporal heterogeneity, which often promotes dispersal.
10 Furthermore, catastrophes will cause non-dispersing organisms to go extinct.
Here we study a model including all the four properties listed above. In par-
12 allel with previous studies, we found that the introduction of catastrophes
generally promotes dispersal. We found, however, unexpected interactions
14 between catastrophes and other demographic factors. Without catastrophes,

increasing the dispersal survival probability increases dispersal, as expected.
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16 In the presence of catastrophes, dispersal can be non-monotonic with respect
to the dispersal survival probability. Furthermore, when the dispersal sur-

18 vival probability is very small, including catastrophes in the model will have
an abrupt positive effect on dispersal. Our findings strongly suggest that

20 even a tiny chance of catastrophic events happening can qualitatively alter
the course of evolution of dispersal. Our results might be applicable when

2 small patches are well-isolated and local natural disasters happen rarely but
do occur.

» 1 Introduction

Dispersal is one of the key aspects of life-history strategies of organisms (Van
s Valen, 1971; Hamilton and May, 1977; Comins et al., 1980; Dieckmann et al., 1999;
Clobert et al., 2001; Ronce, 2007). A metapopulation (Levins, 1969, 1970; Hanski,
28 1999) is a collection of local populations living in habitat patches connected by dis-
persal. When considering potential fitness advantages that dispersing individuals
3 can enjoy, one typically first thinks of the direct benefit of finding better habitats.
For example, a dispersing individual may find a habitat patch with more resources
2 or less competition (Kisdi, 2002), but on the other hand, the new patch may be
less advantageous than the original one, and it is possible that a disperser does not
s find a patch at all. Although spatial heterogeneity could promote dispersal, under
equilibrium dynamics it has been found to select against dispersal (Hastings, 1983;
s Parvinen, 1999; Gyllenberg et al., 2002; Parvinen, 2006; Parvinen et al., 2020). In
contrast, temporal heterogeneity has been found to promote dispersal (McPeek
;s and Holt, 1992; Holt and McPeek, 1996; Doebeli and Ruxton, 1997; Gandon and
Michalakis, 1999; Johst et al., 1999; Parvinen, 1999; Mathias et al., 2001; Gyllen-
w berg et al., 2002; Paryinen, 2006). Dispersal can be costly also because dispersers
may need physical traits, such as wings or propellers, or require extra energy for
22 movement. Furthermore, dispersers may risk their lives due to, e.g., predation.
An important reference point in the literature is the classical paper by Hamilton
s and May (1977). In their first model, the living conditions in all patches are the
same, so that there are no direct benefits of dispersal, but positive dispersal evolves
s nevertheless. This model consists of infinitely many patches occupied by one adult
individual. Consequently, local kin competition, that is the competition over va-
s cant spots in a local patch among kin, is a driving force for dispersal evolution
(Motro, 1982a,b, 1983; Frank, 1986; Taylor, 1988; Ajar, 2003; Massol et al., 2011).
so For this case the evolutionarily stable dispersal probability is 1/(2 — p), where p
is the probability of surviving dispersal. In their model, increasing dispersal cost
s always disfavors dispersal. The same phenomenon occurs in an extended model,
consisting of a mixture of patches with different size and fecundity (Parvinen et al.,
sa 2020). Furthermore, such spatial heterogeneity disfavours dispersal.
Among those ecological factors that can impact the evolution of dispersal traits,
ss the effects of catastrophic events have been discussed (Ronce et al., 2000; Gyllen-
berg et al., 2002; Parvinen et al., 2003; Parvinen, 2006; Jansen and Vitalis, 2007).



Journal Pre-proof

ss Here, a catastrophe refers to a major disturbance in habitats that causes a loss of
all (or a large part of) inhabitants there. Examples include fires, floods, storms,
o earthquakes and appearance of a predator. Once a catastrophic event, even if their
occurrence is extremely rare, happens, organisms are subject to a large negative
&2 impact, and therefore an evolutionary impact of those events on dispersal evolution
is not at all negligible. Catastrophes also result in empty or sparsely populated
s« patches, into which it may be beneficial to disperse. In fact, previous theoretical
works have shown that a moderate level of catastrophes favors dispersal (Ronce
e et al., 2000; Gyllenberg et al., 2002; Parvinen et al., 2003; Parvinen, 2006). This
makes sense because dispersal works for hedging the risk of the mass extinction of
¢ one’s own lineage.
Inspired by those previous works, we herein study the effect of catastrophes on
7 dispersal evolution, and its interplay with dispersal cost and heterogeneity in the
population. The suggested model here is a straightforward extension of Parvinen
2 et al. (2020) by incorporating a positive chance p of a catastrophe. As in Parvinen
et al. (2020), we study the evolution of unconditional dispersal, which means that
72 the probability of dispersal is independent of the current patch type. In addition,
we study conditional dispersal as well, which means that the dispersal probability
7 can depend on the current patch type (Weigang, 2017; Parvinen et al., 2023). As a
result, we find that the introduction of catastrophes generally promotes dispersal,
7s which is consistent with previous findings: However, we have at the same time
found unexpected interactions between catastrophes and other demographic fac-
s tors. In particular, we have found that in the presence of catastrophes an evolved
dispersal probability does not necessarily monotonically increase with the proba-
2 bility p of surviving dispersal (Comins et al., 1980). This means that improved
survival during dispersal can sometimes hinder, rather than promote, evolution of
s dispersal. Moreover, we have found that when the probability of catastrophes is
small and the probability of surviving dispersal is low, heterogeneity in the pop-
s ulation can sometimes favor, rather than disfavor, evolution of dispersal, which
is a contrasting result to our previous report (Parvinen et al., 2020). These re-
ss sults strongly suggest that even a tiny chance that catastrophic events occur, can
qualitatively alter the conclusions drawn by previous works.
% The remainder of the paper is structured as follows. We will first describe our
mathematical models. Then we separately analyze the evolution of unconditional
e and conditional dispersal rates. Comparisons between these two scenarios are also
performed. The discussion concludes the paper.

« 2 Model and methods

2.1 A spatially heterogeneous model with finite patch sizes
% and catastrophes

The Wright’s island model (Wright, 1931) consists of infinitely many ecologically
e equal habitat patches (demes) (Ajar, 2003). In previous works (Parvinen et al.,
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2018, 2020) we included the possibility for spatial heterogeneity, so that patches
wo can be of N different types. Here we, in addition, include the possibility of catas-
trophes. The details and seasonal life-cycle of the model are as follows:
102 The proportion of patches of type k is 7, adding up to one, Zgzl m, = 1. In
the beginning of the season each patch of type k contains nj adult individuals. In
s each patch, a local catastrophe occurs with probability u. Such a catastrophe is
assumed to kill all the individuals in a patch, but the patch remains habitable,
ws and can be re-colonized by dispersers. Reproduction occurs in non-empty patches,
i.e., where a catastrophe has not occurred. Fecundity in patches of type k is vFj
s that represents the number of juveniles that each adult produces. We assume 7 to
be very large (7 — o). This means that each adult produces a very large amount
no of offspring, which is typical for plants producing a large amount of seeds, but
differences in fecundities between patches can be taken into account.
112 As we investigate the evolution of (conditional) dispersal, we allow individuals
to differ in their dispersal probabilities my, 0 < my < 1, which is the probability
us of a juvenile to emigrate from a patch of type k. The proportion 0 < p < 1
of dispersed juveniles will survive dispersal and land independently in a random
ue patch. The probability to arrive in a patch of type k is assumed to be ¢, and
Zgzl ¢r = 1. The relation A\, = ¢ /m; describes how strongly patches of type
us K attract immigrants. In the standard case A\, = 1, so that ¢, = m; and all
patches receive the same amount of immigrants. The present adults are assumed
120 not to survive until the next season. After immigration there are always plenty
of juveniles present, even in such patches where a catastrophe happened, because
122 of the assumption v — oo. For this reason, the patch size can be assumed to be
fixed, so that the n; individuals to become adults in a patch of type k in the next
124 season are randomly chosen among the juveniles in each patch after immigration.

2.2 Metapopulation fitness and adaptive dynamics

126 Consider a situation, in which (almost) all individuals have the same dispersal
probability m (for conditional dispersal, it is a vector of dispersal probabilities,
s m). Then we investigate, whether a rare mutant with dispersal probability m™"*
(vector m™"* for the conditional dispersal case) is able to grow in population size.
130 For this purpose, we calculate the metapopulation reproduction ratio (metapop-
ulation fitness) Ry, (m™* m) (Metz and Gyllenberg, 2001; Gyllenberg and Metz,
132 2001). It is the expected number of dispersers produced by a colony founded by
an immigrating mutant. If Ry, (m™* m) > 1, the mutant population may grow
14 and potentially invade the resident population. Details of how to calculate the
metapopulation fitness Ry, (m™" m) for this model are explained in SI section A.
s With the help of the implicit function theorem, we are able to obtain an explicit
expression for the fitness gradient (selection gradient) (See SI section B.1), gener-
138 alizing the result of Parvinen et al. (2020) to cover the model with catastrophes.
The fitness gradient D;(m) is the first-order derivative of (metapopulation) fitness
1o with respect to the strategy m™" of the mutant, evaluated when m™"* = m. It
provides the direction into which the strategy of the monomorphic population is
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First-hand model features

variable meaning note
N number of different patch types
k type of a patch k=1,2,...,.N
i number of adults in a patch of type k

F, (relative) fecundity in a patch of type k
Tk proportion of patches of type k
Ak attractiveness of a patch of type k

Ok probability to arrive in a patch of type k Ok = \kTk
my dispersal probability from a patch of type k evolving trait
P survival probability of dispersing juveniles

L probability of catastrophe

Compound expressions

variable meaning note
f f=F/F used when N = 2
dsend | conditional backward migration probability (1_mr)”‘2(i:n’; )(1—u)
dy, backward migration probability d, = (1 — p)d$ + p
1

RY, relatedness with replacement at a patch of type k | R}, = D () (e
) ) nE—(ng— - —dy;

Vi relative reproductive potential of a patch of type k | Eq. 3.2

cond
Hy(p) | ratio of backward migration probabilities d’ék = M(l_m")‘f}ilgﬁ ;7(1—u)
(...) | average of k-indexed variables with weight 7y
Ry metapopulation fitness SI section A

Table 1: List of selected variables

expected to evolve with small mutational steps. A singular strategy m* is that
which satisfies Dy (m*) = 0.

When Ry, (m™*, m*) < 1 for all m™* # m*, the singular strategy m* is un-
invadable (evolutionarily stable strategy, ESS; (Maynard Smith and Price, 1973;
Maynard Smith, 1976)). Furthermore, it is a fitness maximum, and thus the
second-order derivative of the metapopulation fitness with respect to the strategy
m™* of the mutant that is then evaluated at m™* = m = m*, denoted by Dy(m*),
is negative. An uninvadable singular strategy that is also evolutionarily attracting
(convergence stable; D|(m*) < 0) is an evolutionary endpoint. In contrast, an
evolutionarily attracting (D}(m*) < 0) singular strategy that is not uninvadable
Dy(m*) > 0, is an evolutionary branching point. Such a singular strategy can
be invaded by nearby mutants, and the population will become dimorphic, i.e.,
to consist of two parts having different strategies, and disruptive selection will
take the strategies farther away from each other. This process is called evolu-
tionary branching (Geritz et al., 1997, 1998). Evolutionary branching of dispersal
has been observed in several models before, including the present model without
catastrophes (Parvinen et al., 2020).
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3 Evolution of unconditional dispersal

w 3.1 Metapopulation fitness and fitness gradient

When dispersal is unconditional, the dispersal (emigration) probability does not
12 depend on the patch type, m; = m. Direction of its evolution is predicted by the
sign of the following fitness gradient (see SI section B.1.1)

0

Ommut m

D1 (m) =

mmut —gp

(3.1)

N
1
= Z%W [p = ViHy(p) + (1 = i) Vi Hy (1) Ry ] -
k=1

16+ As in the model without catastrophes (Parvinen et al., 2020), our expression for
the fitness gradient (selection gradient) includes the relative reproductive potential
16 of a patch of type k,

F. /A

Vi = = e/ X g (3.2)
2121 ORIV
a measure of relatedness,
RY, = ! (3.3)
B =Gk D= ) (1 — )
s and the conditional backward migration probability,

1 —

deond 2 mp(l = ) , (3.4)

(1 =m)Vj +mp(l — p)

which is the proportion of adults that are immigrants given that the patch has not
o experienced a catastrophe last year. In contrast, the overall backward migration
probability is dp = (1 — p)d™ + p - 1, because in a patch that has experienced a
12 catastrophe last year all individuals are immigrants. Finally, the new ingredient
in the fitness gradient (3.1),

e mp(1— )

Ho) = =g = =)V ¥ (1 = ) (35)

s is the ratio of backward migration probabilities, which is by definition smaller
than or equal to 1. The equivalence of (3.1) with © = 0 and the expression derived
176 in our earlier work (Parvinen et al., 2020) is most easily observed by looking at
equation [2.8] of the SI of (Parvinen et al., 2020). It matches exactly with our

s expression (3.1) for p = 0, because we have Hy(0) = 1.
Analogous to Parvinen et al. (2020), the fitness gradient in form (3.1) consists of
10 three terms, in which the third one is positive, and corresponds to kin selection. As
noted by Frank (1998, p. 120), dispersal depends on the coefficient of relatedness,
w2 RY,, and Ry, depends on dispersal probability, m. Also Jansen and Vitalis (2007)

7
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presented a decomposition of the fitness gradient of their model into different
e terms, involving kin selection. The first two components of (3.1) can be written
as (see details in SI section B.1.2)

N
Y Vi (p = ViHe(u) = —(1—p) = Cov[ViHu(u),Vi]
k=1 v ~
<0 <0
direct cost negative effect of spatial
of dispersal heterogeneity (3.6)
— Cov [Vi, Hy(p)] + (1 - E[Hi(p)])
>0 >0
positive effect of catastrophes positive effect of
and spatial heterogeneity catastrophes
186 In (3.6), the first term, —(1 — p) is non-positive; and can, as in Parvinen et al.

(2020), be interpreted as the direct cost of dispersal. The second term of (3.6)
188 is also non-positive. In the absence of catastrophes Hy(0) = 1 holds, and thus
— Cov [ViHi (), Vk] = — Var [V], matching exactly the term presented by Parvinen
wo et al. (2020) in the absence of catastrophes. This term can be interpreted as the
negative effect of spatial heterogeneity. -The remaining terms in (3.6) are non-
12 negative, and become zero when p = (0. They can be interpreted as the positive
effect of catastrophes and spatial heterogeneity.
194 Analogous to fitness gradient D;(m), we were able to derive the second-order
derivative of metapopulation fitness at singular strategy, denoted by Dy(m*), in
s Sl section B.2, Eq. (B.21). It tells us if “evolutionary branching” occurs and if the
population becomes dimorphic in the dispersal trait. Drawing general conclusions
s from that expression is, however, not straightforward. As in Parvinen et al. (2020),
the format suggests that evolutionary branching may happen in the presence of
200 spatial heterogeneity. This expectation is confirmed by our numerical explorations
below.

2 3.2 Intuitions obtained from an inclusive-fitness based deriva-
tion

24 To obtain intuitions from a different perspective, we have also performed an
inclusive-fitness based analysis, as performed in previous papers that studied evo-
206 lution of dispersal Taylor (1988); Jansen and Vitalis (2007). The detailed calcu-
lations are described in SI section F. The analysis performed there shows that,
28 given the resident population adopts dispersal probability m, the inclusive fitness
Wir = Wig(m) of a mutant with a slightly deviant dispersal probability m + Am
210 s given, up to the first order of Am, by

Wip =1+ (Am) - W, (3.7a)
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where
N
1 dk 1-— dk 1
WI(F) = Z Ck — - + Ra
~— m 1—m 1—m
k=1 impact of ~ S—— —
each patch type gain of loss of gain from
dispersing juveniles  natal juveniles  weakened kin-competition

(3.7b)
22 (see Eq. (F.49) in SI section F; we put my = m there). Note that the inclusive
fitness effect, WI(Fl) = WI(;)(m), is the same as Dj(m) in (3.1) up to a positive
21 multiplicative constant, so the predictions based on one calculation shall be exactly
the same as those based on the other. There is also term-wise correspondence
26 between Dp in (3.1) and WI(FI) in (3.7b); see Eq. (F.56) for details. Despite this
mathematical equivalence, deriving WI%) gives additional intuitions from a different
218 perspective.
Since patches of different types contribute differently to a future gene pool,
20 we rely on the theory of class-structured populations (Taylor, 1990) Specifically,
¢x in (3.7b) represents the class reproductive value (Taylor, 1990; Rodrigues and
2> Gardner, 2022) of the patches of type k, which intuitively means the relative
genetic contribution of all the patches of type k (see Eq. (F.39) in SI for its explicit
2e expression). Each term in the squared brackets in (3.7b) represents the fitness gain
of mutants in type k patches, after a proper adjustment of reproductive values.
226 For the sake of explanation, suppose that mutants adopt a slightly higher
dispersal probability than that of residents. Then, the first term in the square
»s brackets in (3.7b) accounts for the direct benefit through the increased number
of dispersing juveniles. This benefit is proportional to the backward migration
230 probability dg, intuitively because larger d; means more intense competition at
type k patches, which makes dispersal from those patches more adaptive. At the
2 same time, this benefit is inversely proportional to the dispersal probability m,
intuitively because smaller dispersal probability by others make dispersal more
24 adaptive due to frequency-dependent selection.
Similarly, the second term in the square brackets in (3.7b) accounts for the di-
236 rect cost through the decreased number of natal juveniles. This cost is proportional
to the backward non-migration probability 1 —dj. (i.e., the probability with which
23 a random individual is natal to its patch), intuitively because larger 1 — dy means
milder competition at type k patches, which makes staying in those patches more
20 adaptive, which in turn means that dispersal from those patches is more costly.
At the same time, this cost is inversely proportional to the non-dispersal proba-
22 bility 1 — m, intuitively because smaller non-dispersal probability by others make
non-dispersal more adaptive due to frequency-dependent selection, which means
24 that dispersal from those patches is more costly.
Moreover, the third term in the square brackets in (3.7b) accounts for the
26 kin-selected indirect benefit through the increased number of dispersing juveniles.
Because relatedness Rj j, includes m in it, discussing this term’s dependence on m is
2 not straightforward, but 1/(1 —m) represents the benefit of mitigated competition
due to increased dispersal, which is enjoyed by the neighboring individuals in the
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0 same patch. An adult individual in a patch of type k is on average related to those
neighbors by the coefficient of relatedness Rsj, which is formally defined as the
2 average relatedness between two individuals sampled without replacement from
the same patch of type k (see Eq. (F.47)). The focal adult individual, therefore,
4 enjoys the kin-selected benefit of this amount.
The net inclusive fitness effect of dispersal from type k patches, which is the
256 sum of the three terms in the square brackets in (3.7b), is then summed over
all patch types, while each being weighted by its class re%)roductive value, cy.
s 'The resulting weighted sum is the inclusive fitness effect WIFl) in (3.7b), which is
sign-equivalent to the fitness gradient D;(m) in (3.1) that was calculated based
%0 on the meta-population fitness approach. It is now clear that those benefit- and
cost- terms (3 terms) summed over different patch types (N types) determines
x2  selection. In other words, the balance of these 3N terms shapes the evolution of
unconditional dispersal.

x 3.3 Singular strategies

Singular strategies are such strategies for which the fitness gradient vanishes,
266 Di(m) = 0. In SI sections C.1, C.2, and C.4.2, we show that, unless some special
conditions are met, there exists a unique singular strategy m* with 0 < m* < 1,
xe and it is evolutionarily attracting.
The general expression for the fitness gradient (3.1) is so complicated that we
o0 do not obtain a general explicit expression for singular strategies. In case of just
one patch type, N = 1, the expression of the fitness gradient is simpler, but for
a2 0 > 0 obtaining singular strategies requires solving a cubic equation. Explicit
formulas for its solutions exist, but they involve complex numbers, and are of little
o practical use for our purpose. However, in a few special cases, we are able to obtain
an explicit expression for the singular strategy, as will be explained in the following
o section 3.3.1. After that we consider the effect of model parameters on the singular
strategies, for which some analytical results can be obtained (sections 3.3.2-3.3.5),
zs and on evolutionary branching (section 3.3.6).

3.3.1 Singular strategies in the absence of spatial heterogeneity

20 When we have only one patch type (N = 1), we can for simplicity denote the
number of adults in a patch as n = n;. First, in the absence of catastrophes,
2 f1 =0, we again obtain (as we did in Parvinen et al. (2020), therein Eq. 8)

o 1+2n(1 —p) — /1 +4n(n—1)(1 — p)?
a 2n(1 —p)(2 —p) ’

which with ¢ = 1 — p is familiar from previous work (Ajar, 2003, therein Eq. 14),
20 see also Frank (1986). For n = 1 (3.8) becomes the classical Hamilton and May
(1977) result, m* =1/(2 — p).
266 Second, with catastrophes, for n — co we obtain m* = /(1 — (1 — u)p), which
was obtained already by Comins et al. (1980, therein Eq. 4).

(3.8)

10



Journal Pre-proof

288

290

292

294

296

300

302

304

306

308

Third, with catastrophes, for n = 1 we obtain

. _ 2p
20— p(1 = p2) + (1 = ) /p(p(L — ) + 4p1)
For o > 0, the denominator of (3.9) is positive and m* given by (3.9) satisfies

0 < m* < 1, and it is a non-monotonic function of the dispersal survival probability
p. We will investigate this phenomenon for the general model below (section 3.3.4).

m

(3.9)

3.3.2 Catastrophes promote the evolution of dispersal

Consider the ingredients of the fitness gradient, (3.1). Based on SI Eq. (C.44),
Hi(p) is a decreasing function of pu. Consequently, increasing the catastrophe
probability g will make the second component, —VjHy(p), weaker. If this was
the only effect of p on the fitness gradient, increasing p would clearly promote
dispersal. However, the catastrophe probability also affects the third term of the
fitness gradient, the positive term corresponding to kin selection. Based on SI
Eq. (C.45), d° decreases with p, and thus the multiplier (1 — d°™) increases
with g, but as noted above, Hy(p) is a decreasing function of p. Finally, increasing
p can affect relatedness RY, in a non-monotonic way. Therefore, it is not so
straightforward to see what the effect of increasing the catastrophe probability
i is on the fitness gradient, and further, on the singular strategies. We were,
however, able to prove that the singular strategies increase with respect to p in
our model (details in SI section C.4.5). This is illustrated in Fig. 1, and Figs. S2,
S3 and S5.
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ng =1, p=0.1
_1,p=0

=
i)
E
©
N-1
2
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o
=
a,
S
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17}
<
=
15}
o

o
5}
o
5]

=0
1.0 00 02 04 06 08 10

0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0. .
Dispersal survival probability, p

.6 0.8
Dispersal survival probability, p Dispersal survival probability, p

o
o

Figure 1: Catastrophes promote unconditional dispersal, and the dispersal survival
probability can have a non-monotonic effect. Dependence of the singular strategy
on the dispersal survival probability p and catastrophe probability 4 in a model
with two patch types (N = 2) with equal size (ny = ny = ng) and attractivity
A1 = Ao = 1, but different fecundity (F; # F3). In panel b, thin curves correspond
to uninvadable strategies, thick purple curves to branching points. Parameters:
f=F/F,=3 m =m=0.>5.

One mechanism how catastrophes promote dispersal is that they result in empty
patches, dispersing into which is profitable. This mechanism is present in our

model. One should note, however, that non-monotonic effects of catastrophes on

11
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a0 dispersal evolution have been observed in other models (Ronce et al., 2000; Gyl-
lenberg et al., 2002; Parvinen et al., 2003; Parvinen, 2006). In these models, when
sz the catastrophe rate is high, most individuals reside in sparsely populated patches
anyway, so the benefit of dispersal is diminished. This mechanism resulting in
s non-monotonic effects of catastrophes is not present in our model. This is because
in our model, patches are either empty due to catastrophes, or fully occupied (sat-
us uration). The same feature holds for the model by Jansen and Vitalis (2007), and
catastrophes promote dispersal therein. Another mechanism, which could cause
us non-monotonic effects of catastrophes is kin selection (relatedness). That mech-
anism is not present in Gyllenberg et al. (2002) and Parvinen (2006), because
20 local populations therein are large. In our model dispersal is monotonically in-
creasing with respect to the catastrophe probability u, because the direct effect of

122 empty patches is stronger than the indirect effects on relatedness (Theorem 11 in
SI section C.4.5).

20 3.3.3 High sensitivity on parameters p and p when they are small

If p is exactly zero, the model is not meaningful, because no dispersers will survive
26 dispersal. However, it is of interest to study what happens when p is small, as the
metapopulation is viable and positive dispersal will always evolve in our model,
»s even with p very close to zero. SI section C.4.3 shows the limit of the fitness
gradient, lim, ,o Dy(m). Interestingly, it is not continuous with respect to p at
10 1 = 0. The singular strategy in the model with an infinitesimally small catastrophe
probability is significantly larger than the singular strategy in the model without
s catastrophes, when we let p — 0. Such a discontinuity between cases of © = 0
and p > 0 was earlier suggested by Comins et al. (1980) (described as ” abrupt
13¢  change”; pp. 214). This effect is clearly visible in Fig. 1b for n, = 1. For p > 0,
the singular dispersal rate approaches m* = 1 as p — 0, whereas in the absence of
136 catastrophes (i.e., . = 0) the singular dispersal rate approaches m* = 1/2 in the
same limit, p — 0. In case all patches have the same population size, ny = n, the
138 limit of the singular strategy is

lim, .o (m* =B
o = " (3.10)
lim,, o m*}uzo = L.

It turns out, that the singular strategy m* does not have a well-defined limit

s when both p and p approach zero. The limit value namely depends on the route
taken. This is further illustrated in Fig. 2: Fig. 2a is a magnification of Fig. 1a

s near (p,u) ~ (0,0). Generically, contour curves should not intersect, because at
such points the illustrated function is not well-defined. However, each contour

sa  curve in Fig. 2a approaches the origin. The solid arrow illustrates the route of
taking the limit of the singular strategy m* for (p, ) ~ (0,0), while keeping the

us ratio u/p = tana constant. Fig. 2b shows the value of this limit as a function of
the angle of approach, «, for a metapopulation with one patch type (N = 1), for

12
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us different values of the number of adults in a patch, n. In the most illuminating
example we have

1
lim (lim m*) = — (case a =90°),
pn—0 \ p—0 n

. (3.11)

lim (lim m*) =3 (case a = 0°).

p—0 \ p—0 n

0 The former double-limit corresponds to the case of p < u, and the latter double-
limit corresponds to the case of 1 < p. In fact, we can prove that the limit value of

32 m* for p, u — 0 is larger when they approach zero with keeping a larger (u/p)-ratio
(Figure 2b; see also SI section F.9 for the detail).

a) Zoomed part of Fig. la b) Limit when (p, z) — (0,0)
0.10 1.0
SN
- * r
Zoo0s So8
o= [/]‘\ [
E 2 |
< 0.06 Zos
— = L
o — L
@ w L
2,004 504
2 =
B I
50
S R=I)
+ 002 G 02
o «, angle of approach b
000 1 1 1 1 00 L 1 1 1 1 1 1 1
000 002 004 006 008 010 0° 15° 30° 45° 60° 75° 20°
Dispersal survival probability, p Angle of approach, a

Figure 2: a) A magnification of Fig. 1a near (p, ) ~ (0,0) together with arrows
illustrating different limits. b) The limit value of m* when p — 0 and g — 0, while
keeping the ratio (u/p) = tan «a, plotted with respect to «a, for a metapopulation
with one patch type (N = 1), for different numbers of adults in the patch (n). The
effect of the route choice is strongest for small n.

354 An intuition behind this strong dependence on the (u/p)-ratio is as follows.
When p is close to zero, there are few survivors of dispersal. When p is close to
36 zero, on the other hand, there are few empty patches created by catastrophes. The
balance between the availability of those two is crucial, because if there are rela-
s tively much more empty patches than surviving dispersers, then those dispersers
who have successfully arrived in an empty patch can enjoy a big leap of benefits
w0 of colonizing it because the competition there is weak due to relatively small p,
which makes dispersal more adaptive. On the other hand, if there are relatively
2 much more surviving dispersers than empty patches, the competition over empty
patches is very intense due to relatively large p, and there is little merit in dis-
s persal. Therefore, the balance between p and p matters however small they are;
large u1/p-ratio means less competition at empty patches for dispersers, and hence

w6 a relatively larger dispersal rate is selected for by natural selection.
In our model, the metapopulation is viable for all p > 0, because fecundities in
s different patch types are assumed to be infinite (A — 00). The situation is different,
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if fecundities are finite. An example of such a model is the model of Comins et al.
wo  (1980), which is analysed in more detail in SI section G. As illustrated by the

gray regions in Fig. S15b-e, their metapopulation is not viable, if p is too small.
sz Consequently, even though there are "abrupt changes”, when p and p are small

(Fig. S15), investigating the limit p — 0 is not meaningful with finite fecundity.

s 3.3.4 Non-monotonic effect of the dispersal survival probability

The dispersal survival probability p appears in the first component of the fitness
s gradient (3.1) in our model. This component increases with p, as increasing the

dispersal survival probability will increase the direct benefit of dispersal. For this
srs reason, one could easily expect the singular dispersal strategy m* to be an increas-

ing function of p. Such a phenomenon has indeed been observed in many models,
;0 including the present model in the absence of catastrophes (u = 0) (Parvinen

et al., 2020). However, in our model, other components of (3.1) are also affected
s2 by p, and the singular dispersal strategy m* can be non-monotonic with respect

to p, when p > 0. In SI section C.4.4 we show that the derivative of the fitness
;s gradient with respect to the dispersal survival probability p is given by

a 1 Y COI
Gy Dimp) = ; 1 (Vie)® Hiy () A5, o, i), (3.12)
in which
A<dzond7 Ky nk) =1- (1 | diond) 2 cond
p+ (1= p)dg
(3.13)
0 diond N diond(nk + B)
(it (1= W™, — B] [y — BP
386 and
B = (n—1)(1—p)(1—dH? > 0. (3.14)

In the absence of catastrophes we have A(d5*,0,n;,) > 0 for df°* > 0, which

;s means that increasing p promotes dispersal, and the singular strategy m™* increases

with p, as already shown before (Parvinen et al., 2020). In contrast, A(ds™, u, ny)

30 can be negative when p > 0. Such parameter regions are illustrated in Figs. 3 and
S1 with different shades of blue for different n,. If

1 h =1
{ 0<p<1, when n (3.15)

0<M<ﬁ, when ny > 2

. holds, the expression A(d$°", 11, ny,) is negative for di°™ > 0 below some threshold.
Consequently, if (3.15) holds, the singular strategy is a non-monotonic function
:¢ of p (Figs. 1, S2 and S3). This effect is very clearly visible for n, = 1 in Fig. 1,
but not so clearly for ny = 50. However, the effect is present even for large n,
s when g is small enough, as illustrated by Fig. S4. Similar non-monotonic effects of

14



Journal Pre-proof

1.0
0.8+ A(ng) > 0 for all ny

0.6

0.4r

migration probability, d¢ond

Conditional backward

i A(l) <0
0.2 M)

A(2) <0

0.0
00 02 04 06 08 = 10
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Figure 3: Parameter regions of the sign of A(df*™, p, ny) given by (3.13), with
respect to d°™d and y for different n. See also Fig S1.

the dispersal survival probability p has been earlier found numerically by Comins
28 et al. (1980), their Figs. 4 and 5. Their model has one patch type, and fecundity
is assumed to be finite. Their and our results together illustrate that the non-
w0 monotonic effect of p is not an artifact of either type of fecundity alone. We
investigate their model in SI section G, in case the number of adults in a patch is
w2 (at most) one, n = 1. Ag illustrated by Fig. S15b-e, non-monotonic effect of p is
observed when fecundity is large enough.
204 Altogether, when p is very small, there are only few immigrants arriving into
patches. This has twofold consequences. On one hand, a quite small amount of
ws natal juveniles is enough to colonize the natal patch with high probability. Since
also relatedness is high, avoiding kin competition also promotes dispersal. On the
w8 other hand, because of catastrophes, there are empty patches, and those dispersers
who arrive in such patches, have a very high probability of establishment. This
a0 effect is significant even when p is small and the amount of empty patches is low.

3.3.5 Spatial heterogeneity typically selects against dispersal

a2 Based on (3.6), analogous to the model without catastrophes (Parvinen et al.,
2020), spatial heterogeneity, in the form of variability in Vi, is expected to select
aia  against dispersal. This is observed in Figs. 4, S5 and S6. However, in the presence
of catastrophes, spatial heterogeneity may promote dispersal when p is small, as
a6 illustrated by Fig. S8.
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3.3.6 Evolutionary branching is promoted by spatial heterogeneity and
418 large patch sizes

In the absence of catastrophes, Parvinen et al. (2020) observed that evolutionary
w20 branching is possible under spatial heterogeneity, and is promoted by differences

in patch size. More specifically, variability in V}, generated by differences in patch
a2 sizes resulted in evolutionary branching under much wider parameter ranges than

variability in V, generated by differences in fecundity or attractivity only. In
a0 contrast, in the presence of catastrophes, we observe that spatial heterogeneity

generically promotes evolutionary branching. In specific, the size of the parameter
w6 range in which evolutionary branching occurs seems to be more or less of the same

size, independently of the origin of the spatial heterogeneity (compare Fig. S2 with
w28 S3, and the rows of Fig. S5), but note that they differ qualitatively, when p & 0.

Those figures also clearly demonstrate, that increasing patch sizes, while keeping
a0 Vi unchanged, promotes evolutionary branching.

4 Evolution of conditional dispersal

12 Let us next investigate the evolution of conditional dispersal, i.e., we assume that
the dispersal probability m; may depend o1 the patch type k.

= 4.1 The fitness gradient

We were able to derive an explicit expression also for the components of the fitness
s6  gradient of conditional dispersal (Theorem 3 in the SI section B.1):

d
Dl,k((mla s 7mN)) = Hmmut =
(b V[]; mlinut:ml,...,mﬁut:mN (41)
_ :W’f (p — WiHy () + (1 — d5) Wy Hy (1) RE,) .

When compared with the fitness gradient of unconditional dispersal ((3.1)),
a8 the relative reproductive potential Vj is replaced by

Wk - - N )
(mnF/\) Doy ey F /A
which measures the relative production of dispersers. For m; = m we have W;, =

a0 Vj. Furthermore, the conditional backward migration probability involves the
strategy component my,

(4.2)

mkp(l - N)
dcond — ’ 43
g (1 —my) Wi + mup(1 — p) (43)

w2 using which relatedness RQPfk is given by (3.3), and and the relative conditional
backward migration probability Hy(u) = d$° /dy = myp(1 — u)/(p(1 — mp) Wy, + myp(1 — p)).
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a4 Fig. 5 shows qualitatively different phase-plots of the fitness gradient of condi-
tional dispersal for two patch types, N = 2. If the fitness gradient isoclines would

as  be straight lines, all qualitatively different phase-plots would be as illustrated in
Fig. 5. In reality the isoclines are not straight lines, but close to such. Never-

us  theless, these are the qualitatively different phase-plots that we could find in our
numerical explorations for two patch types, N = 2.
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Figure 5: Qualitatively different phase-plots of conditional dispersal, illustrating
the direction of the fitness gradient. The isoclines of the fitness gradient are shown
with thick yellow (Dj; = 0) and red (D;2 = 0) curves. Singular (or boundary-
singular) strategies are marked with a black dot. Parameters: p = 0.95, = = 0.5,
=0, A=1.

450 As in the previous section, we are able to obtain an equivalent expression to
the fitness gradient D;y in (4.1) by using an inclusive-fitness based calculation.

ss2 Details are described in SI section F, and we simply describe the result here. The
inclusive fitness of a mutant that adopts the dispersal strategy m™* = (m; +

s Amy,...,my+ Amy) in a resident population of m = (my,...,my) is given, up
to the first order of Am;’s, by

N
Wip =1+ (Amy)Wi", (4.4a)

k=1

w6 Where
dy, 1—d, 1
WH) = — - — —R . (4.4b
o \CE'/ my 1 —my + 1—mk 2k ( )
impact of S~~~ N——
each patch type gain of loss of gain from

dispersing juveniles ~ natal juveniles  weakened kin-competition
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(see Eq. (F.49) in SI section F). Similar to the previous section, the inclusive
s fitness effect, WI(Fl’k) = WI%’]C) (m), is the same as Dy x(m) in (4.1) up to a positive
multiplicative constant. There is also term-wise correspondence between D, 4 in

w0 (4.1) and WI%’]C) in (4.4b); see SI Eq. (F.55) for details. The intuitions we obtain
from each term in the square brackets in (4.4b) are parallel to those we obtained
w2 from (3.7b), so we do not repeat the arguments here.

4.2 Singular strategies

sss  In SI sections C.1 and C.2 we show that positive dispersal evolves for all disper-
sal strategy components. Furthermore, unless some special conditions are met,

w6 complete dispersal (m} = --- = m}, = 1) does not evolve. Potential evolutionary
endpoints are thus singular strategies, satisfying
Dl,k(<m17"'7mN)) :07 0<mk < I (45)
s for all k, and boundary-singular strategies, satisfying Dy i((mq,...,my)) = 0,my =
1 for some but not all components, (4.5) for other components.
470 For conditional dispersal, we were not able to prove the uniqueness of the

(boundary-)singular strategy. Nevertheless, in our numerical explorations for two
a2 patch types, N = 2, we did always find a unique (boundary-)singular strategy

(my, m3) satisfying the conditions stated above. We found this strategy to be un-
a invadable, i.e., we did not observe evolutionary branching of conditional dispersal.

Qualitatively different phase-plots are illustrated in Fig. 5. Next we investigate
a6 how the singular conditional dispersal strategy is affected by parameters.

4.2.1 Catastrophes promote the evolution of dispersal

as Analogous to the case of unconditional dispersal, we proved that the components
of the fitness gradient vector of conditional dispersal increase with respect to p in
0 our model (details in SI section C.4.5). Provided with the numerically observed
shape of the fitniess gradient isoclines near the singular strategy, the components
w2 of the singular strategy also increase with u. (Figs. 6a, S13)

4.2.2 High sensitivity on parameters p and ; when they are small &
ag4 Non-monotonic effect of the dispersal survival probability

Analogous to the case of unconditional dispersal, the conditional singular strategy
w6 components are sensitive to the parameters p and p when they are small. This
effect can be seen in Fig. 6bc for n, = 1. For u = 0.1, the singular dispersal
s strategy components approach mj = mj = 1 as p — 0 (Fig. 6¢), whereas for p =0
they approach m* = 1/2 (Fig. 6b). In fact, the components of the conditional
w0 singular dispersal strategy, when the dispersal survival probability p goes to zero,

are
: * _ 1+p(ne—1)
lim m*| = .
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Figure 6: Dependence of singular conditional (mj, m}) and unconditional (m*)
(dashed curve) dispersal strategies on a) the catastrophe probability u, b and ¢)
dispersal survival probability for different values on ny and p in a model with two
patch types (N = 2). Parameters: a) p = 0.5, b and ¢) f = F/F, = 3, Common
parameters: A\ = Ay = 1, m = mp = 0.5.

w2 We thus observe an analogous discontinuity with respect to i as for unconditional
dispersal (3.10).

404 The singular strategy components mj do not have a well-defined limit when
both p and p approach zero. As in the unconditional dispersal case, the limit value

ws depends on the route taken (see Fig 7). In specific, analogous to (3.11), we have

1
lim (lim m}’;) A" (case av = 90°)
2

pn—0 \ p—0
1 (4.7)
lim | limm} | = — (case a =0°).
p—0 \ p—0 2ny,
1.0
0.9
5]_;
<08
E
io.7
é
0.6
ms
0.5

T Daeotapproadia
Figure 7: The limit values of the singular conditional dispersal strategy com-
ponents m; and mj (solid curves) together with the unconditional strategy m*
(dashed curve), when p — 0 and p — 0, while keeping the ratio (u/p) = tanq,
plotted with respect to «, for a metapopulation with two patch types (N = 2).
Parameters: ny =ng =1, f = F1/Fo =3, Ay =Xy =1, 1 = 1y = 0.5.

Finally, the sign of %Dl,k((ml, ...,my)) is given by expression A(d{™, u, ny)

ws (Eq. (C.31) in the SI). Therefore, we observe a similar effect of increasing the
dispersal survival probability p also for conditional dispersal (Figs. 6bc, S10): the

s singular strategy component m; decreases with p when p is small, if (3.15) holds.
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Figure 8: Dependence of singular conditional (m}, m}) and unconditional (m*)
dispersal strategies on a) relative fecundity f = F;/F, b) proportion of high-
fecundity patches m = m; = 1 — 1y in a model with two patch types (N = 2).
Parameters: a) n; = ny = 10, 7 = 0.5 b) ny = ny = 3, f = F;/F; = 3. Common
parameters: \; = A =1, p=0.2, p=0.8.

4.2.3 Difference in evolved dispersal components

s2  Individuals experience different selective pressure in different patch types. There-
fore, conditional dispersal strategies usually do not evolve to be equal in different
se  patch types. Which features of different patch types then promote or select against
conditional dispersal? Increasing the size ny or the relative fecundity f; of a spe-
so6 cific patch type increases its relative production of dispersers, W;. The form of
the fitness gradient (4.1) suggests that this would select against dispersal. Fur-
sos  thermore, increasing the patch size will decrease relatedness R&k, which is also
expected to select against dispersal. In Fig. 6 patch type 1 is more productive
s.0 either because of larger size (ny > no, f = Fy/F; = 1, panel a) or larger fecundity
(f = Fi/Fy > 1, 7 = ny, panels bc). We indeed observe in Fig. 6ab that the
sz conditional dispersal strategy m3 > m7 as expected. Fig. S12c illustrates that the
relative production of dispersers alone does not fully explain dispersal evolution:
sie Although m3 > m] when f is large and m3 < m] when f is small, for equal pro-
ductivity (fn; = ng when f = 4), mj < mj because ny > ny, resulting in smaller
si6 relatedness in patch type 2 (see also Fig. S12e).
Surprisingly, in Fig. 6¢ and S10ceg we observe that dispersal is larger in the
sis more productive patch type 1, mi > m3, when p is small. Actually, (4.6) shows
that when p — 0, the relative fecundities do not affect singular dispersal strategies.
s20 Dispersal is then largest in patch types with smallest size even if they would be
very productive (S10eg). In contrast, our numerical results suggest that for large p
s22  the effect of productivity dominates, and m} < mj. For equal patch sizes a similar
phenomenon occurs, when (3.15) holds (Fig. 6¢, S10c).
524 When comparing the components of the singular conditional dispersal strategy
with the singular unconditional dispersal strategy, one would expect the uncondi-
s26 tional one to be some kind of biased average of the conditional ones, i.e., to lie in
between mj and mj for two patch types. This is what we usually observe in our
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s numerical explorations, but not always (Fig. 6¢ with ny = ny = 30, large p). At a
singular unconditional dispersal strategy, the sum of the components of the con-

s ditional dispersal strategy fitness gradient vector is zero. Therefore, if conditional
dispersal evolution is initiated at the unconditional dispersal strategy, initially

s some conditional strategy components will decrease and others increase, leaving
the unconditional singular dispersal strategy to lie in between them. However, this

s situation does not need to hold at the singular conditional dispersal strategy, as
illustrated by Fig. S9.

s 4.2.4 The effect of spatial heterogeneity

When p is large, variability in V} is expected to select against unconditional dis-
s3s  persal: The unconditional singular dispersal strategy m* in Fig. 4ac is lowest for
an intermediate proportion of high-productivity patches 7, and decreases when
ss0  the relative fecundity f is increased. In contrast, both conditional dispersal strat-
egy components mj and mj in Figs. 8b and Sllac increase, when 7 is increased.
ss2 When the proportion of patches with higher productivity of dispersers is increased,
the average productivity (mnF'/\) increases, and thus the relative productivity
sae Wy (4.2) decreases for both patch types, promoting dispersal. Also the effect of
increasing the relative fecundity f on conditional dispersal differs from that on
ss6 unconditional dispersal: m] decreases and mj increases in Fig. 8a. For f =1 the
patch types in Figs. 8a are equal, and mj = mj. When f is increased, patch type 1
sis becomes more productive, increasing the benefits of staying in patch type 1. The
qualitative effect of variability in V) can, again, be different, when p is small, as
ss0  illustrated by Figures S1le and S12g.

5 Discussion

ss2 ' This paper has explored the effect of catastrophes on the evolution of dispersal,
especially the interplay between catastrophes and other demographic factors. To
ss«  this end, we have constructed a fairly general model and studied the consequences
of evolution for both when the dispersal probability is independent of the current
s patch type (unconditional dispersal) and when the dispersal probability can depend
on it (conditional dispersal). We proved that in our model catastrophes promote
sss  dispersal. This is because catastrophes create empty habitats and therefore confer
advantages to dispersing strategies. In our model, patches are either fully occupied
ss0 or empty due to catastrophes. In models without such site-saturation, increasing
the catastrophe rate may cause the total population density to decrease in such a
ss2  way that most individuals reside in sparsely populated patches. In such a situation,
the benefits of dispersal are diminished, and non-monotonic effects of catastrophes
se« on dispersal evolution can be observed (Ronce et al., 2000; Gyllenberg et al., 2002;
Parvinen et al., 2003; Parvinen, 2006).
566 We have found a surprising interplay between catastrophe probability, u, and
the survival probability in dispersal, p, especially when both p and p are very
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ses small (Comins et al., 1980). In such a situation, the evolved dispersal probability
can depend on p in a non-monotonic manner, and most importantly, it is possible
s that a lower chance of survival in dispersal leads to an increased dispersal prob-
ability. Moreover, we have found that the introduction of a tiny positive chance
s2 - of catastrophe can have a dramatic impact on the consequences of dispersal evo-
lution. When the dispersal survival probability p is nearly zero, introduction of
s catastrophes (0 < p < 1) has a considerable effect on dispersal evolution: dis-
persal evolution is highly sensitive on p and p when they are small. In example
sts - cases shown in Figs. 1 and 6, increasing p = 0 to u = 0.1 sometimes resulted in
more than double the dispersal probability. This unexpected result suggests that
sis  catastrophes can potentially have much larger impact on evolutionary outcomes
than intuitively expected, and that this effect becomes particularly evident when
ss0 the survival probability in dispersal, p, is very small. A small value of p corre-
sponds, for example, to the case where each habitat is very much isolated from
se2  the others as island biogeography often assumes, or to the case where the environ-
mental conditions are very harsh and dispersers can rarely find habitable places.
ssa  An implication of our results is that in those fragmented landscapes catastrophes
play a major role in determining the evolution of dispersal.
586 Why do very rare catastrophes matter? The interplay of catastrophes and
dispersal survival probability can be investigated by looking at the components of
sss  the fitness gradient. Without catastrophes (1 = 0), there should be balance among
three factors; the gain by increased dispersing juveniles, the loss by decreased natal
so0 juveniles, and the gain by decreased kin-competition. When p is small, the effect
of the first factor is of order p. The effects of the second and third factors are not
s2 small (~ O(1)) but their leading terms cancel out because relatedness is almost
one for small p, regardless of 1. As a result, the sum of the three effects, which
so0 is the fitness gradient; is small (~ O(p)). When we introduce catastrophes, the
fraction p of dispersing juveniles head to disturbed patches that have no natal
so6 Offspring. The gain brought by these dispersing juveniles hardly depends on p
because all competing dispersers suffer from the equal mortality. The other two
sos factors still cancel out for small p and p values. For details, see SI section F.
Thus, roughly speaking, introducing a small catastrophe probability adds a new
0 small gain (~ O(p)) through dispersing offspring. Since the fitness gradient at
1 = 0 is already small, this new small component can have significant impact on
s02 the evolving dispersal probability.
Our theoretical model here takes into account rather many demographic fac-
s0s tors, such as dispersal survival (p), finiteness of local patch (n), spatial hetero-
geneity (N, and ng, fi), arrival bias (\g), and catastrophes (u). As a result, our
s Tesults here contain some classical explicit expressions of singular dispersal rates
as special cases (see Section 3.3.1). In that sense, we believe our analysis here
c0s offers a high degree of generality. One of the virtues of such a modeling approach
is that can we spot important interplay between multiple demographics factors
s10  that models that study a single demographic factor can never detect. As a result,
we have found in the current paper an important interaction between catastrophe
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s12 probability and survival probability in dispersal.
It has been shown (Parvinen et al., 2023) that, without catastrophe, evolution-
s« ary branching can happen for the unconditional case, while it does not happen
in the conditional case. We have here the same result when the model includes
s catastrophes. Spatial heterogeneity typically favors unconditional dispersal (see
Fig. 4) while the effect is more complicated in the conditional case (see Fig. 8).
as  These results are qualitatively consistent with our previous result (Parvinen et al.,
2023), while dispersal from low-productivity patch can evolve with catastrophes.
620 The evolution of dispersal in models including catastrophes have been inves-
tigated before (Comins et al., 1980; Ronce et al., 2000; Gyllenberg et al., 2002;
622 Parvinen et al., 2003). The fact that the ESS dispersal probability can decrease
when the dispersal survival probability p increases has been numerically observed
s« before, see Figs. 4 and 5 of Comins et al. (1980). Their model differs from ours by
assuming that the number of offspring per adult is finite, whereas we have assumed
e26 infinite fecundity (and made a number of extensions, including spatial heterogene-
ity). Together, Comins et al. (1980) and our work show that the non-monotonic
ss effect of the dispersal survival probability is not an artifact of the assumption of
either finite or infinite fecundity. In this paper, we have explored the phenomenon
630 in detail, and with the help of the derived analytical expressions, we have been able
to investigate under which conditions this phenomenon occurs. In SI section G, we
22 have made a corresponding analysis of the finite-fecundity model of Comins et al.
(1980), when there can be at most one adult individual in a patch (n = 1), and
3« showed that the phenomenon becomes more common, when fecundity is increased.
Certainly, there are some factors that our model does not cover. For example,
s  we did not study the effect of non-equilibrium dynamics (including cyclic behavior
in demography), which is oceasionally caused by finiteness of fecundity. Moreover,
s3s  using our model we have studied the effect of spatial heterogeneity, but not tem-
poral variation of patch quality. It remains an open question whether our findings
s0  here generalize to those situations; we leave those aspects as future works.
To conclude, this paper have elucidated the effect of catastrophes on disper-
sz sal evolution. Through a mathematical analysis, we have revealed an intricate
interplay between catastrophes and other demographic factors and found an un-
sa expected synergy between catastrophes and survival probability in dispersal. We
believe that our results here enhance our understanding of the evolution of dis-
s persal and contribute to identifying environmental factors that play major roles
there.
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