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Abstract Demographic stochasticity (due to the proba-
bilistic nature of the birth—death process) and demographic
heterogeneity (between-individual differences in demo-
graphic parameters) have long been seen as factors
affecting extinction risk. While demographic stochasticity
can be independent of underlying species traits, demo-
graphic heterogeneity may strongly depend on phenotypic
variation. However, how phenotypic variation can affect
extinction risk is largely unknown. Here, 1 develop a
stochastic metapopulation model that takes into account the
effects of demographic stochasticity and phenotypic vari-
ation in the traits controlling colonization rates to assess
what the effect of phenotypic variation may be on the
persistence of the metapopulation. Although phenotypic
variation can lead to a decrease in metapopulation persis-
tence under some conditions, it also may lead to an
increase in persistence whenever phenotypic mismatch—or
the distance between the optimal trait value and the pop-
ulation mean—is large. This mismatch can in turn arise
from a variety of ecological and evolutionary reasons,
including weak selection or a recent history of invasion.
Last, the effect of phenotypic variation has a deterministic
component on colonization rates, and a stochastic compo-
nent on persistence through colonization rates, but both are
important to understand the overall effect. These results
have important implications for the conservation of
threatened species and management practices that may
historically have overlooked phenotypic variation as
unimportant noise around mean values of interest.
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Introduction

Understanding the factors leading to extinction is a central
goal in ecology (e.g., Gilpin and Hanski 1991; Lande 1993;
Kendall and Fox 2003; Melbourne and Hastings 2008).
This understanding is crucial when it comes to making
informed decisions about the management of endangered
species or sets of species in threatened communities and
ecosystems (Gilpin and Hanski 1991). Many factors
influencing extinction risk have been identified, including
abiotic factors (e.g., pollution), biotic factors (e.g., invasive
species) as well as exogenous factors (i.e., that are external
to the focal population) and endogenous factors (i.e., that
are related to internal population level processes, Rough-
garden 1975; Melbourne and Hastings 2008).

Stochasticity in population growth and dynamics has
long been seen as a major factor increasing extinction risk
(May 1973; Chesson 1981; Fox and Kendall 2002). The
sources of this stochasticity are many, and they can be
broadly divided into two classes: demographic—or
stochasticity in population growth due to the random nature
of the birth—death process—, and environmental—or ran-
dom fluctuations in environmental conditions that lead to
fluctuations in the number of births and deaths—(e.g.,
Caswell 2001, 2009; Lande et al. 2003; Engen et al. 2005).
Although both types of stochasticity can increase extinc-
tion risk, demographic stochasticity is mainly a problem for
small populations (Caswell 2001), while environmental
stochasticity can affect much larger populations (Caswell
2001; Melbourne and Hastings 2008).
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Another source of stochasticity in population growth is
demographic heterogeneity (Conner and White 1999; Fox
and Kendall 2002; Kendall and Fox 2003; Fox 2005;
Vindenes et al. 2008; Vindenes and Langangen 2015). This
source of stochasticity occurs whenever there are actual
differences among individuals (e.g., the traits they have)
that lead to systematic differences in their chance of sur-
viving and reproducing, as opposed to differences in the
chance of surviving and reproducing due to the randomness
of births and deaths, as it is the case in demographic
stochasticity (Melbourne and Hastings 2008). How demo-
graphic heterogeneity affects extinction risk is an active
area of research and has been shown to have opposite
effects on extinction risk. Indeed, heterogeneity can reduce
extinction risk (Conner and White 1999; Fox and Kendall
2002; Fox 2005), increase it (Robert et al. 2003) or both
increase and decrease extinction risk (Kendall and Fox
2003; Vindenes et al. 2008; Melbourne and Hastings 2008).

Demographic heterogeneity can arise from a number of
factors including geographic or habitat heterogeneity (e.g.,
Gates and Gysel 1978; Menge et al. 1994; Landis et al.
2005), frailty effects and reproductive heterogeneity
(Vaupel and Yashin 1985; Fox et al. 2006; Kendall et al.
2011), and both genetic and phenotypic variation (Chesson
1981). Ecologists have historically dismissed phenotypic
variation as noise around mean trait values of interest
(Lomnicki 1988). But even populations that are made of
clones (i.e., individuals that share the same genetic
makeup) will have slight differences in the way genes are
expressed (e.g., Price et al. 2003), leading to potentially
important amounts of phenotypic variation (Lomnicki
1988; Sherratt and MacDougal 1995). More importantly,
there are strong reasons to expect ecological effects of
variation per se whenever there exists a concave down or
concave up relationship between a focal trait and the
ecological process of interest through Jensen’s inequality
(Jensen 1906; Ruel and Ayres 1999; Gibert and Brassil
2014; Gibert and DeLong 2015). Phenotypic variation thus
has the potential to alter demographic heterogeneity and
stochasticity, and through that, have consequences for the
persistence of populations with considerable phenotypic
variation.

This paper assesses whether phenotypic variation in
traits controlling ecological processes can have important
effects on metapopulation persistence. Phenotypic varia-
tion has recently been shown to influence an enormous set
of parameters and processes (Aradjo et al. 2011; Bolnick
et al. 2011; Violle et al. 2012; Gibert et al. 2015), including
predator—prey interactions (through for example, attack
rate, handling time and mutual interference, Okuyama
2008, 2013; Pettorelli et al. 2011; Gibert and Brassil 2014;
Gibert and DeLong 2015), dietary variation (Snowberg
et al. 2015), disease dynamics (Lloyd-Smith et al. 2005),
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food web structure (Svanbidck et al. 2015), tri-trophic
interactions (Hughes et al. 2015), as well as trait evolution
(Fisher 1930; Dobzhansky 1937; Frank 2012) and eco-
evolutionary dynamics (Schreiber et al. 2011; Vasseur
et al. 2011). In all cases, phenotypic variation was found to
be largely stabilizing and to potentially increase population
persistence.

Here I address how underlying phenotypic variation in
traits that control dispersal, such as wing length or body
size, might affect the persistence of a metapopulation
model with demographic stochasticity. I argue that this
effect may be mediated through deterministic conse-
quences of the occurrence of phenotypic variation in the
parameters controlling the dynamics of the system, which
in turn result in a stochastic effect on metapopulation
persistence.

Methods
Generalities

In metapopulations, persistence results from the balance
between two main parameters: colonization and extinction
rates (Levins 1969). Because the local extinction rate is
largely dependent upon patch size (MacArthur and Wilson
1967; Laurance 2005; Arroyo-Rodriguez et al. 2009), 1
assume that phenotypic variation will mainly affect colo-
nization rates and have no effect on extinction rates. Col-
onization rates depend in turn on the distance colonizers
must travel (Levins 1969; Gibert et al. 2013) and on the
production of colonizers (Alonso and McKane 2002),
which is a function of demographic parameters and is thus
ultimately determined by phenotypic variation, as has been
shown empirically in three-spined sticklebacks (Laskowski
et al. 2015). To address how phenotypic variation in the
traits determining colonization rates affect persistence, I
used two models: the first considers external migration
from a mainland only whenever the metapopulation goes
extinct; the second considers migration from a mainland as
a process that can occur anytime.

The models

For the first model, I reformulated an already existing
stochastic metapopulation model (Gurney and Nisbet 1978)
to track the total number of occupied patches over time for
a species living in a space consisting of N identical patches
with no spatial correlation. I later modified this model (see
“Incorporating phenotypic variation”) to take phenotypic
variation into account. The model assumes that at each
infinitesimal time step, there is a chance for an empty patch
to be colonized and for an occupied patch to become
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unoccupied through local extinction. These one-step tran-
sition probabilities are independent of the state of the
system at previous time steps and can be written as:

Cln+1jn) = cn<17%>dt, (1)
E(n—1ln) = endt, (2)

where C(n+ 1|n) is the probability that an unoccupied
patch is colonized, E(n — 1|n) is the probability that an
occupied patch becomes unoccupied, N is the total number
of patches in the metapopulation, n is the number of
occupied patches, c¢ is the colonization rate and e is the
extinction rate (Levins 1969; Alonso and McKane 2002).
We define C(1]0) = ¢ dt, which can be seen as a chance of
receiving migrants from outside the metapopulation if the
metapopulation was to go extinct. As ¢ decreases, the
stationary probability of extinction tends to 1. Setting
¢ # 0, however, does not preclude the metapopulation
from going extinct because (1) ¢ can be arbitrarily small
and (2) even if ¢ is large, its final effect will depend on the
relative values of all other colonization and extinction
transition probabilities. I nevertheless assessed the effect of
¢ in the dynamics of the model (see “Results™) for thor-
oughness. This model would apply to scenarios where
external migration from the continent is so negligible
compared to C(n—+ ljn) (e, C(n+ ljn) > ¢), that
effectively the only time the external migration impacts
dynamics is when the metapopulation as a whole goes
extinct. It could also apply in situations where humans
monitor the status of a metapopulation, and supply
propagules when the metapopulation goes extinct either
intentionally or unintentionally, which may be of relevance
in management and conservation scenarios. Last, [ imposed
a boundary at n =0, by defining C0|—-1) =
E(—1]0) = 0, since patch occupancy cannot be negative.
To simplify notation, I will refer to C(n + 1|n) as C,, to
C(nln—1) as C,_y, to E(n — 1|n) as E, and to E(n|n + 1)
as E,,; from now on.

Under these conditions, the master equation controlling
the change in the distribution of occupied sites (P(n, 1))
over time can be written as:

dP(n,t
M = n—lP(n - 17t) +En+lP(n+ 17t)

dt
— P(n,1)(Cp + Ey), (3)

where the probability of finding n occupied patches at time
t increases with the probability that a colonization event
occurred multiplied by the probability of having n — 1
occupied sites (C,—1P(n — 1,1)), increases with the prob-
ability that an extinction event occurred multiplied by the
probability of having n+ 1  occupied  sites
(E,1P(n+ 1,1)), and decreases with the probability of
having both an extinction or a colonization event

multiplied by the probability of having exactly n occupied
sites (P(n,t)(C, + E,), van Kampen 1981). The stationary
distribution (+ — oo) can be found by recurrence (Ap-
pendix 1), and is equal to:

_ Co...Cuy
P(na OO) - El- . .E” P(07 OO), (4)
with
1
P(0,00) = (5)

N CoCor’
1 + anl gl.“E,,l
Using Eqgs. (1) and (2) and assuming ¢ = 1 for simplicity,

the stationary distribution for the model becomes (Ap-
pendix 2):

c\n—1
1 (N)1 r(m\,>

P(n,00) = — e (6)
’ N cyr=1_T()
14 Zn:l n]e" (/T]) I'(N—n+1)

where I' is the Gamma function. The mean number of
occupied patches can then be found as:

N 1 (c_‘)'HF(F&

<I’l> _ Z " \N N—n+1) (7)

=R R W

The mean number of occupied patches increases in this
model with increasing colonization rate (Fig. 1) and
decreases with increasing extinction rate (Fig. 1), as
expected from classic Levins’ model (Levins 1969). This
model is the continuous-time Markov chain counterpart to
Gurney and Nisbet (1978) stochastic Langevin equation

0.12
0.10 c
0.08 e

0.06

0.04

Probability density

0.02

0.00 =7 T T T T T
0 10 20 30 40 50

Number of occupied patches

Fig. 1 Plot of the probability density associated to the number of
occupied patches from Eq. (6). We can see how an increase in
colonization rate (¢) leads to an increase in the mean number of
occupied patches while an increase in extinction rate (e) leads to a
decrease in the mean number of occupied patches. The probability
density curve in the center (red in color version) is our canonical set
of parameters for comparison: ¢ = 1.4, ¢ = 0.6, and N = 50. In the
one to the left (yellow in color version), everything is as in the one in
the center but for ¢ = 0.8. In the one to the right (blue in color
version), everything is as in the center but for ¢ = 2.2
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model, based on Levins’ metapopulation model (Levins
1969). Even though my particular formulation has not been
explored before, its behavior should in all respects be
equivalent to that of Gurney and Nisbet (1978).

The second model 1 explored is a continuous-time
Markov chain model developed by Alonso and McKane
(2002), which, contrary to the previous one, assumes that
the metapopulation can receive external migration from a
mainland at any time. In that case, the probability that a
colonization event occurs in a time lapse df is

Cln+1jn) = cn(l —%)dt—km(N — n)dt, (8)

where m is the migration rate from the continent, and
everything else is an in the first model. The number of
occupied patches is approximately (Alonso and McKane
2002):

R (e (R BT BC

This approximation is particularly useful because once I
incorporate phenotypic variation the mean number of
occupied patches rapidly becomes difficult if not impossi-
ble to compute numerically. In what follows, I modify
these models to account for phenotypic variation in a trait
that determines colonization rates.

Incorporating phenotypic variation

Building upon previous work (Schreiber et al. 2011; Gibert
and Brassil 2014; Gibert and DeL.ong 2015), I incorporated
phenotypic variation by assuming the existence of a nor-
mally distributed trait x with probability density function
p(x,%,6%), that determines colonization rates in a Gaussian
way:

2
) = cnmerp H(O =2 ] (10)

2

where c¢p,, is the maximal colonization rate, 6 represents
the trait value at which colonization is optimal, and t
controls the rate at which colonization rates decrease away
from the optimum value. This functional form is common
in traits controlling dispersal such as body size (Manzaneda
et al. 2009) or wing length (Pulido and Widmer 2005), and
can arise from either stabilizing or conflicting selection in
the traits controlling dispersal (Manzaneda et al. 2009).
Gaussian functional forms such as the one assumed here
are also common in theoretical papers studying how traits
and their evolution might affect metapopulation dynamics
(Hanski and Mononen 2011; Hanski et al. 2011). Notice
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that colonization rates are defined at the metapopulation
level, so the trait distribution considered is also defined
across local populations. Using Eq. (10) it is possible to
calculate the mean colonization rate as,

(¢) = /c(x)p(x,)f,az)dx, (11)

which convolves nicely to:

T 1 &2
(c) = \/M—cﬂeXp{_ZM} (12)

where d> = (0 — x)*, hereafter referred to as phenotypic
mismatch following previous work (Raimundo et al. 2014;
Gibert and Brassil 2014; Gibert and DeLong 2015). Notice
that while selection can reduce mismatch, it is not certain
that it will. Indeed, whether mismatch will decrease ulti-
mately depends on a number of other factors, including, but
not limited to, whether selection is strong, whether there is
antagonistic selection on the trait (e.g., imposed by other
interacting species or environmental differences across
patches that makes moving between patches deleterious) or
whether the trait is plastic. Changes in 7 affect how sen-
sitive colonization rates are to changes in both phenotypic
mismatch and phenotypic variation. Because (c) is an
explicit function of phenotypic variation (¢?), it is now
possible to assess the effect of the latter in the mean
number of occupied sites for both models. Using Eqgs. (7)
and (12), (n) becomes for the first model:

N 5 (%) n_]r& = 0
e —n+
= E . , 13
<n> n=11 N 1 ({) i1 r'(N) ( )
=11+ Ej:l jel \'N T(N—j+1)

while for the second model it becomes:

(n) ~ §<1—%+\/<1+%>2+4%>.

(14)

Alternatively, phenotypic variation can be incorporated
in a different way. For the first model, by plugging Eq. (10)
into Eq. (7), and convolving the whole with the trait dis-
tribution we get:

P ()l
(n) = /Z ‘ Vol p(x, %, 0°)dx.

For the second model, the expression reads
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Equations (15) and (16) are not always numerically com-
putable, so in some cases I had to adjust the range of
parameters studied. Comparing the two ways in which I
incorporated phenotypic variation helped with assessing
how robustly we can predict the effects of phenotypic
variation on metapopulation persistence.

Results

I explored two different scenarios, one where phenotypic

mismatch is zero (d*> = 0), and one where phenotypic
mismatch is larger than zero (d@®> > 0). In the first model,
it can be seen that, for > = 0, the mean number of

occupied patches goes down with phenotypic variation
(Fig. 2a—d). This is true for both ways of incorporating
phenotypic variation (Fig.2a, b vs c, d), different
metapopulation sizes (Fig. 2a, c¢) and values of the
parameter 7 (Fig. 2b, d). The effect of phenotypic variation
on mean occupancy, however, is different when phenotypic
mismatch is large (¢> > 0): mean occupancy increases at
first, and then decreases (Fig. 2e—h). These results also
hold for the Alonso and McKane model (Fig. 3). When
exploring the effect of variation using Eq. (16), however, it
was not possible to analyze all the scenarios explored for
the first model, which is why I do not show results on how
varying t affects mean occupancy for that model, or why
the range of values analyzed for phenotypic variation is
slightly smaller in this case as well (i.e., Fig. 3c, f).

Last, I explored how joint changes in parameters could
affect metapopulation persistence. When phenotypic vari-
ation and phenotypic mismatch vary together in the first
model, mean occupancy decreases as they jointly increase,
and is maximal when there is no phenotypic variation or
mismatch (Fig. 4a). This shows that phenotypic mismatch
may be detrimental for metapopulation persistence in a
case where underlying traits control colonization rates in a
gaussian fashion, as is assumed here. This effect of varia-
tion and mismatch is not qualitatively affected by consid-
ering external migration (as in the second model, Fig. 4b,
¢), and is not qualitatively affected by the value of ¢ either
(external migration when metapopulation goes extinct as
explained for the first model, Fig. 4d). Even in the range of
values where ¢ has a strong effect (¢ =~ 0), phenotypic
variation generally decreases occupancy if phenotypic
mismatch is small.

Discussion

My results show that phenotypic variation can have both
negative and positive impacts on extinction risk in
metapopulations, which is consistent with what past studies
have shown about the effect of demographic heterogeneity
(Chesson 1981; Conner and White 1999; Fox and Kendall
2002; Kendall and Fox 2003; Fox 2005; Vindenes et al.
2008; Melbourne and Hastings 2008). Regarding the pos-
itive effect of phenotypic variation, my results are also in
line with what others have shown in deterministic models
(Schreiber et al. 2011; Vasseur et al. 2011; Gibert and
Brassil 2014; Gibert and DeLong 2015). These results also
suggest that the effect of phenotypic variation can strongly
depend on other important factors, such as, phenotypic
mismatch, which is ultimately controlled by past and pre-
sent selection acting on the traits controlling dispersal.
Indeed, it is this parameter that ultimately determines
whether the effect of phenotypic variation is positive or
negative. Hence, to fully understand the effect of pheno-
typic variation on extinction risk, we may need to also
understand how it interplays with past and current selection
acting on the traits that control the process of interest, as
recent studies argue (Hairston et al. 2005; Hanski et al.
2011; Schreiber et al. 2011; Gibert et al. 2015).

Phenotypic mismatch, or the difference between the
optimal and the mean trait value in the population can
result from selection acting on a focal trait (Fellowes et al.
1998; Nuismer et al. 2010). Indeed, low levels of pheno-
typic mismatch may result from strong stabilizing selection
constantly pushing to maintain the trait on or near an
optimal value (Nuismer et al. 2010). Large levels of mis-
match may result from weak selection (Nuismer et al.
2010), or from a recent history of invasion of the species to
its current habitat or location (Jones and Gomulkiewicz
2012). Here, we show that this phenotypic mismatch can
have important consequences for the survival of a
metapopulation, since at low levels of mismatch, pheno-
typic variation decreases mean occupancy and increases
the chance that the metapopulation will go extinct, while at
larger levels of mismatch, phenotypic variation can have
the opposite effect. Because phenotypic mismatch may
change over time through rapid evolutionary change of the
traits controlling dispersal, these results suggest the possi-
bility that eco-evolutionary feedbacks may have important
consequences for metapopulation persistence, as other
studies stressed (Hanski and Mononen 2011; Hanski et al.
2011).

It is possible that selection may reduce phenotypic
mismatch over time, which eventually would lead to a
scenario that could gradually erode phenotypic variance. It

@ Springer
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Fig. 2 a-d Plots of the mean
number of occupied patches a
((n)) in the first model against 30 1
phenotypic variation (¢2) for
varying levels of the total :
number of patches (N) (a, ¢), 20 1\
varying levels of the parameter
7 (b, d), and low phenotypic

mismatch (&> = 0). Plots a,

b were obtained using Eq. (13)
and plots ¢, d were obtained

using Eq. (15). e-h same as in

25

Low phenotypic mismatch

Large phenotypic mismatch

a—d but for large phenotypic
mismatch (@> = 1.3). Other
parameters: cpax = 2.2,
e=06,¢ = landt=1.0
(unless otherwise stated),

N = 50 (unless otherwise
stated)

Mean occupancy, <n>

5-h
44 - -
- — — - )
s T —
— =
\
2 |
1 4
(e T T T T 0 T T T T
0 1 2 3 4 0 1 2 3 4

is thus important to contemplate mechanisms that could
maintain phenotypic variation over time for the results of
this paper to hold for metapopulations under strong stabi-
lizing selection. Such possible mechanisms include all
classic evolutionary processes such as gene flow from
outside the metapopulation, mutation and pleiotropy (e.g.,
Mitchell-Olds et al. 2007). However, depending on how
heritable the traits are, it is possible that some if not most of
the variation in the traits controlling dispersal might arise

@ Springer

Phenotypic variation (c?)

through phenotypic plasticity, which will not be eroded by
selection, even though it can fuel evolutionary change as
well (Price et al. 2003). Thus, even in scenarios under
strong stabilizing selection, it is possible to still find core
levels of irreducible phenotypic variation and phenotypic
mismatch, with potentially important ecological effects on
the persistence of metapopulations.

It has also been empirically shown that phenotypic
variation controls dispersal capacity in the three-spine
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Fig. 3 a—c Plots of the mean

Low phenotypic mismatch

Large phenotypic mismatch

number of occupied patches 35 - a - d
({n)) in the second model 10
against phenotypic variation 8 4
(a?) for varying levels of the . o
total number of patches (N) (a, 6 ‘ - -
¢), varying levels of the . S I
parameter 7 (b), and low 4 /s /
phenotypic mismatch /
(d*> = 0). Plots a, b were P
obtained using Eq. (14) and plot /
¢ was obtained using Eq. (16). oL . . ; ;
d—f same as in a—c but for large 0 1 2 3 4
phenotypic mismatch e
(@ = 1.3). All other 10 -
parameters as in Fig. 1. 2
Horizontal axis scale is different \ 8
in panels ¢, f é
5 ‘] — — —
o -
=
g T I — -
S 104 —-r7=08 . —
c o 2 ]
8 5 4 7=0.7 /—
=
04 T T T T 0 -7 T T T T
0 1 2 3 4 0 1 2 3 4
c f
35 4
30 | 10 +
25 4 8 - _ I —_— _—
20 6 4 P -
15 4
4 -
104 —-N=30
5 | — N=20 2
0 T T T T T 0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8

stickleback Gasterosteus aculeatus (Laskowski et al.
2015). Together with my findings, these results suggest that
individual phenotypic variation may be a key yet largely
overlooked factor when it comes to devising conservation
and management plans for threatened metapopulations. For
example, by not taking phenotypic variation into account,
the probability of extinction of a metapopulation might be
largely underestimated if the phenotypic mismatch is
small, or largely overestimated if the mismatch is large.
Moreover, the increasing temperatures associated with
global warming are likely to affect the mean body size of
some if not most ectothermic species (Daufresne et al.
2009; Sheridan and Bickford 2011), with important con-
sequences for food web body size structure (Gibert and
DeLong 2014). Yet, little is known as to how warming may
affect variation in body size even though there are strong
reasons to believe that both the mean and variance of body
size can change with temperature, as it was empirically

Phenotypic variation (02

shown in a protist system (DeLong 2012). Together, these
results further emphasize the need for a deeper under-
standing of the effect of phenotypic variation upon eco-
logical processes, and how these effects may be potentially
mediated by environmental temperature.

Importantly, the effect described here occurs through
two distinct components: first, there is a deterministic
effect of phenotypic variation on colonization rates, then
this deterministic effect leads to a stochastic effect of
phenotypic variation on metapopulation persistence
through colonization rates (which determines demographic
stochasticity in these models). Our results thus highlight
the importance of considering the joint effect of both
deterministic and stochastic factors in regulating the fate of
natural populations. Notice, however, that we may not be
able to separately quantify their effects in nature, as the
deterministic effect of phenotypic variation on colonization
rates is a prerequisite for the stochastic effect of phenotypic

@ Springer
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[

Phenotypic mismatch (d?)

Phenotypic variation (0?)

o

Phenotypic mismatch (d?)

0 1 2
Migration rate (m)

Fig. 4 a Contour plot of how the mean number of occupied patches
(grey tones, white numbers), changes as a function of phenotypic
mismatch (dz) and phenotypic variation (¢%) for the first model.
b Same as in a but for migration rate (/n) and phenotypic variation for

variation on metapopulation persistence. These two com-
ponents of the overall effect of phenotypic variation occur
sequentially and are fundamentally linked, which makes
their separate quantification potentially challenging. Both
ought to be considered together as a complex pathway
through which phenotypic variation affects persistence.

It is important to notice as well that my models depend
on a number of parameters whose values will affect the
results shown here. For example, the value of 7, the
parameter that controls the sensitivity of the colonization
rates to changes in phenotypic variation, is arbitrary in my
models, and larger values of the parameter will lead to
scenarios where no effect of phenotypic variation may be
observed. Also, the effects described here strongly depend
on the total number of patches considered (Figs. 2, 3), with
larger populations needing larger levels of phenotypic
mismatch to show a similar change in the total number of
occupied sites. Last, it is interesting to notice that the two
models explored showed qualitatively similar but quanti-
tatively different responses to phenotypic variation (Figs. 2
vs 3). In Levins’ model (Eqgs. 13, 15), the effect of
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(¢}

Migration rate (m)

0 1 2
Phenotypic variation (0?)

the second model. ¢ Same as in b but for phenotypic mismatch and
migration rate. d Surface showing how the effect of phenotypic
variation on mean occupancy changes with ¢, for low phenotypic
mismatch (@> = 0). All other parameters as in previous figures

phenotypic variation was much stronger than in Alonso and
McKane’s (Eqgs. 14, 16). This is because of the way both
models depend on c: the Levins’ model can be roughly
N .
72"1‘,61 -, thus
I+Zi7 ¢
tending faster and faster to 1 with increasing N; Alonso and
McKane’s model, on the other hand, goes to 1 as 1 — %,

seen as parabolic function of ¢ of the form

which does so at a slower pace. This difference in the
concavity of both functions with respect to ¢ leads to a
difference in how much they respond to variation in the
parameter. The faster the function tends to 1, the stronger
their concavity with respect to ¢ and the stronger they
respond to variation in that parameter, as a previous study
also suggested (Inouye 2005).

Overall, this paper shows that the effect of phenotypic
variation may be more complex than meets the eye. Indeed,
phenotypic variation underlies demographic heterogeneity,
but its effects on metapopulation persistence depends on
other factors such as phenotypic mismatch as well as its
deterministic effects on the parameters controlling the
dynamics of interest. At low levels of mismatch,
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phenotypic variation decreases persistence, but at larger
levels of mismatch, the pattern can be reversed. This paper
emphasizes the fact that both phenotypic variation and
phenotypic mismatch may need to be taken into account
when devising conservation plans of endangered species
living in patches connected by migration in a context of
global change.
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Appendix 1

In this appendix, I show how Eq. (4) of the main text can
be derived from Eq. (3). Assuming that as ¢t — oo, the

system will go to a stationary distribution P(n, c0), we can
dP(n,00)

o = 0 and solve:

set
Cn—lP(n - 1700) +E,H_1P(l’l + 1,00)

— P(n,00)(C, + E,) = 0. (17)
At n=0, C_;P(—1,00)+ EP(1,00)— P(0,00)(Co+

Ey) = 0. Because C_y = 0 and E; = 0 (see main
text), we obtain:

P(1,00) = %P(O,oo). (18)

1

At n = 1, we obtain:

CCy
P2 = P(0 . 19
(2.) = 2 P(0.%) (19)
So, by recurrence, we obtain:
C(). . -Cn—l
P = —P(0 . 20
(n,00) = g —F F0,00) (20)

Now, P(0,00) can be determined from the normaliza-

o) = 1:

P(o,oo)+ivjp(n,oo) ~ 1. (21)
n=1

tion condition, 3~ , P(n,

Then, we replace with Eq. (20) to obtain:

P(0,00) + P(0 )XN:CO"'C“ =1 (22)
10 L TEE, T
which reduces to,
1

P(0,00) = (23)

N C()C|'
1+Zn 1 E;. 3

Appendix 2

In this appendix, I show that by replacing Eqgs. (1) and (2)
from the main text in Egs. (4) and (5) we can obtain the
stationary distribution in Eq. (6) of the main text. Replac-

ing Egs. (1) and (2) on Eq. (20), and assuming ¢ = 1 we
obtain:
c(1-H)x2¢(1-2)x...x (n—1)c(1-2L
Pln,00) = U (engX...Xne i N)P(O,oo).
(24)
Which can be rearranged as follows:
c _ < _ (n—1)
P(n,00) = elnN(N 2! sz(l\i ><22)>:<...><n d U n+l)P(07oo)
Lo\ I(N=1)x(N=2)x...x (N—n+1)
< P(n,00) = e—n(ﬁ) " P(0,00)
1 eI (N=1)x (N=2) x...x1
< Pln,o0) 7ne"(ﬁ) (N—n+2)x...x1 P(0,00)
1 e\t T(N)
& P(n,00) = — (N) TN =P
(25)

By replacing P(0, o) by Eq. (23) we obtain Eq. (6) of the
main text.
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