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Abstract 

The storage effect is a plausible natural mechanism that generates balanced genetic polymorphism in temporally varying environments. Balanced 
polymorphism may facilitate evolutionary rescue, promoting the persistence of populations otherwise destined for extinction. However, it is 
unknown whether the storage effect can be established in small populations whose size is allowed to vary, and if so, whether it will lead to 
evolutionary rescue. In this study, we investigate whether the spatial storage effect emerges and facilitates evolutionary rescue across small 
populations of variable sizes that inhabit heterogeneous, temporally varying environments and exchange migrants. We use an eco-evolutionary 
model to examine the phenomenon under a wide set of conditions, including the magnitudes and periods of temporal variation, habitat harshness, 
migration rates, the degrees of spatial heterogeneity, and increasing fitness oscillations over time, all within the framework of the logistic 
population growth model. We find that the storage effect emerges and that it increases the persistence of populations in harsh, temporally 
varying habitats beyond levels expected in the absence of the mechanism. This mechanism demonstrates how rapid evolution broadens the 
known conditions for population persistence in the face of rapid and continuous environmental changes. 
Keywords: spatial storage effect, eco-evolutionary dynamics, evolutionary rescue, temporally varying environments, rapid evolution, balanced polymorphism 
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ntroduction 

any populations experience temporally varying selection
esulting from seasonal, periodic, or random environmen-
al fluctuations ( de Villemereuil et al., 2020 ; Kroeker et al.,
019 ; Reed & Hobbs, 2004 ; Wittmann et al., 2017 ). With
lobal climate change ( Ordanovich et al., 2023 ; Planton et
l., 2008 ), anthropogenetic habitat alterations ( Martínez-
braín & Jiménez, 2015 ; Schwitzer et al., 2011 ; Thompson
t al., 2018 ), and invasions into novel habitats ( Lee & Bell,
999 ), the scale of these temporal dynamics is changing.
lobal climate change, in particular, is expected to increase
he magnitude of environmental variation via extreme tem-
erature ( Sheridan & Lee, 2018 ) and precipitation events
 Kunkel et al., 2003 ; Rudgers et al., 2023 ). These changes
ay become a major driving force of evolution on contem-
orary timescales ( Grant et al., 2017 ). In response, popu-
ations can become extinct, expand their range, or adapt
o rapidly changing conditions ( Pease et al., 1989 ; Bowler
 Benton, 2005 ; Duputié et al., 2012 ; Hetem et al., 2014 ;
olt et al., 2005 ; Holt et al., 2022 ). The latter repre-
ents a particular mode of evolution, referred to as rapid
volution ( Hairston et al., 2005 ; Messer et al., 2016 ; Promy
t al., 2023 ; Stern & Lee, 2020 ), where populations undergo
apid shifts in allele frequencies on contemporary timescales
 Bergland et al., 2014 ; Stern et al., 2022 ). However, whether
alanced, rapidly shifting allele frequencies can arise and
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romote population persistence in small populations facing
emporally varying environments and stochastic fluctuations
n size remains unclear—this is the central question of this
tudy. 
The conditions that drive rapid evolution in tempo-

ally varying environments differ notably from those un-
er traditionally considered gradual evolution ( Messer et
l., 2016 ). Rapid evolution occurs on ecological time scales
 Thompson, 1998 ) and requires notable genetic variation
 Bell, 2013 ; Promy et al., 2023 ). First, rapid evolution oc-
urring on ecological time scales implies that ecological and
volutionary processes jointly shape population dynamics
 Yamamichi et al., 2023 ). Interactions between ecological
nd evolutionary processes are known to produce specific
atterns of genetic change in populations ( Kim, 2023 ; Kim
 Gulisija, 2010 ; Yoshida et al., 2007 ). Nonetheless, how

uch interactions contribute to rapid evolution in tempo-
ally varying environments is underexplored. In particular,
he studies that examine eco-evolutionary dynamics tend
o focus on directional selection ( Yamamichi et al., 2023 )
r deterministic dynamics ( Kim, 2023 ). Second, rapid evo-
ution may be contingent on the levels of genetic varia-
ion ( Bell, 2013 ; Promy et al., 2023 ) since it is more likely
o occur if adaptive alleles are already present in a pop-
lation ( Barrett & Schulter, 2008 ; Guzella et al., 2018 ).
uch variation may be supplied by a high rate of benefi-
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cial de novo mutation ( Gillespie, 1984 ), which is unlikely 
in small populations facing the risk of extinction ( Barrett 
& Schulter, 2008 ; Matuszewski et al., 2015 ; Messer & 

Petrov, 2013 ). Therefore, rapid adaptation in small popu- 
lations might depend on elevated levels of genetic diver- 
sity that have been maintained over time by balancing se- 
lection, known as balanced polymorphism ( Hedrick, 1974 ,
1976 , 1986 , 2006 ; Kimura & Crow, 1964 ). However, it 
is unclear how the eco-evolutionary dynamics affects the 
maintenance of genetic polymorphism in temporally varying 
environments. 

Classical population genetics theory suggests that the 
maintenance of genetic variation is restricted to heterozygote 
advantage across environments ( Dempster, 1955 ; Gillespie,
1973 ; Wallace, 1968 ) and is unlikely in finite populations 
( Hedrick, 1976 ). Recent models incorporating forms of the 
storage effect, originally explored in the context of species 
coexistence ( Chesson &, Warner,1981 ), emerged as plausi- 
ble mechanisms of balancing selection in temporally vary- 
ing environments ( Gulisija & Kim, 2015 ; Gulisija & Plotkin,
2017 ; Gulisija et al., 2016 ; Park & Kim, 2019 ; Svardal et al.,
2011 , 2015 ; Yamamichi & Hoso, 2016 ). The storage effect 
arises in temporally varying habitats under strong density 
regulation (competition), when a portion of a population 
is (partially) protected from selection. Such heterogeneous,
varying selection enables less abundant genotypes to capital- 
ize on favorable conditions while being protected from un- 
favorable conditions in a portion of a population that expe- 
riences milder negative selection. In a sense, a protected sub- 
population “stores” diversity until conditions change. For 
example, storage of genetic polymorphism in populations 
can occur due to partial protection from selection in differ- 
ent life stages (e.g., seed banks, long-lived adults, diapause,
etc.) ( Bertram & Masel, 2019 ; Ellner & Hairston, 1994 ), un- 
der phenotypic plasticity ( Gulisija et al., 2016 ), under ma- 
ternal effects ( Yamamichi & Hoso, 2016 ), or across habi- 
tats with a spatially heterogeneous magnitude of variation 
( Gulisija & Kim, 2015 ). The latter is referred to as the spa- 
tial storage effect and is a mechanism that easily establishes 
under a wide range of naturally plausible scenarios, includ- 
ing variation of the levels of selection, the rate of migration 
across a structured population, and the degree of spatial het- 
erogeneity in selection ( Gulisija & Kim, 2015 ). Moreover,
this mechanism has been explored under eco-evolutionary 
dynamics and has been found to arise when population car- 
rying capacity fluctuates ( Kim, 2023 ), when modeled under 
deterministic dynamics. However, none of the studies on the 
storage effect incorporated stochastic changes in population 
sizes nor allowed for possible extinction. Thus, it remains 
unclear if the storage effect generates notable genetic diver- 
sity under population eco-evolutionary dynamics and, if so,
how it impacts population persistence amid stochastic per- 
turbations to population size. 

Genetic diversity may prevent population extinction 
( Bradshaw, 1991 ; Messer & Petrov, 2013 ; Thompson,
1998 ). That is, threatened populations can be “rescued”
from extinction by adaptation: a phenomenon known 
as “evolutionary rescue” ( Bell & Gonzalez, 2009 , 2011 ; 
Carlson et al., 2014 ; Gonzalez et al., 2013 ; Martin et al.,
2013 ; Orr & Unckless, 2014 ; Wilson et al., 2017 ). The pres- 
ence of adaptive alleles (i.e., genetic variation) is a limit- 
ing factor for evolutionary rescue ( Marrec & Bitbol, 2020 ; 
Schiffers et al., 2013 ). Rapidly changing conditions may 
equire rapid evolutionary rescue from balanced polymor- 
hism in small populations, given the limited influx of adap-
ive mutants from de novo mutations. In this scenario, a
orm of the storage effect, such as the spatial storage effect,
ould maintain sufficient balanced polymorphism needed 
or rapid evolution as environments shift. Therefore, it is im- 
erative to investigate whether the spatial storage effect can 
rise in small populations under eco-evolutionary popula- 
ion dynamics, maintain genetic diversity over time, and lead 
o evolutionary rescue under continuously changing condi- 
ions. 
An important consideration when investigating evolution- 

ry rescue under the spatial storage effect is population per-
istence in the absence of evolution. Under the conditions 
avoring the spatial storage effect, where populations in dis- 
inct temporally varying regimes exchange migrants, mi- 
ration may support population persistence without evolu- 
ion by supplying individuals through a source-sink dynamic 
 Gaggiotti, 1996 ; Pulliam, 1988 ). A source-sink dynamic 
ccurs when a population inhabiting favorable conditions 
source) supplies migrants to a population in a poor-quality 
abitat (sink) ( Amarasekare, 2004 ; Dias, 1996 ; Pulliam,
988 ), thus maintaining population size ( Adler, 1993 ). As
ong as the migration rates remain moderate, migration 
romotes persistence by maintaining connectivity between 
patially heterogeneous populations, thus protecting frag- 
ented populations ( Ronce & Kirkpatrick, 2001 ). The main 
uestion that arises is whether the spatial storage effect can
ncrease the rates of population persistence to a higher level
han migration alone, thus representing a case of evolution- 
ry rescue. 
This study explores whether the storage effect emerges 

nd promotes evolutionary rescue in small populations in 
apidly changing environments. We develop a population 
odel of the spatial storage effect ( Gulisija & Kim, 2015 ),
rising across two populations experiencing different mag- 
itudes of varying selection and environmental harshness.
hese populations exchange migrants and undergo size 
hanges according to the logistic growth model. We employ 
onte Carlo simulations across a wide range of parame- 

ers, including a range of migration rates, the rate of environ-
ental oscillations, the magnitude of varying selection, and 
he magnitude of mean environmental harshness, generating 
cenarios that match contemporary ecological processes, in- 
luding population extinction. We demonstrate that the stor- 
ge effect establishes and facilitates evolutionary rescue in 
mall populations with stochastic changes in size, generating 
ersistence that exceeds that under source-sink dynamics in 
apidly changing environments. 

odel and methods 

co-evolutionary model 

e model eco-evolutionary dynamics at a single locus across 
wo populations that occupy distinct habitats and exchange 
 limited number of migrants, thus generating conditions 
hat favor the spatial storage effect. The populations orig- 
nate from a larger stable ancestral population that is under
rift (or reduced magnitude of varying selection)-mutation 
alance for the two alleles, ancestral and derived, a and d .
t the onset of temporally varying selection, the initial allele
requencies of the derived and ancestral alleles within new 
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Table 1. Symbols and parameters used in the study. 

Syntax Description 

Ni,t Size of population i at a time t 
Ki Carrying capacity of population i 
Gi,t Growth in number of individuals in 

population i at time t 
h 
(model/drift) 

Expected heterozygosity across populations 
under the heterogenous temporally varying 
selection relative to neutral expectation 

pi,t Frequency of ancestral allele in population i at 
time t 

qi,t Frequency of derived allele in population i at 
time t 

P Number of generations in a cycle of varying 
selection (phase) 

smax Maximum numerator fitness deviation due to 
varying selection 

mi Emigration rate from population i 
δi Intrinsic growth rate in population i 
Si Mean environmental effect in population i 
β Relative increase in the magnitude of fitness 

oscillations over time 
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opulations are sampled from the equilibrium distribution
f allele frequencies from the ancestral population ( Figure
1 ). Then, one population experiences temporally varying
election (population V, with size NV, t at a time t ), while the
ther (population R, with size NR, t at a time t ) serves as a
efuge that is under drift or a reduced magnitude of tempo-
ally varying selection, continuing under the ancestral condi-
ions. To facilitate the presentation of the eco-evolutionary
odel below, we show the symbols used in the study in Table
 , where i indicates population V or R. Figure S2 presents a
chematic representation of the model and its hypothesized
ynamics. 
We simulate eco-evolutionary dynamics across two pop-
lations forward in time ( Kim & Wiehe, 2008 ). During
ach discrete generation, the populations are subjected to
orces of stochastic mutation under a recurrent mutation
ate μ, stochastic migration, temporally varying selection,
nd stochastic reproduction in the framework of the logistic
opulation growth model. Migration is reciprocal, such that
he proportion of individuals, given by the migration rate
 mi ), is randomly selected to emigrate from a population.
he number of migrants from a population ( Mi, t ) is mi Ni, t 
nd may be notably smaller than the V, due to unfavorable
onditions. 
Temporal environmental variation, implemented as a

enotype-based relative fitness deviation at time t ( st ),
n combination with the overall environmental harshness
 Si = mean environmental effect in population i ) and popu-
ation growth rate ( Gi, t ), impacts the number of individuals
f each genotype in each generation such that: 

N′ 
id,t =

(
1 − Si + Ci,d st 

) ×Gi,t × Nid,t , (1) 

nd 

N′ 
ia,t = ( 1 − Si − Ci,a st ) × Gi,t × Nia,t , (2) 

here Nid, t represents the number of individuals carrying the
erived allele and Nia, t represents the number of individuals
arrying the ancestral allele in the population i at the time t
rior to density-regulated selection, where i = V or R. Si is
 general habitat effect that both alleles experience equally
nd thus does not induce selective dynamics. SV > 0 repre-
ents a harsh new habitat for the V population, while the
 population resides in a non-harsh habitat with SR = 0,
onsistent with source-sink dynamics ( Pulliam, 1988 ). 
The selection (non-neutral evolution) is imposed by st and

s such that alleles have opposite effects, so that when an
llele is advantageous, the other one is deleterious and vice
ersa, oscillating in effects as the environment changes. Over
he cycle of fitness oscillations, both alleles experience the
ame magnitude and periods of fitness advantages and dis-
dvantages, resulting in alleles being quasi-neutral ( Hartl &
ook, 1973 ). In V population, CV ,a = 1 always—the ances-
ral allele experiences the full magnitude of fitness oscilla-
ions. When CV ,a � = CV ,d the two alleles experience different
agnitudes of fitness oscillations, which provides an overall
dvantage to the allele with lower magnitude of fitness os-
illations ( Felsenstein, 1976 ), thus introducing a directional
ffect, in addition to the temporally varying selection. R pop-
lation always experiences a lower magnitude of temporal
scillations (0 ≤CR ,. < CV ,. ) and acts as the refuge needed to
stablish the spatial storage effect. Then, CR ,a is the portion
f relative fitness oscillations in R compared to the ancestral
llele in V population, and captures the degree of spatial het-
rogeneity in temporally varying selection. 
The variation in fitness emulates seasonal oscillations such

s those due to changes in temperature, precipitation, or re-
ource availability. The st is generated using the sine function
ith maximum deviation smax , such that st provides either a
elective advantage or disadvantage at time t for the derived
llele 

st = smax sin 
(
2 π × t + r 

P 

)
. (3)

ere, t represents a generation within an oscillation cycle of
 generations, while r is randomly selected between 0 and
 and determines the starting point within the sine function
or the simulation. This ensures that the derived allele is ran-
omly advantageous or deleterious at the onset of each sim-
lation run. If smax = 0, alleles evolve under neutrality. 
The population size changes based on a logistic growth

quation with 

Gi,t = 1 + δi ×
(
1 − Ni,t 

Ki 

)
. (4)

he number of individuals for the two alleles in each pop-
lation in the next generation is sampled from the Poisson
istribution with mean Nia,t 

′ and Nid,t 
′ during the stochastic

eproduction step. 

ncreasing the magnitude of varying selection over 
ime 

o simulate the increasing magnitude of fitness oscillations
ver time, we modify the numerator fitness deviation such
hat 

s′ t = st 

(
1 + β

t 
tmax 

)
, (5)

here β is the total relative increase in the magnitude of
tness oscillations over time. 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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Measuring genetic di ver sity and persistence 

The expected heterozygosity in a population ( i ) at time t 
is 

hi,t = 2 pi,t qi,t , (6) 

where pi, t is the frequency of the ancestral allele, a , and qi, t 
is the frequency of the derived allele, d , in a population i at 
time t . The weighted heterozygosity at time t across V and 
R is, thus, 

ht = 2 × pV,t qV,t × NV,t 

NV,t + NR,t 
+ 2 × pR,t qR,t × NR,t 

NV,t + NR,t 
, (7) 

We report expected heterozygosity under the spatially het- 
erogeneous temporally varying selection (model) relative to 
neutral expectation under the same mutation and migration 
rates, 

h
(
model 
drift 

)
=

�n 
�t hmodel , t 

Tmodel 
n 

�n 
�t hdrift , t 

Tdrift 
n 

, (8) 

where n is the number of replicate simulations and T. rep- 
resents expected survival time under heterogeneous varying 
selection or drift. As both heterozygosity in residents and 
immigrants play a role in rapid adaptation in V, we measure 
heterozygosity at the level of the meta-system. The weighted 
heterozygosity assures that we estimate a probability of ran- 
domly choosing two different alleles within a population and 
not across populations, which is inflated by genetic differen- 
tiation (see Gulisija & Kim, 2015 ). 

Measuring extinction 

Each simulation run continues until the maximum allotted 
time (100 Ki generations) or until V becomes extinct. Ex- 
tinction is defined by the subpopulation size falling below 

the critical value of 100 individuals ( Gomulkiewicz & Holt,
1995 ). The maximum simulation time is an arbitrary period 
where persistence serves as a proxy for differential extinc- 
tion rates under different parameters across time. That is,
some populations will stably persist indefinitely (dash-dot 
line in Figure S3 ), while others will eventually become ex- 
tinct. However, the rate of their extinction may differ across 
settings. With a long simulation time, we ensure that the dif- 
ference in persistence reflects the difference in the rate of 
extinction under different parameters (colored lines, Figure 
S3 ). 

Controls 

We generated three controls. (1) Drift, where the force driv- 
ing allele frequency changes within populations is stochas- 
ticity due to finite population size, with smax = 0. This con- 
trol allows us to assess the presence and strength of the 
spatial storage effect. We define the relative heterozygosity h 
(model/drift) > 1.05, as an indicator that the storage effect 
has been established. (2) Monomorphic populations, which 
evolve in the absence of evolution (no mutation), where the 
frequency of the ancestral allele is always 1.0 in both popula- 
tions. This control measures levels of survival under source- 
sink dynamics ( CR ,. = 0, CV ,. = 1), here under reciprocal 
migration, in the absence of genetic diversity. (3) Uniform 

selection ( CR ,. = CV ,. = 1), where forces driving population 
dynamics are temporally varying selection, genetic diversity,
nd migration, without spatial heterogeneity in the magni- 
ude of selection. This control allows us to assess the levels of
urvival under the influx of mutants in the absence of con-
itions for the storage effect. While we retain SV > 0 and
R = 0, potentially allowing for source-sink dynamics, here 
oth populations experience adverse conditions due to vary- 
ng environments, as opposed to control (2). 

mplementation and parameter settings 

or each parameter combination, we conducted 4,000 repli- 
ate frequency-based forward-in-time simulation runs. We 
ssume a constant carrying capacity of Ki = 4,000 indi- 
iduals in each population, a maximum simulation time of 
00 Ki (400,000 generations), and a starting population size 
f 2,000 individuals in each population (V and R). We ex-
mine evolution under a wide range of magnitudes of vary-
ng selection, smax = 0.0 (drift), 0.1, 0.15, 0.2, 0.25, 0.3, or
.35 in combination with a period of the oscillating cycle,
 = 12, 24, or 48, and migration rates mi , where at car-
ying capacity the number of reciprocal migrants is equal 
o mi Ki ∈ [1,100], in increments of 1. For the simulations
here the magnitude of fitness oscillations increases over 
ime, smax effectively increases from 0.2 to 0.3 throughout 
he simulation, i.e., β = 0 . 1 . The mean environmental ef-
ect in the harsh habitat was SV = 0.3, 0.35, 0.4, or 0.45,
ith SR = 0.0, and the proportion of fitness oscillations in
, CR ,. = 0, 0.167, 0.33, 0.5, 0.667, or 1 × CV ,. (uniform 

ontrol). Recurrent mutation occurs at a rate of μKi = 0.05
er generation. In both populations, δi = 0.5 within the lo-
istic growth model. 

esults 

e find that the spatial storage effect arises in small popu-
ations of variable size experiencing heterogeneous tempo- 
al variation across a range of simulated parameters ( Figure
4 ). In turn, the spatial storage effect increases persistence
nd average survival time by lowering the minimum number 
f migrants required to sustain a population compared to 
ource-sink dynamics (Control 2; migration alone) ( Figures 
 and 2 , Figure S5 ). On the other hand, we observe no persis-
ence under uniform temporally varying selection (Control 
). Despite SV > 0 and SR = 0, the source-sink dynamics did
ot arise when both populations experienced adverse con- 
itions due to varying selection. Furthermore, this suggests 
hat the influx of mutations alone is insufficient to main-
ain populations under varying selection when its magnitude 
oes not vary across space. 
The benefits of the storage effect are maintained when 

here is an increase in the magnitude of fitness oscillations
ver time ( Figure 3 ) or through the introduction of milder
emporally varying selection in the refuge, which reduces 
he level of spatial heterogeneity across the populations 
 Figure S6 ). Furthermore, the effect arises under changes
n carrying capacity, and under asymmetric migration and 
election ( Figures S7 –S9 ). We give details in the subsec-
ions below and then offer insight into how balanced poly-
orphism can buffer the effects of demographic stochastic- 

ty and enhance persistence in small, size-varying popula- 
ions. 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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Figure 1. Population persistence for at least 100 Ki generations in a harsh habitat that is under temporally varying selection under the heterogeneous 
temporally varying selection (evolution, model, solid lines) and source-sink dynamics (no evolution, control, dashed lines). Simulations assumed p = 12 
(top) , p = 24 (middle), and p = 48 (bottom), with smax = 0.1 (red), 0.15 (orange), 0.2 (light green), 0.25 (green), 0.3 (turquoise), and 0.35 (grey). The x-axis 
shows mi , such that at the carrying capacity, the number of reciprocal migrants mi Ki ∈ [1,100]. The environmental mean effect, SV = 0.35, while the 
recurrent mutation rate, μ = 0.0000125 (model). Simulations were conducted over 4,0 0 0 replicate runs with a starting size of 2,0 0 0 individuals, a 
carrying capacity ( Ki ) of 4,000, and CR ,. = 0 and CV ,. = 1. These results demonstrate that the storage effect led to the increased population persistence by 
reducing the minimum number of migrants required for the same level of persistence as the control. The curves were smoothed using a loess function. 
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he spatial storage effect generates balanced 

olymorphism that leads to increased persistence 

f small populations in temporally varying 

nvironments 

opulation genetics theory suggests that the spatial stor-
ge effect in finite constant-size populations increases with
opulation size and the magnitude of varying selection but
ecreases with the rate of environmental change ( Gulisija
 Kim, 2015 ). Here, we modeled rapidly changing condi-

ions that emulate seasonal changes in environments, where
 small population experiences a season for six, twelve, or
wenty-four discrete generations ( p = 12, 24, or 48), but
nder stochastically varying population sizes. In addition,
e focused on populations with a limited influx of mi-
rants, where migration is not likely to ensure persistence.
e find that the spatial storage effect arises under reduced
ensity dependence in small populations, and follows pat-
erns reported by population genetics theory ( Gulisija &
im, 2015 ). In particular, previous research suggests that
n rapidly shifting environments, such as p = 12, the spa-
ial storage effect would be more effective in populations
pproaching panmixia. Indeed, we find that under p = 12
nd low migration rates, balanced polymorphism is absent
 Figure S4 ). However, as p increases, so do the levels of
alanced polymorphism, as suggested by previous findings
 Gulisija & Kim, 2015 ), leading to the emergence of the spa-
ial storage effect across a broad set of parameters ( Figure
4 ), despite relatively small and stochastically changing pop-
lation sizes ( Figure 4 ). 
Over the range of parameters, we observe a reduction

n the minimum number of migrants needed for a popu-
ation to persist at the same rate under the spatial storage
ffect compared to source-sink dynamics ( Figure 1 , Figure
5 ). While persistence is observed under the source-sink
ynamics, genetic diversity uniformly increases persistence
ompared to this control, more so when the spatial stor-
ge effect is observed. That is, with rapid environmental
hange ( p = 12), the modest increase in persistence relative
o the monomorphic control is primarily driven by the con-
inual influx of new mutants when the storage effect is ab-
ent ( Figure 1 ). However, as p increases, balanced polymor-
hism arises even under low migration rates (see Gulisija &

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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Figure 2. Impact of the level of genetic polymorphism on the differential persistence and the time at which a population became extinct (survival time) 
compared to monomorphic controls. Survival time was quantified as its relative increase in polymorphic populations compared with monomorphic 
controls [(test-control)/control]. Note a nonlinear scale display on the y-axis. Simulations assumed a variety of SV ( SV = 0.3, 0.35, 0.4, 0.45) and smax 

( smax = 0.1, 0.15, 0.2, 0.25, 0.3, and 0.35) with CR ,. = 0 and CV ,. = 1, and p = 12, p = 24, and p = 48, and were conducted over 4,0 0 0 replicate runs in 
temporally varying environments with a starting size of 2,0 0 0 individuals, carrying capacit y ( Ki ) of 4,0 0 0, and recurrent mut ation rate μ = 0.0 0 0 0125. We 
included test populations with at least 5% higher persistence compared to the control populations to avoid a cluster of points around zero in cases 
where migration alone results in full persistence. A level of persistence and an average survival time appear to increase with levels of genetic 
polymorphism, with values to the right of the vertical dashed line falling under the spatial storage effect. 
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Kim, 2015 ). Here, population persistence notably improves 
across a range of parameters, including the rate of environ- 
mental change (number of generations that experience en- 
vironmental oscillations, p = 24 or 48), the magnitude of 
varying selection ( smax ), the migration rate ( mi ), and a range 
of harshness in habitats ( SV ) ( Figure 1 and Figure S5 ). The 
effect is larger with higher levels of balanced polymorphism 

( Figure 2 , refer to Figure 1 and Figure S4 ). For example,
with p = 24 when the number of migrants approaches a 
rate equivalent to 100 migrants, and with p = 48 with a mi- 
gration rate equivalent to about 50 or more migrants, under 
the carrying capacity, we observe notable increases in pop- 
ulation persistence corresponding to a notable increase in 
the level of diversity ( Figure S4 ). Under these conditions, we 
observe that all populations ( Figure 1 , light green line) or a 
considerable proportion of populations ( Figure 1 , turquoise 
line) persist until the maximum simulation time for p = 48,
while all populations under source-sink dynamics (no evolu- 
tion) become extinct at the same settings, including the same 
migration rate. 

Differences in persistence between polymorphic and 
monomorphic populations increase markedly with greater 
diversity under the spatial storage effect ( Figure 2 , left 
panel), highlighting balanced polymorphism as the key to 
notably elevated persistence. Additionally, under the spa- 
tial storage effect, survival time increases with heterozy- 
gosity, highlighting its crucial role in delaying extinction 
( Figure 2 , right panel). That is, even when populations did 
not reach the maximum simulation time, they still survived 
e
or longer than those under the source-sink dynamics alone,
ore so if balanced polymorphism was present. This is an

mportant effect since a longer survival time could pro- 
ide more opportunities for the environmental conditions 
o change or for the population to expand its range into
 more favorable habitat, thus ultimately avoiding extinc- 
ion. 

obustness of the persistence-promoting effect to 

nvironmental and demographic settings 

ext, we modeled the incremental increase in the magnitude 
f environmental oscillations ( smax = 0.2 → 0.3) over the 
ourse of simulations as arises under global climate change 
 Rudgers et al., 2018 ) ( Figure 3 ). Here, the increase in the
agnitude of varying selection produces patterns of persis- 
ence at intermediate levels compared to the constant mag- 
itude at starting and ending levels for the test and control
opulations, as well as corresponding intermediate levels of 
eterozygosity ( Figure 3 , right panels). Hence, in the cases
here the spatial storage effect leads to a sizable increase in
ersistence at constant smax , it also leads to a proportional
ncrease in persistence under increasing selection magnitude.
hese results indicate that populations will be more likely to
ersist for a longer time when the magnitude of environmen-
al oscillations increases gradually than during the sudden 
nset of strong environmental oscillations, such as migra- 
ion to a new variable habitat or during an extreme climate

vent. 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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Figure 3. The population persistence in a habitat that is under temporally varying selection for at least 10 0 Ki (40 0,0 0 0) generations when the magnitude 
of varying selection increases. Simulations assumed p = 12 (top), p = 24 (middle), p = 48 (bottom), each with smax = 0.2 (light green), increasing from 

0.2 to 0.3 (purple), or 0.3 (turquoise), with SV = 0.35 and CR ,. = 0 and CV ,. = 1. The left panels show the persistence for test populations under the 
recurrent mutation with μ = 0.0000125 (solid line) or under the monomorphic control (source-sink dynamics, dashed line), with the x-axis showing mi , 
such that mi Ki ∈ [1,100]. The right panels show the level of persistence given the heterozygosity level. Simulations were conducted over 4,0 0 0 replicate 
runs with a starting size of 2,000 individuals and a carrying capacity ( Ki ) of 4,000 in each subpopulation. Note that the populations that experienced a 
gradual change in selection ( smax = 0.2 to 0.3) had higher rates of persistence compared to the populations that were immediately placed under a high 
level of selection ( smax = 0.3). The curves were smoothed using a loess function. 
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Next, we decrease the level of spatial heterogeneity by in-
roducing temporally varying selection to the R population,
ith the magnitude of CR,. smax and CR < 1. Despite the re-
uction in spatial heterogeneity, an increase in population
ersistence is still evident, but to a lesser degree than when
here is no temporal variation in R. The relative increase
n persistence gradually diminishes as CR,. increases from 0
control) to 0.1667 and 0.33 ( Figure S6 ). Notably, this pat-
ern disappears when CR,. ≥ 0.5, as both the test popula-
ions (diversity and migration) and the control populations
migration alone) fail to persist, except for a small number
f survivors with CR,. = 0.5, P = 48, and Mi > 93. In general,
ecreasing the degree of heterogeneity between populations
reates overall harsher conditions, and the opportunities for
opulation persistence rapidly shrink (the minimum num-
er of required migrants increases) for both test and control
ettings. 
We also demonstrate the generalizability of our results

cross different carrying capacities. Deterministically, when
opulation size falls below carrying capacity, the number
f offspring produced increases [Eq. (4)]. Larger carrying
apacity then provides greater buffering against popula-
ion declines, thereby reducing the minimum number of mi-
rants needed for population persistence, than the lower
nes. However, this reduction occurs proportionally in both
he model and control populations ( Figure S7 ), so the over-
ll pattern of increased persistence due to the storage effect
emains consistent across changes in Ki . 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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Figure 4. The expected number of individuals that carry the ancestral ( NV a , t ) or derived ( NV d , t ) allele over 2 p generations in stably oscillating V 
populations of total size NV, t , where the storage effect was established ( h = 3.40, and 3.90 for p = 24 and 48) under P ×smax ×mi of 24 ×0 . 25 × 0 . 02125 
and 48 ×0 . 15 × 0 . 01375 , under the heterogenous temporally varying selection. Simulations were conducted over 4,0 0 0 replicate runs with a starting 
size of 2,0 0 0 individuals and a carrying capacity ( Ki ) of 4,000. The number of individuals was measured after 399,0 0 0 generations of density-regulated 
varying selection in 3,834 and 3,816 persisting populations for p = 24 and 48. The curves were smoothed using a loess function. 
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Robustness of the persistence-promoting effect to 

asymmetry in migration and selection 

Next, using a sample of trajectories where the storage effect 
either fails to emerge or does emerge ( p × smax = 12 × 0.35,
24 × 0.25, and 48 × 0.15), we examine how increased per- 
sistence responds to asymmetries in migration rates between 
populations ( Figure S8 ) and differences in selection magni- 
tude between alleles ( Figure S9 ). 

In our model, although migration rates are symmetric be- 
tween the two populations, the number of migrants is not, as 
it depends on the population size, mi Ni, t , which is expected 
to be smaller in V (since S > 0, NV, t < NR, t ). In V, the number 
of emigrants is expected to be smaller than the number of im- 
migrants, even with an equal migration rate. We tested how 

introducing asymmetric migration rates, either increasing or 
decreasing this asymmetry between emigration and immi- 
gration, further affects the presence of the storage effect and 
resulting population persistence ( Figure S8 ). In monomor- 
phic populations, a reduction in emigration rates marginally 
increases persistence, likely because fewer individuals leave 
the perturbed population, thereby allowing for more effec- 
tive source–sink dynamics. Under the introduction of mu- 
tation, when no storage effect was observed ( p = 12), this 
effect was only slightly enhanced with reduced emigration 
rates. When emigration rates were increased, neither the con- 
trol nor the model populations persisted, likely due to the 
rapid depletion of individuals from V. However, under the 
storage effect ( p = 24 and 48), varying migration rates had a 
dramatic influence on persistence: lower migration rates in- 
creased persistence more than observed in the absence of the 
storage effect, while higher emigration elevated the levels of 
balanced polymorphism (not shown) and strongly enhanced 
persistence, even when no populations persisted in the ab- 
sence of diversity, such as under mV / mR = 1.25 with p = 24 
or 1.5 with p = 48. These results are in accordance with pre- 
vious constant-sized population results, indicating the stor- 
age effect increases at nontrivial migration rates ( Gulisija & 

Kim, 2015 ). 
p
Our main results assume symmetric selection magnitudes 
etween the two alleles ( smax ), as our primary aim was to ex-
mine population persistence under varying selection with- 
ut introducing directional bias. In nature, however, alle- 
es are not necessarily quasi-neutral ( Hartl & Cook, 1973 ),
nd directional selection can arise when one allele has a
ower or higher magnitude of fitness oscillations ( Felsenstein,
976 ). Although the storage effect is somewhat robust to
mall differences in mean fitness, it breaks down when selec-
ion strongly favors one allele in constant-sized populations 
 Gulisija & Kim, 2015 ). Here, we tested how differences in
election magnitude between ancestral and derived alleles in- 
uence the persistence-promoting effect of the storage effect 
n populations of variable size. Reducing the selection mag- 
itude on the derived allele increases persistence, likely due 
o an overall reduction in the harshness of the environment.
n contrast, increasing the variability in fitness of the derived
llele can reduce persistence when the storage effect is absent
 p = 12) ( Figure S9 , top panel). However, when the storage
ffect is present, it remains robust to increases in selection
agnitude on the derived allele and continues to enhance 
ersistence relative to the control ( Figure S9 , middle and bot-
om panels). 
Overall, the emergence of the storage effect appears to be
ost strongly influenced by the degree of spatial heterogene- 

ty in selection and by the migration rate. The general trend
f increased persistence under the storage effect is robust to
arameter perturbations and asymmetries, suggesting that,
roadly, the storage effect can enhance population survival 
eyond what is expected in its absence and reduce the num-
er of migrants required for the same level of persistence. 

n how balanced polymorphism promotes 
opulation persistence 

ere, we provide an intuition on how balanced polymor- 
hism promotes the persistence of small populations in tem- 
orally varying environments. 

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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Consider the change in the size of the subpopulations
f carriers for each genotype, d and a , in V population
nder the eco-evolutionary population dynamics given in
1) and (2) , i . e ., NV d,t 

′ = (1 . 0 − SV + st ) ×GV ,t × NV d,t ,
nd NV a,t 

′ = (1 . 0 − SV − st ) × GV ,t × NV a,t . Here, st is a
election parameter, a genotype-based relative fitness de-
iation at time t due to varying selection. The ecologi-
al parameters are the environmental harshness SV and
ensity-dependent population growth rate GV , t . The ex-
ected change in population size due to the selection on car-
iers of d allele is then 

�NV d,t ∝ st ×GV ,t × NV d,t , 

hile due to the change in the number of a carriers 

�NV a,t ∝ −(st × GV ,t × NV a,t ) , 

here NV d,t = NV ,t × qV ,t and Nia,t = NV ,t × pV ,t = NV ,t (1–
V ,t ), with pV ,t being the frequency of the ancestral allele, a ,
nd qV ,t being the frequency of the derived allele, d , where
V d,t = NV ,t × qV ,t and Nia,t = NV ,t × pV ,t = NV ,t (1–qV ,t ).
hen, the expected change in population size, �NV ,t , due
o varying selection is a sum of changes in the number of
ndividuals due to selection on d and due to selection on a : 

NV ,t ∝ [st ×GV ,t × NV ,t × qV ,t − (st × GV ,t × NV ,t (1 − qV ,t )

he smallest expected absolute change in population size
ue to selection, with expression above being zero, occurs
hen qV ,t = 1–qV ,t , i.e., pV ,t = qV ,t = 0.5–under maximum
olymorphism, since here, selection is symmetric and its ef-
ects on the two alleles cancel out. On the other hand, the
argest expected absolute change in population size due to
election | �NV ,t | ∝ st ×GV ,t × NV ,t occurs when qV ,t = 1
r 0, i.e., in a monomorphic population. The degree of vari-
tion in population size is a decreasing function of genetic
ariance (heterozygosity), 2pV ,t qV ,t . 
For a small population, over a cycle of environmental vari-

tion, less perturbation to population size is expected to oc-
ur in a polymorphic population compared to a monomor-
hic population with the same parameters, which results in
 smaller risk of reaching the absorbing state of extinction.
he balanced polymorphism due to the spatial storage effect
ill therefore allow small populations to stably persist when
hey would perish otherwise. 
Here, evolution occurs as a change in the number of indi-

iduals of two genotypes. While one subpopulation rapidly
eclines, the other counterbalances this effect by a rapid in-
rease, thereby stabilizing the overall population size and
nabling smaller populations to persist at a higher rate than
ould be possible in the absence of balanced polymorphism.
For illustration, we present total population size, NV, t ,
ith genotype subpopulation sizes, NV a , t and NV d , t un-
er our eco-evolutionary model, which allows stochastic
ize fluctuations, and where the storage effect was detected
 Figure 4 ). While each genotype subpopulation oscillates no-
ably and intermittently drops to near extinction, their mir-
ored oscillations balance each other, resulting in milder to-
al population fluctuations ( Figure 4 , top lines). This stabil-
ty maintains total population sizes, which oscillate around
,000 individuals, demonstrating the mechanism behind the
ncreased persistence described above. 
Notably, the figure above shows that population sizes

t equilibrium still vary temporally. These size oscillations
an have important implications for selective dynamics, as
hey may increase or decrease competition between geno-
ypes, allowing the realized mode of selection to fall be-
ween two theoretical extremes. At one end is soft selec-
ion ( Wallace, 1975 ), where local density dependence main-
ains constant population sizes, leading to intense compe-
ition in which a genotype’s success depends on its fitness,
.e., fecundity and survival, relative to other genotypes. Im-
ortantly, soft selection is thought to be more permissive of
enetic polymorphism ( Chen & Kassen, 2020 ; Christiansen,
975 ; Dempster, 1955 ). At the other end is hard selection
 Wallace, 1975 ), where offspring numbers depend solely on
ach genotype’s fecundity and survival rather than the pres-
nce of other genotypes, and thus, both genotype frequencies
nd total population size may vary. Here, selection acts in
 density-independent manner and tends to homogenize ge-
etic variation. Our model assumptions fall between the two
xtremes: density dependence is maintained through a ten-
ency toward carrying capacity, but its strength varies with
urrent population size [Eq. (4)]. This results in a less rigid
ystem than the strict soft selection typically assumed in tra-
itional population genetics theory. Although the theoreti-
al foundations of the storage effect typically assume strong
ompetition under constant population sizes (see Chesson
 Warner, 1981 ), we show that the effect remains robust
ven when these assumptions are relaxed and population
izes fluctuate. In fact, as shown in Figure 4 , the average
opulation size is lower and more variable under the longer
nvironmental period, yet genetic polymorphism is higher.
urthermore, when we introduce directional selection favor-
ng or disfavoring the derived allele—thereby introducing
symmetric variation in the number of offspring between
lleles—the storage effect still promotes persistence ( Figure
9 ). The polymorphism-promoting effect holds across dif-
erent carrying capacities as well ( Figure S7 ). These findings
uggest that the storage effect can operate robustly under
ixed regimes of hard and soft selection, as might realisti-
ally arise in nature. 

iscussion 

n this study, we investigated whether the spatial storage ef-
ect can arise in finite populations inhabiting spatially het-
rogeneous variable habitats under relaxed density depen-
ence and whether it can promote their persistence. Indeed,
he spatial storage effect arises and promotes population
ersistence beyond levels expected in the absence of bal-
nced polymorphism, thus leading to evolutionary rescue
n rapidly changing environments. Here, the rapid popula-
ion decline due to selection against seasonally detrimental
enotypes is offset by a rapid increase due to selection fa-
oring seasonally beneficial genotypes across environments.
e demonstrate that this effect arises not only in small pop-
lations with stochastically fluctuating sizes but also across
 range of parameter perturbations, including asymmetries
n emigration and immigration rates, as well as in fitness os-
illations between alleles. 
Temporally varying selection is likely to arise in pop-
lations where parents and offspring experience different
nvironmental conditions, driven by changes in factors such
s temperature, precipitation, or salinity (e.g., Bickley &
nderson, 2025 ; Rudgers et al., 2023 ). Since habitats may
e spatially heterogeneous, the strength of selection may also
ary across space. For instance, brackish coastal waters are

https://academic.oup.com/evolut/article-lookup/doi/10.1093/evolut/qpaf197#supplementary-data
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known to exhibit salinity fluctuations ( Bickley & Anderson,
2025 ) that are notably greater than those in adjacent fresh- 
water or open marine environments. In arid regions, plants 
often inhabit patches exposed to extreme and highly vari- 
able precipitation patterns over time ( Rudgers et al., 2023 ).
However, if organisms disperse to nearby agricultural areas 
or riparian zones such as river bosques, these severe drought 
conditions may be absent. Such environmental contrasts cre- 
ate ideal conditions for the spatial storage effect. 

The theory of the storage effect has a long tradition in 
community ecology, with recent extensions into popula- 
tion genetics. The concept of the storage effect in the con- 
text of species coexistence was pioneered by Peter Chesson 
( Chesson, 1982 , 1994 , 2000 ; Chesson & Warner, 1981 ). The 
theory proposes that environmental variability can promote 
coexistence in competitive systems under heterogeneous,
varying selection by enabling less abundant species to capi- 
talize on favorable conditions while being partially buffered 
from detrimental conditions as environments change. Re- 
cently, the storage effect has been adapted to population ge- 
netics, emerging as a key mechanism that explains the ex- 
istence of temporally varying balanced polymorphism. For 
example, heterogeneous varying selection may arise across 
life stages with reduced effect in overlapping generations 
( Ellner & Hairston, 1994 ; Turelli et al., 2001 ), in the pres- 
ence of phenotypic plasticity ( Gulisija et al., 2016 ), under 
maternal effects ( Yamamichi & Hoso, 2016 ), or when the 
magnitude of varying selection differs across spatial gradi- 
ents ( Gulisija & Kim, 2015 ). Gulisija & Kim (2015) found 
that the spatial storage effect promotes long-lived balanced 
polymorphism across a wide range of naturally plausible pa- 
rameters in competitive systems modeled within the Wright- 
Fisher population framework ( Gulisija & Kim, 2015 ). More 
recently, Yuseob Kim (2023) extended this work to incorpo- 
rate eco-evolutionary dynamics, proposing that correlated 
oscillations in both carrying capacity and allelic fitness may 
produce outcomes that differ from traditional population 
genetics predictions. While this work was groundbreak- 
ing in incorporating the spatial storage effect into an eco- 
evolutionary framework, it did not examine stochastic per- 
turbations to population size or explore the possibility of 
population extinction. 

Our study incorporates demographic stochasticity, relax- 
ing density dependence while allowing for extinction. This 
framework enables an evaluation of the role of the spa- 
tial storage effect in population persistence—an aspect that 
had not been previously examined, despite the recognition 
that balanced polymorphism is critical for adaptation to 
changing conditions ( Barrett & Schluter, 2008 ). We find 
that the storage effect not only promotes population per- 
sistence under eco-evolutionary dynamics but also exhibits 
the same key population genetics properties observed in 
constant-size Wright-Fisher models, under constant carry- 
ing capacity. This suggests that since the balancing genetic 
effects of the spatial storage effect are preserved between the 
constant-sized populations ( Gulisija & Kim, 2015 ) and the 
eco-evolutionary dynamics examined here, the persistence- 
promoting effect may extend to other scenarios where other 
forms of the storage effect generate balanced polymor- 
phisms, which were previously explored only in the frame- 
work of population genetics theory ( Gulisija & Kim, 2015 ; 
Gulisija & Plotkin, 2017 ; Gulisija et al., 2016 ; Park & Kim,
2019 ; Svardal et al., 2011 , 2015 ; Yamamichi & Hoso, 2016 ).
Extending population genetics models to incorporate a 
ombination of soft and hard selection is essential for a
ealistic understanding of how environmental change im- 
acts biodiversity. Two main processes that operate in pop- 
lations are population size fluctuations and evolutionary 
hange, yet they tend to be separated in theoretical stud-
es ( Yamamichi et al., 2023 ). Without examining the two
rocesses jointly, we cannot consider how genetic adapta- 
ion rescues populations otherwise destined to perish ( Bell 
 Gonzalez, 2009 ; Gomulkiewicz & Holt, 1995 ; Gonzalez 
t al., 2013 ). The theory of evolutionary rescue provides a
ramework that incorporates demographical and evolution- 
ry dynamics in populations whose sizes vary ( Alexander 
t al.,., 2014 ; Lindsey et al., 2013 ; Orr & Unckles, 2008 ,
014 ; Uecker & Hermisson, 2016 ; Uecker et al., 2014 ;
ilson et al., 2017 ). In particular, Uecker et al. (2014) 

ntroduced habitat structure within a source–sink frame- 
ork and examined the effects of migration and genetic 
ariation on evolutionary rescue, reporting significant im- 
acts of both. However, the study focused on directional 
election and did not include varying fitnesses or balanced 
olymorphism. 
Despite evolutionary rescue’s relevance to populations 

acing rapidly changing environments, few studies have ex- 
lored evolutionary rescue under temporally varying se- 
ection (e.g., Carja & Plotkin, 2019 ). However, this con- 
ection needs to be explored since conditions that change 
uickly may necessitate rapid adaptation from balanced ge- 
etic polymorphism. To predict the fate of future popula- 
ions that are at risk for extinction due to increasingly ex-
reme shifts driven by climate change ( Fischer et al., 2013 ;
ahmstorf & Coumou, 2011 ; Rudgers et al., 2018 ; Sheridan 
 Lee, 2018 ), a synthesis of models of balancing selection
nd those of population size dynamics in rapidly changing 
nvironments is essential. Here, we propose a model that 
tilizes stochastically varying population sizes and incorpo- 
ates the spatially heterogeneous temporally varying selec- 
ion to examine conditions for rescue from balanced poly- 
orphism in the face of rapid environmental change. 
A caveat of this study is that we only examine one form of

he storage effect, the spatial storage effect. The spatial stor-
ge effect relies on strong spatial heterogeneity across an en-
ironment and reciprocal migration. As a proof-of-concept,
e examined a scenario involving populations that exchange 
igrants proportionally to their sizes, which are allowed to 
tochastically vary. This form of the storage effect requires 
eciprocal migration, more so when environments oscillate 
apidly ( Gulisija & Kim, 2015 ), which may have resulted
n the absence of balanced polymorphism with short cycles,
 = 12. How the other common forms of the storage effect,
hich do not rely on migration, impact eco-evolutionary dy- 
amics in rapidly changing conditions is not clear. For ex-
mple, the genomic storage effect arises under phenotypic 
lasticity ( Gulisija et al., 2016 ) and does not depend on mi-
ration but on genetic recombination. Broader forms of the 
torage effect need to be addressed in future studies in order
o ascertain if the mechanisms offer more widely applicable 
aths to increased persistence. 
In conclusion, our study expands our understanding of 

cenarios where the spatial storage effect can be established 
nd uncovers a mechanism by which it promotes popula- 
ion persistence in the face of rapidly changing environmen- 
al conditions. This persistence-promoting effect could affect 
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co-evolutionary dynamics in other cases of environmen-
al change. For example, populations may undergo range
xpansion or habitat invasions. Range limits are a major
oncern for populations under the environmental variation
aused by climate change ( Holt et al., 2022 ). In addition, pre-
ious studies have demonstrated that past invaders and pro-
ected future climate migrants are particularly likely to come
rom habitats with temporal variability ( Lee & Gelembiuk,
008 ; Stern & Lee, 2020 ). Studying evo-evolutionary dy-
amics in small founder populations originating from het-
rogeneous, varying habitats could provide insights into how
nvaders establish in a novel habitat. Understanding the role
f the storage effect in these other scenarios will become
ncreasingly important as more populations face extreme
nvironmental changes ( Fischer et al., 2013 ; Rahmstorf &
oumou, 2011 ; Rudgers et al., 2023 ; Sheridan & Lee,
2018 ). 
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