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Abstract

Spatially synchronized population dynamics are common in nature, and
understanding their causes is key for predicting species persistence. A main
driver of synchrony between populations of the same species is shared envi-
ronmental conditions, which cause populations closer together in space to be
more synchronized than populations further from one another. Most theoreti-
cal and empirical understanding of this driver considers resident species. For
migratory species, however, the degree of spatial autocorrelation in the envi-
ronment may change across seasons and vary by their geographic location
along the migratory route or on a nonbreeding ground, complicating the syn-
chronizing effect of the environment. Migratory species show a variety of dif-
ferent strategies in how they disperse to and aggregate on nonbreeding
grounds, ranging from completely shared nonbreeding grounds to multiple dif-
ferent ones. Depending on the sensitivity to environmental conditions off the
breeding grounds, we can expect that migration and overwintering strategies
will impact the extent and spatial pattern of population synchrony on the
breeding grounds. Here, we use spatial population-dynamic modeling and sim-
ulations to investigate the relationship between seasonal environmental auto-
correlation and migration characteristics. Our model shows that the effects of
environmental autocorrelation experienced off the breeding ground on popula-
tion synchrony depend on the number and size of nonbreeding grounds, and
how populations migrate in relation to neighboring populations. When
populations migrated to multiple nonbreeding grounds, spatial population syn-
chrony increased with increasing environmental autocorrelation between
nonbreeding grounds. Populations that migrated to the same place as near
neighbors had higher synchrony at short distances than populations that
migrated randomly. However, synchrony declined less across increasing dis-
tances for the random migration strategy. The differences in synchrony
between migration strategies were most pronounced when the environmental
autocorrelation between nonbreeding grounds was low. These results show
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INTRODUCTION

Spatial autocorrelation in environmental variability is
one of the main drivers of spatial population synchrony,
that is, the correlated fluctuation of population sizes in
different locations (the Moran effect; Moran, 1953;
Royama, 1992). Identifying population synchrony and its
causes is key for predicting species persistence because
population synchrony can inhibit recovery from low
abundance periods because of a lack of dispersal and res-
cue effects, which has implications for population-level
management strategies (Engen et al., 2002; Hanski, 1989;
Heino et al., 1997; Liebhold, Sork, et al., 2004).
Understanding the environmental drivers of synchrony is
important for predicting how spatial population syn-
chrony and regional extinction probability will change
with continued environmental change. For instance, cli-
mate change is affecting the mean, spatial autocorrela-
tion, and variability of weather. These changes make the
relationship between climate and population dynamics
less predictable (Di Cecco & Goubhier, 2018; IPCC, 2022).
There has been progress in identifying the environmental
drivers of species-specific synchrony across taxa (e.g., in
Lepidoptera [Tack et al., 2015], mammals [Grenfell et al.,
1995], and birds [Sather et al., 2007]; see review in
Bjornstad et al., 1999). However, most of these studies
only consider environmental conditions on the breeding
ground. For migratory species, the degree of spatial envi-
ronmental autocorrelation among populations may
change across seasons and vary by their location along
the migratory route, complicating the synchronizing
effect of the environment.

The synchronizing effect of the environment is the
strongest driver of spatial population synchrony
(Liebhold, Koenig, & Bjornstad, 2004). The Moran theo-
rem states that populations with the same density
dependence will have the same correlation in abun-
dance as the correlation in their environmental
stochasticity (Moran, 1953). Populations that are closer
together in space experience more correlated

the importance of considering migration when studying spatial population
synchrony and predicting patterns of synchrony and population viability under
global environmental change. Climate change and habitat loss and fragmenta-
tion may cause range shifts and changes in migratory strategies, as well as
changes in the mean and spatial autocorrelation of the environment, which
can alter the scale and patterns observed in spatial population synchrony.

demography, environmental autocorrelation, environmental change, Moran effect,
population-dynamic model, seasonal dynamics, spatial ecology

fluctuations in the environment and therefore tend to
have higher population synchrony than populations that
are further apart (Ellis & Schneider, 2008; Lande et al.,
1999; Liebhold, Koenig, & Bjernstad, 2004; Sether,
1997). Because climate change and habitat loss and frag-
mentation influence spatial environmental autocorrela-
tion (Allen & Lockwood, 2021; Koenig & Liebhold,
2016), efforts to understand environmentally driven syn-
chrony and its patterns in space and time have seen
renewed interest in recent years. Current theoretical
and empirical understanding of patterns of spatial popu-
lation synchrony mainly considers sedentary
populations. However, species are typically exposed to
different environments throughout their annual cycle,
either due to seasonal environmental variation or sea-
sonal migration, that is, the regular and reversible indi-
vidual movement between locations across seasons,
most commonly between a breeding ground and a
nonbreeding ground (Somveille et al., 2021; Webster
et al., 2002). It is well documented how environmental
conditions on the breeding ground impact population
dynamics in general (e.g., Humphrey, 2004; Imlay et al.,
2018; Newton, 2008), but less is known about the direct
and indirect effects (i.e., carry-over effects) of environ-
mental conditions experienced on nonbreeding grounds
and the impact these conditions have on overall popula-
tion growth rates and large-scale population dynamics
(Dingle, 1996; Selonen et al., 2021; Webster et al., 2002).

Seasonal migration is complex, with large interspecific
and intraspecific variations in characteristics (Bell, 2005;
Dingle, 1996). Migration strategies vary within and among
species according to how populations make collective deci-
sions regarding when and how to leave the breeding
grounds and where to go (i.e., migratory connectivity;
Newton, 2008; Webster et al., 2002). For example, in some
species, all populations from the breeding ground migrate
to one shared nonbreeding ground, where they are densely
aggregated in a shared environment with high
interpopulation mixing (Bell, 2005; Finch et al., 2017). This
type of telescopic migration (Salomonsen, 1955), where
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populations are spatially structured independently on the
breeding ground but aggregate during the nonbreeding sea-
son, is documented to occur across the animal kingdom
(e.g., songbirds species [Beauchamp, 2011; La Sorte
et al.,, 2016], wildebeest [Connochaetes taurinus; Mduma
et al., 1999], and elk [Cervus elaphus; White et al., 2010]),
notably with longer-distance migrants (Beauchamp, 2011;
La Sorte et al., 2016). Conversely, populations on a shared
breeding ground may migrate to many nonbreeding
grounds, yielding a lower degree of interpopulation mixing
and lower migratory connectivity (Finch et al., 2017; Gilroy
et al., 2016). Such differentiated nonbreeding grounds are
common in species of butterflies (e.g., Danaus plexippus;
Chowdhury et al., 2021) and some birds (Lemke et al.,
2013). Furthermore, how populations of the same species
migrate in relation to neighboring populations on the
breeding ground (ie., “departure strategy”) also varies
among species (Newton, 2008). Some species migrate to
the same place as neighboring populations on the breeding
ground (Newton, 2008), whereas others migrate away from
shared breeding grounds randomly, for example, along fly-
way margins when there are geographic obstacles, that is,
migratory divides, preventing near neighbors from migrat-
ing to the same place (La Sorte et al., 2016). We do not yet
know how migration characteristics and environmental
stochasticity together impact synchrony.

In this paper we have studied the influence of migra-
tion characteristics on spatial population synchrony by
using spatial population-dynamic modeling and simula-
tions to investigate the relationship between environmen-
tal autocorrelation, migration characteristics, and spatial
population synchrony. We expected synchrony to be
higher when the strength of the environmental autocor-
relation outside of the breeding ground was high, and
that migration characteristics mattered for determining
the strength of spatial population synchrony. We
expected different spatial patterns of synchrony for differ-
ent migration strategies, and that this would be depen-
dent on both the autocorrelation between nonbreeding
grounds and the degree of environmental autocorrelation
within each nonbreeding ground.

MODEL AND METHODS
Population model for annual cycle

We used a dynamic population model to simulate the
abundance of spatially separated populations through
time. Here, we give a brief overview of the four steps of
the model and below go into greater detail about the indi-
vidual steps. The annual cycle in the population model
consists of four steps (Figure 1), as detailed below. The

population model is used to simulate local population
abundances n;;s (defined as a cluster of individuals
located at a given point i) for i=1, 2, ..., f, s=1, 2, ...,
4, where i represents coordinates at the intersections of
regular grid lines evenly distributed across a spatial grid,
t is year, and s is a time step within the annual cycle. All
populations are contained within the same spatial grid.
The grid is composed of unique populations at each
i coordinate at the intersections of grid lines.

In the first step, all populations are on a shared breed-
ing ground where there is spatially autocorrelated envi-
ronmental noise causing populations closer together in
space to experience more similar environmental condi-
tions. On this shared breeding ground, individuals can
disperse among populations, survive or not, and repro-
duce. Populations then can remain on the same breeding
ground as a resident or migrate to one of several
nonbreeding grounds. Here, individuals experience the
effects of a second, different environment on survival:
either (1) the nonbreeding season spent on the breeding
ground (residents) or (2) the nonbreeding season spent
away from the breeding ground (migrants). The spatial
autocorrelation on the nonbreeding ground is controlled
by one parameter that sets the correlation in environ-
mental conditions experienced by two random individ-
uals within the same nonbreeding ground (7witmin) and
one parameter that sets the correlation in environmental
conditions between two separate nonbreeding grounds
(Fbetween ) Each step of the population model is described
in greater detail below.

Breeding ground dispersal

In the first model step, all individuals have a probability
d of dispersing. Dispersal is assumed to be equally likely
in all directions (i.e., it is isotropic) and the distance trav-
eled follows a normal distribution in two dimensions,
(|l —1i]). The spatial scale of this distribution is defined
as the standard deviation of dispersal distance in one
direction when scaled to integrate into one (Ig; following
Engen et al., 2018). Individual dispersers are distributed
deterministically by the dispersal distribution. The
expected abundance in each population after dispersal
can then be expressed as:

Nign=01—-d)nj_14+d

an,t—l,4W(l_i|)]’ (1)

I#i

where the last term represents dispersal into point i from
all other points in the grid. Note that in the simulations,
probabilities of dispersing to a given point are scaled over
all possible points in the grid.
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Breeding
ground b

3. Fecundity + nonbreeding
ground carryover effects;

N3

4. Survival m; n; 14

Nonbreeding
ground m

FIGURE 1 Schematic representing one annual cycle ¢ for migratory populations. The annual cycle in the population model

consists of four steps. Populations are on one shared breeding ground b, where there is environmental noise determined by an environmental
field in which populations closer together in space experience more similar environmental conditions. Here, individuals experience (1) a
probability to disperse to other populations via a distance kernel, (2) a survival probability, and (3) a reproduction probability. Populations then
(4) migrate to the nonbreeding ground m or remain on the breeding ground b (not shown), where they experience another survival probability.
For migrants, the environment can vary between different nonbreeding grounds. (3). The abundances n; 4, are passed back to breeding ground
b at the beginning of the next annual cycle ¢ + 1. Bird images taken from www.phylopic.org.

Breeding ground survival

In the second step of the model, abundances are updated
by breeding ground survival as a function of mean sur-
vival (Sp) and realized environmental noise (;,; see
Variation in environmental noise). We use the logit distri-
bution to ensure values between zero and one for the sur-
vival probability:

Ny = (invlogit [logit(Sp) +&;,] ) X i1 (2)

Breeding ground fecundity

In the third step, offspring are produced from and added
to the surviving adults from n;;,. Fecundity is a function
of mean fecundity (Fj) and realized environmental noise
on the breeding ground (&;,,; see Variation in environ-
mental noise):

Nigs=Niso + ((exp[log(Fp) +&.p]) X nig2).  (3)

Nonbreeding ground/overwintering survival

The fourth model step represents the nonbreeding
season when populations are either (1) experiencing
the nonbreeding season spent on the breeding
ground (residents) or (2) experiencing the nonbreeding
season spent away from the breeding ground (migrants).
The abundances n;; at this step is expressed as:

nit 4 = (invlogit[logit(Sy,) + Em +v(ni)]) X nigs,  (4)

where S, is the nonbreeding ground/overwintering sur-
vival, E,, is the nonbreeding ground environmental noise
(see Variation in environmental noise), and v(n;;) is a
density-dependent term. For residents, the environmental
noise term Ey, is replaced by &;, ,, the environmental noise
experienced on the breeding grounds during the winter sea-
son). The density dependence is linear on the logit scale. On
the nonbreeding grounds, populations are assumed to be
clustered in space, such that migrants experience more simi-
lar environments than residents. At the end of this fourth
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time step, the abundances n;;4 are passed back to
Equation (1) as n; ;1) 4 to begin the annual cycle again.

Variation in environmental noise

On the breeding ground, environmental noise is captured by
&;.p during the breeding season for both migrants and resi-
dents. Regardless of migration strategy, all populations are
on the breeding ground simulated spatial field during the
first three model steps and experience the same environ-
mental noise. If populations do not migrate, they remain
resident at the same location on the breeding
ground simulated spatial field during the fourth step of the
model. A second environmental noise parameter (&, )
captures environmental noise on the breeding
ground during the nonbreeding season for residents. These
two environmental noise fields have an isotropic spatial
distribution with a spatial scale I, defined as the standard
deviation of the environmental correlation function in any
given direction (when normalized to integrate to 1; follow-
ing Lande et al., 1999) and variance o2. Realizations of the
environmental noise fields are simulated according to the
procedure described in Appendix S1.

If populations are migratory, they either all go to one
common nonbreeding ground or they go to one of several
nonbreeding grounds, depending on the simulated scenario.
On the nonbreeding grounds at the fourth model step,
populations experience environmental noise (represented as
En,) as a function of the correlation between nonbreeding
grounds (Fpetween; ONly if populations migrate to >1
nonbreeding ground) and of correlation within each
nonbreeding ground (Fywimin), depending on migration
tactic. The nonbreeding ground environmental noise
(Em) depends on whether populations belong to the same
migration route (rywimin) Or different migration routes
(Fbetween )> and is drawn from a multivariate normal distri-
bution with a mean of zero. The within nonbreeding
ground environmental autocorrelation (ryimin) controls
how similar the environment within one nonbreeding
ground is for the populations that all migrate to the same
place. The between nonbreeding ground environmental
autocorrelation (Fperween) controls how similar the envi-
ronment in one nonbreeding ground is compared to the
environment in another nonbreeding ground for
populations which migrate to different places. The
resulting environmental variation directly impacts
survival at the fourth step of the model.

Model scenarios

Using the above stochastic population model, we simulated
a grid of 150 by 150 populations (22,500 total populations)

for 1000 complete annual cycles ¢t with Python 3.9 (Van
Rossum & Drake Jr., 1995). Abundances n; ) 4 were initial-
ized at carrying capacity for all simulation runs.
Parameters used in the population model were long-lived
species (i.e., K-selected species; adult survival=0.9,
fecundity =0.25) migrating to one, two, or four
nonbreeding grounds. See Appendix S2: Table S1 for
other parameter values and considerations.

The first 50 annual cycles were discarded as a burn-in
period. At the end of each breeding season in the
annual cycle, we saved the innermost 50 by 50 square
populations of the grid to avoid edge effects. The
resulting 1250 abundances per annual cycle represented
a post-breeding census, a common metric used to
estimate spatial population synchrony.

To compare different migration strategies, we simulated
three scenarios: (1) No migration, where individuals
remained resident on the breeding ground for all four time
steps of the annual cycle. (2) Individuals migrated to the
same nonbreeding ground as their near neighbors
(ie, proximity migration scenario, Figure 2A). For
populations on the breeding grounds that had near neigh-
bors that migrated to different nonbreeding grounds
(e.g, populations on the border between two
division points), we created buffer regions where population
had an equal probability of migrating to either of
the shared-border nonbreeding grounds
(Figure 2A). (3) Individuals migrated randomly (Figure 2B),
where each population had an equal probability of migrat-
ing to one of several nonbreeding grounds.

We varied the number of nonbreeding grounds to which
populations could migrate from one to four. We varied how
similar the nonbreeding ground environments were by
changing the between nonbreeding ground environmental
autocorrelation (petween = 0, 0.25, 0.50, 0.75, 1). Finally, we
ran the simulations with different within nonbreeding
ground correlation (7yitin =0, 0.25, 0.50, 0.75, 1).

Quantifying synchrony

We calculated the spatial population synchrony (p) as the
average of Pearson’s correlations between pairs of popu-
lation abundances (n;;3) at given distances at the end of
the breeding season.

RESULTS

Between nonbreeding ground
environmental autocorrelation

As expected, resident species showed high synchrony at
short distances with decreasing synchrony at increasing
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FIGURE 2 Schematic of (A) proximity and (B) random migration. Colors represent the different nonbreeding grounds to which

populations migrate. (A) In proximity migration, each population migrates to the same nonbreeding ground as their near neighbors. The
populations in the buffer region between nonbreeding grounds have an equal probability of migrating to one or the other nonbreeding

ground. (B) In the random migration scenario, every population has an equal probability of migrating to each of the nonbreeding grounds.

distances (Figure 3). For migrant species, when all
populations from the breeding ground migrated to the
same nonbreeding ground, spatial population synchrony
between populations at the breeding ground was high
and decreased only slightly more than larger distances
(Figure 3). When populations migrated to multiple
nonbreeding grounds, spatial population synchrony
increased with increasing environmental autocorrelation
between nonbreeding grounds (7petween) (Figure 3). The
decline in population synchrony with distance was more
pronounced when nonbreeding grounds had less corre-
lated environments between them.

Within nonbreeding ground
environmental autocorrelation

For all migration strategies, average synchrony was
not only determined by the environmental autocorrelation
between nonbreeding grounds (Fpetween), but it was also a

function of environmental autocorrelation within
nonbreeding grounds (Fwimin; Figure 4). Higher
within nonbreeding ground environmental

autocorrelation yielded higher synchrony. When combin-
ing the within nonbreeding ground environmental
autocorrelation with the between nonbreeding ground
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FIGURE 3 Average correlation in abundances (p) for a given distance between two populations on the breeding ground when there

was no migration (“no migration”) and when migrants went to one or multiple (i.e., four shown here) nonbreeding grounds with varying

correlation between them. Within nonbreeding ground correlation = 0.75. Migrants experienced different between nonbreeding ground
environmental autocorrelations (Fpeween ), ranging from 0 (“0 correlation”) to 1.

environmental autocorrelation, high rperween yielded
higher spatial population synchrony than low rpetweens
regardless of how low or high ryimin Was (Figure 4).
Results throughout the rest of the paper are presented
using rwithin = 0.75.

Migration characteristics

The type of migration impacted the average spatial popu-
lation synchrony (Figure 5A). Proximity migration
yielded higher synchrony at short distances than random
migration. However, synchrony declined less across
increasing distances with random migration (Figure 5A).
The differences in synchrony between migration strate-
gies were most pronounced when the environmental
autocorrelation between nonbreeding grounds was low
(Figure 5A).

Spatial population synchrony was lower when
populations migrated to four nonbreeding grounds than
when they migrated to two (Figure 5B). Like the results for
proximity versus random migration, differences in syn-
chrony between two versus four nonbreeding grounds were
most pronounced at lower correlations of between
nonbreeding ground environmental stochasticity (Fvetween;
Figure 5B). We also varied the number of populations on
the breeding ground that went to the same nonbreeding
grounds by dividing the simulated population grid on the
breeding ground horizontally and vertically into
different-sized sections and sending these different-sized
sections to different nonbreeding grounds (Appendix S3:
Figure S1). We found that the environmental conditions
from nonbreeding grounds that had more populations

aggregated on them drove the observed patterns of syn-
chrony at low between nonbreeding ground environmen-
tal correlations (Appendix S3: Figure S1).

DISCUSSION

Existing theory shows us what patterns of spatial popula-
tion synchrony to expect when considering sedentary
populations in a common environment. However, when
attempting to link levels of synchrony to environmental
variables, season-specific variability must be analytically
accounted for (White & Hastings, 2020). The simple rela-
tionship described by Moran (1953) between autocorrela-
tion in the environment and spatial population
synchrony does not account for seasonally changing envi-
ronmental autocorrelation that most species experience
through migration. Here, we show that the spatial syn-
chrony of populations of seasonal migrants was no longer
only determined by correlation in environmental noise
on the breeding ground. We showed that the average and
the scaling of spatial population synchrony estimated
on the breeding ground was altered when considering
more than one source of environmental stochasticity, and
that the Moran effect on the breeding ground alone was
not sufficient to explain synchronous or asynchronous
fluctuations in population dynamics for migratory
populations (Figures 3 and 4). As predicted, our model
showed that the effects of environmental autocorrelation
experienced off the breeding ground on population syn-
chrony on the breeding ground depended on the charac-
teristics of migration, such as size and number of
nonbreeding grounds, and how populations migrated in
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FIGURE 4 Relationship between within (ryitin) and between (rpeween) Nonbreeding ground environmental autocorrelation and
correlation in abundance (p). Ranges of possible average abundance correlation (p) for a given distance between two populations on the
breeding ground are shown for different within nonbreeding ground environmental correlations (ranging 0-1). Each within nonbreeding
ground correlation shows range of possible correlation (p) outcomes with all possible values (ranging 0-1) of between nonbreeding ground

environmental autocorrelation. Upper limit of each color range represents when the between nonbreeding ground environmental
autocorrelation = 1, lower limit of each color range represents when the between nonbreeding ground environmental autocorrelation = 0.
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FIGURE 5 (A) Average spatial population synchrony on the breeding ground changed based on environmental autocorrelation

experienced on nonbreeding grounds and the type of migration. Populations went to four nonbreeding grounds. (B) Average spatial

population synchrony on the breeding ground changed based on the number of nonbreeding grounds to which populations migrated at both

short and long distances: Proximity migration shown here.
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relation to neighboring populations (Figure 5). Complex
and diverse migration strategies have proven difficult to
understand and track in the wild. There are immense
logistic and collaborative challenges to studying migratory
populations across their entire annual cycle in a systematic
and long-term monitoring program (Bowlin et al., 2010),
and so simulations and theoretical work as shown here
provide a suitable approach to fill in this empirical gap.

When populations migrated to multiple nonbreeding
grounds, spatial population synchrony increased with
increasing environmental autocorrelation between
nonbreeding grounds. Notably, the differences in syn-
chrony between migration strategies were most pro-
nounced when the environmental autocorrelation
between nonbreeding grounds was low. There are differ-
ent ways to biologically interpret the impact of environ-
mental autocorrelation between nonbreeding grounds.
High environmental autocorrelation between nonbreeding
grounds could represent nonbreeding grounds that are
close together in space, while lower environmental auto-
correlation between nonbreeding grounds could represent
nonbreeding grounds that are further from one another in
space. Alternatively, high environmental autocorrelation
could also represent nonbreeding grounds that are not
close in space but have experienced a similar synchroniz-
ing environmental event (e.g., extreme climate event) with
a large geographic impact (e.g., Hansen et al., 2013). Most
climate change scenarios predict a more synchronized cli-
mate in the future (Post & Forchhammer, 2004). This will
likely promote large-scale regional fluctuations in climate,
which means we can also expect to see a concomitant
increase in spatial population synchrony for populations
whose dynamics are highly environmentally driven
(Post & Forchhammer, 2002). Consequently, understand-
ing how migratory populations respond to more synchro-
nized nonbreeding grounds could be an important tool for
predicting metapopulation dynamic-level responses to cli-
mate change (Kahilainen et al., 2018).

How populations migrated in relation to other
populations on the breeding grounds and dispersal charac-
teristics were important for determining synchrony on the
breeding grounds. For populations that migrated to the
same place as nearby populations, there was an increase
in spatial population synchrony at short distances with a
clear decrease in synchrony at the distance at which
populations were far enough away from one another to
follow different migratory paths and/or migrate to differ-
ent nonbreeding grounds. Populations on the breeding
ground that migrated to the same place were therefore
expected to be more susceptible to extinction via
small-scale or local events because of high local spatial
population synchrony. Over the entire breeding ground,
however, we could expect that proximity migrant species

would likely be less susceptible to regional extinction
because these populations were desynchronized at greater
distances. The proximity migration strategy enhanced the
already existing relationship between environmental auto-
correlation and distance (i.e., Moran effect) and increased
the environmental autocorrelation a population experi-
enced in the annual cycle. In effect, we showed that in
cases in which populations had the same linear dynamics
and were proximity migrants, they were more likely to
have more correlated population dynamics than the corre-
lation in their environment on their breeding ground
alone. Conversely, populations that migrated randomly
had lower synchrony at short distances than proximity
migrants, but did not experience as large of a decrease in
synchrony at larger distances. At larger distances, there
was higher synchrony for the random migration strategy
(except when the correlation was very high). This was
because these far-apart populations experiencing relatively
uncorrelated environmental conditions on the breeding
grounds now had on average a higher probability of shar-
ing environments on the nonbreeding grounds than two
far-apart populations in the “proximity” scenario. These
patterns of migration strategy and changing synchrony
with distance may ultimately have implications for species
persistence. Species where populations migrate to a
nonbreeding ground independent of their neighboring
populations could be less susceptible to extinction via
small-scale or local events, because of this lower spatial
population synchrony at short distances. Conversely, they
could be more susceptible to large-scale events.

In nature, there is variation in the number of
nonbreeding grounds to which populations can choose to
migrate. In instances in which populations migrate
to many different nonbreeding grounds, changes to
nonbreeding ground habitats that impact demography
will have diffuse but widespread effects on synchrony
because population dynamics on the breeding ground are
then buffered by the environments experienced in other
places (Finch et al., 2017). Loss of nonbreeding grounds
could also force more populations to go to the same
place, which would result in increased synchrony and
thus vulnerability. Conversely, populations that migrate
to few or even only one nonbreeding ground(s) are likely
more susceptible to environmental variability, making
them more synchronized because of the direct and indi-
rect impacts of shared nonbreeding ground environments
on the breeding ground population dynamics. Species
that typically migrate to many nonbreeding grounds can
be more buffered against extinction events than species
that migrate to few. How species aggregate during the
nonbreeding season has clear implications for species
conservation and management, because adverse condi-
tions in one location during the nonbreeding season can
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carry over and directly impact the population dynamics
seen on the breeding ground.

An important consideration when interpreting the
results from this modeling exercise is that the degree of
spatial population synchrony is dependent upon environ-
mental correlations both within and between
nonbreeding grounds. We found that when populations
migrated to nonbreeding grounds with high within
nonbreeding ground environmental autocorrelation, spa-
tial population synchrony was higher than for
populations that migrated to nonbreeding grounds with
lower within nonbreeding ground environmental auto-
correlation. In our model, within nonbreeding ground
environmental correlation dictated if spatial population
synchrony was higher (if within correlation = 1) or lower
(if within correlation <0.75) than the nonmigrating
populations at all distances. Generally, we found that
synchrony depended on the combined environments
both within and between nonbreeding grounds experi-
enced by populations throughout an annual cycle, and
that migration and its characteristics were an important
part of determining which environments these
populations were exposed to.

Different species may have different sensitivities in
their vital rates to environmental stochasticity. In the
simulations presented here, the effect of the environ-
ment was identical for both survival and fecundity on
the breeding ground, but varying this strength of the
environmental effect on different vital rates could be of
future interest and biologically relevant for particular
cases in some systems. By varying the parameters that
specified the strength of the environmental noise on dif-
ferent vital rates, we could gain knowledge about the
relationship between spatial population synchrony,
life-history traits, and different migration types.
Different species may also be more susceptible to envi-
ronmental conditions during migration or on
nonbreeding grounds than on their breeding grounds
(e.g., Gordo & Sanz, 2008; Harrison et al., 2010; Schaub
et al., 2005). In the simulations presented here, we do
not vary the sensitivity to nonbreeding ground environ-
mental conditions in relation to the sensitivity to the
conditions on the nonbreeding grounds, but this could
be an important future consideration in future modeling
exercises. The same is true for the effect of density
dependence on observed synchrony in population
dynamics. Variability in the strength and type of density
dependence that can act in a population to impact spa-
tial population synchrony was not explored here.
Investigating the role of density dependence during
breeding season, nonbreeding season, and its variable
strength, could lead to interesting insights into how this
driver of spatial population synchrony interacts with

(non)breeding ground environments and sensitivities.
For other considerations of parameters used in the popu-
lation model, see Appendix S4.

Populations of migratory species are declining glob-
ally at alarming rates (Rosenberg et al., 2019; Vickery
et al., 2014). To understand the causes of these declines
and better determine appropriate conservation mea-
sures, we must first understand where populations are
most sensitive to conditions experienced throughout
their annual cycle (Small-Lorenz et al., 2013). There has
been significant research bias toward research
conducted on the breeding grounds of migratory species
(Marra et al., 2015). Similarly, conservation efforts for
migratory species are often targeted to habitat and envi-
ronmental conditions in one location in the annual
cycle, rendering many conservation actions for migra-
tory animals inadequate and unable to critically account
for different climate change sensitivities and how linked
populations interact (Small-Lorenz et al., 2013).
Migratory species are particularly vulnerable to climate
change (Humphrey, 2004; Mpller et al., 2008; Robinson
et al.,, 2008), and full-annual cycle understanding of
dynamics is critical to address climate-induced habitat
loss or range shifts. Anthropogenically driven environ-
mental change will also change habitat via loss and frag-
mentation, resulting in changes to the size of the
wintering grounds, breeding grounds, or the connectiv-
ity between these two for many species, which can have
a direct impact on spatial population synchrony
(e.g., Bellamy et al., 2003).

Our results help to understand the consequence of
environmental change on population dynamics for
migratory species and can be used to understand how
susceptible to extinction populations of migrating species
are given where and how they migrate and the expected
scaling of environmental changes (e.g., via small-scale or
local events). Similarly, the simulations presented here
could serve as a tool to identify biodiversity, conservation,
or restoration priorities by indicating for which species
there is a need for an increasing number of nonbreeding
grounds versus increasing the size of the breeding
grounds. Given that the question is no longer if environ-
mental change will happen, but when, where, and to
what degree, being able to simulate the possible conse-
quences of this environmental change on the synchrony
of populations is critical for identifying conservation or
restoration steps needed for continued species’
persistence.

AUTHOR CONTRIBUTIONS

All authors were involved in developing the original idea
for the study. Ellen C. Martin and Aline Magdalena Lee
contributed to the study conceptualization, writing code,

//:50NY) SUONIPUOD pUe SIS | BU1 89S *[7202/TO/0E] Uo Aeid17auliuO AS|IM ‘WNIN ‘U01e8s9y JHNLYN HOd LNLILSNI NVIOIMHON Ag 85Tt A38/200T 0T/10p/wod A3 1M Akelq1putuo's fuinofesa//sdny woy pepeojumoq ‘TT ‘€202 ‘0LT66E6T

100" A3 1M’

35UB0 17 SUOWILIOD) BAIERID 3|qedl|dde ay Ag peusenob ale sapie YO ‘9sn Jo sajni o) Ariq1TauluQ A3]1A\ UO (SUOIpUod-pue:



ECOLOGY

11 of 12

and running simulations. Ellen C. Martin wrote the original
manuscript with substantial input from Aline Magdalena
Lee, Brage Bremset Hansen, and Ivar Herfindal.

ACKNOWLEDGMENTS

The research was supported through the Research
Council of Norway’s Centres of Excellence funding
scheme (project no. 223257).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT

Novel code (Martin et al., 2023) to generate figures and
conclusions is available in Figshare at https://doi.org/10.
6084/m9.figshare.23828877.

ORCID

Ellen C. Martin ‘© https://orcid.org/0000-0003-3088-3388
Brage Bremset Hansen © https://orcid.org/0000-0001-
8763-4361

Ivar Herfindal ‘® https://orcid.org/0000-0002-5860-9252
Aline Magdalena Lee ‘® https://orcid.org/0000-0001-9272-
4249

REFERENCES

Allen, M. C,, and J. L. Lockwood. 2021. “Mapping Shifts in Spatial
Synchrony in Grassland Birds to Inform Conservation
Planning.” Conservation Biology 35: 1029-38.

Beauchamp, G. 2011. “Long-Distance Migrating Species of Birds
Travel in Larger Groups.” Biology Letters 7: 692-94.

Bell, C. P. 2005. “Inter- and Intrapopulation Migration Patterns.” In
Birds of Two Worlds: The Ecology and Evolution of Migration,
edited by R. Greenberg and P. P. Marra, 41-52. Baltimore:
Johns Hopkins University Press.

Bellamy, P. E., P. Rothery, and S. A. Hinsley. 2003. “Synchrony of
Woodland Bird Populations: The Effect of Landscape
Structure.” Ecography 26: 338-348.

Bjornstad, O. N., R. A. Ims, and X. Lambin. 1999. “Spatial
Population Dynamics: Analyzing Patterns and Processes of
Population Synchrony.” Trends in Ecology & Evolution 14:
427-432.

Bowlin, M. S., I.-A. Bisson, J. Shamoun-Baranes, J. D. Reichard, N.
Sapir, P. P. Marra, T. H. Kunz, et al. 2010. “Grand Challenges
in Migration Biology.” Integrative and Comparative Biology 50:
261-279.

Chowdhury, S., R. A. Fuller, H. Dingle, J. W. Chapman, and M. P.
Zalucki. 2021. “Migration in Butterflies: A Global Overview.”
Biological Reviews 96: 1462-83.

Di Cecco, G. J.,, and T. C. Gouhier. 2018. “Increased Spatial and
Temporal Autocorrelation of Temperature under Climate
Change.” Scientific Reports 8: 14850.

Dingle, H. 1996. Migration: The Biology of Life on the Move, Second
ed. Oxford: Oxford University Press.

Ellis, J., and D. C. Schneider. 2008. “Spatial and Temporal Scaling
in Benthic Ecology.” Journal of Experimental Marine Biology
and Ecology 366: 92-98.

Engen, S., F. J. Cao, and B. E. Sather. 2018. “The Effect of
Harvesting on the Spatial Synchrony of Population
Fluctuations.” Theoretical Population Biology 123: 28-34.

Engen, S., R. Lande, and B.-E. Sether. 2002. “Migration and
Spatiotemporal Variation in Population Dynamics in a
Heterogeneous Environment.” Ecology 83: 570-79.

Finch, T., S. J. Butler, A. M. A. Franco, and W. Cresswell. 2017.
“Low Migratory Connectivity Is Common in Long-Distance
Migrant Birds.” Journal of Animal Ecology 86: 662-673.

Gilroy, J. J., J. A. Gill, S. H. M. Butchart, V. R. Jones, and A. M. A.
Franco. 2016. “Migratory Diversity Predicts Population
Declines in Birds.” Ecology Letters 19: 308-317.

Gordo, O., and J. J. Sanz. 2008. “The Relative Importance of
Conditions in Wintering and Passage Areas on Spring Arrival
Dates: The Case of Long-Distance Iberian Migrants.” Journal
of Ornithology 149: 199-210.

Grenfell, B. T., B. M. Bolker, and A. Kleczkowski. 1995.
“Seasonality and Extinction in Chaotic Metapopulations.”
Proceedings of the Royal Society B-Biological Sciences 259:
97-103.

Hansen, B. B., V. Grotan, R. Aanes, B. E. Smther, A. Stien,
E. Fuglei, R. A. Ims, N. G. Yoccoz, and A. Pedersen. 2013.
“Climate Events Synchronize the Dynamics of a Resident
Vertebrate Community in the High Arctic.” Science 339:
313-15.

Hanski, I. 1989. “Metapopulation Dynamics: Does it Help to Have
More of the Same?” Trends in Ecology & Evolution 4: 113-14.

Harrison, X. A., J. D. Blount, R. Inger, D. R. Norris, and S. Bearhop.
2010. “Carry-Over Effects as Drivers of Fitness Differences in
Animals.” Journal of Animal Ecology 80: 4-18.

Heino, M., V. Kaitala, E. Ranta, and J. Lindstrom. 1997.
“Synchronous Dynamics and Rates of Extinction in Spatially
Structured Populations.” Proceedings of the Royal Society
B-Biological Sciences 264: 481-86.

Humphrey, C. Q. P. 2004. “The Impact of Climate Change on
Birds.” Ibis 146: 48-56.

Imlay, T. L., J. M. Flemming, S. Saldanha, N. T. Wheelwright, and
M. L. Leonard. 2018. “Breeding Phenology and Performance
for Four Swallows over 57 Years: Relationships with
Temperature and Precipitation.” Ecosphere 9: €02166.

IPCC. 2022. Climate Change 2022: Impacts, Adaptation and
Vulnerability. Cambridge: Cambridge University Press.

Kahilainen, A., S. van Nouhuys, T. Schulz, and M.
Saastamoinen. 2018. “Metapopulation Dynamics in a
Changing Climate: Increasing Spatial Synchrony in
Weather Conditions Drives Metapopulation Synchrony of a
Butterfly Inhabiting a Fragmented Landscape.” Global
Change Biology 24: 4316-29.

Koenig, W. D., and A. M. Liebhold. 2016. “Temporally Increasing
Spatial Synchrony of North American Temperature and Bird
Populations.” Nature Climate Change 6: 614-17.

La Sorte, F. A., D. Fink, W. M. Hochachka, and S. Kelling. 2016.
“Convergence of Broad-Scale Migration Strategies in
Terrestrial Birds.” Proceedings of the Royal Society B 283.

Lande, R., S. Engen, and B.-E. Sather. 1999. “Spatial Scale of
Population Synchrony: Environmental Correlation Versus
Dispersal and Density Regulation.” American Naturalist 154:
271-281.

Lemke, H. W., M. Tarka, R. H. G. Klaassen, M. Akesson, S. Bensch,
D. Hasselquist, and B. Hansson. 2013. “Annual Cycle and
Migration Strategies of a Trans-Saharan Migratory Songbird:

95UBD1 7 SUOWILLIOD 91D 3ol (dde ay) Aq peuIsnob ae S O SN JO S9N J0) Aeud1 8UIIUO A8 |1/ UO (SUONIPUOD-PUE-SLLBIALI0D 4B |IM"Ake.q 1[pul [UO//:Sd1y) SUONIPUOD Pue Swi | 8y) 89S *[#202/T0/0g] Uo ARiqiauliuo ASJIM ‘YN IN ‘Uosess9y 3HNLYN HO4 ILNLILSNI NVIDIMHON Aq 85T A99/200T 0T/10p/W0D A8 | 1M Aleud 1 put|uo's feuano fess//sdny woly pepeojumoq ‘TT ‘€202 ‘0LT6656T


https://doi.org/10.6084/m9.figshare.23828877
https://doi.org/10.6084/m9.figshare.23828877
https://orcid.org/0000-0003-3088-3388
https://orcid.org/0000-0003-3088-3388
https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0002-5860-9252
https://orcid.org/0000-0002-5860-9252
https://orcid.org/0000-0001-9272-4249
https://orcid.org/0000-0001-9272-4249
https://orcid.org/0000-0001-9272-4249

12 of 12

MARTIN ET AL.

A Geolocator Study in the Great Reed Warbler.” PLoS One 8:
€79209.

Liebhold, A., V. Sork, M. Peltonen, W. Koenig, O. N. Bjornstad,
R. Westfall, J. Elkinton, and J. M. H. Knops. 2004.
“Within-Population Spatial Synchrony in Mast Seeding of
North American Oaks.” Oikos 104: 156-164.

Liebhold, A., W. D. Koenig, and O. N. Bjornstad. 2004. “Spatial
Synchrony in Population Dynamics.” Annual Review of
Ecology, Evolution, and Systematics 35: 467-490.

Moller, A. P., D. Rubolini, and E. Lehikoinen. 2008. “Populations of
Migratory Bird Species that Did Not Show a Phenological
Response to Climate Change Are Declining.” Proceedings of
the National Academy of Sciences of the United States
of America 105: 16195-200.

Marra, P. P., E. B. Cohen, S. R. Loss, J. E. Rutter, and C. M. Tonra.
2015. “A Call for Full Annual Cycle Research in Animal
Ecology.” Biology Letters 11: 20150552.

Martin, E. C,, I. Herfindal, B. B. Hansen, and A. M. Lee. 2023. “The
Role of Seasonal Migration in Spatial Population Synchrony.”
Figshare.  Software.  https://doi.org/10.6084/m9.figshare.
23828877.v1.

Mduma, S. A. R, A. R. E. Sinclair, and H. R. 1999. “Food Regulates
the Serengeti Wildebeest: A 40-Year Record.” Journal of
Animal Ecology 68: 1101-22.

Moran, P. A. P. 1953. “The Statistical Analysis of the Canadian
Lynx Cycle: Structure and Prediction.” Australian Journal of
Zoology 1: 163-173.

Newton, 1. 2008. The Migration Ecology of Birds. Cambridge, MA:
Academic Press.

Post, E., and M. C. Forchhammer. 2002. “Synchronization of
Animal Population Dynamics by Large-scale Climate.” Nature
420: 168-171.

Post, E., and M. C. Forchhammer. 2004. “Spatial Synchrony of
Local Populations Has Increased in Association With the
Recent Northern Hemisphere Climate Trend.” Proceedings of
the National Academy of Sciences of the United States of
America 101: 9286-90.

Robinson, R. A., H. Q. P. Crick, J. A. Learmonth, I. M. D. Maclean,
C. D. Thomas, F. Bairlein, M. C. Forchhammer, et al. 2008.
“Travelling through a Warming World: Climate Change and
Migratory Species.” Endangered Species Research 7: 87-99.

Rosenberg, K. V., A. M. Dokter, P. J. Blancher, J. R. Sauer, A. C.
Smith, P. A. Smith, J. C. Stanton, et al. 2019. “Decline of the
North American Avifauna.” Science 366: 120-24.

Royama, T. 1992. Analytical Population Dynamics. London:
Chapman & Hall.

Salomonsen, F. 1955. “The Evolutionary Significance of Bird-
Migration.” Biologiske Meddelelser 22.

Sether, B.-E. 1997. “Environmental Stochasticity and Population
Dynamics of Large Herbivores: A Search for Mechanisms.”
Trends in Ecology & Evolution 12: 143-49.

Seether, B.-E., S. Engen, V. Grotan, W. Fiedler, E. Matthysen, M. E.
Visser, J. Wright, et al. 2007. “The Extended Moran Effect and

Large-Scale Synchronous Fluctuations in the Size of Great Tit and
Blue Tit Populations.” Journal of Animal Ecology 76: 315-325.

Schaub, M., W. Kania, and U. Koppen. 2005. “Variation of Primary
Production during Winter Induces Synchrony in Survival
Rates in Migratory White Storks Ciconia Ciconia.” Journal of
Animal Ecology 74: 656-666.

Selonen, V., S. Helle, T. Laaksonen, M. P. Ahola, E. Lehikoinen,
and T. Eeva. 2021. “Identifying the Paths of Climate Effects on
Population Dynamics: Dynamic and Multilevel Structural
Equation Model around the Annual Cycle.” Oecologia 195:
525-538.

Small-Lorenz, S. L., L. A. Culp, T. D. Ryder, T. C. Will, and P. P.
Marra. 2013. “A Blind Spot in Climate Change Vulnerability
Assessments.” Nature Climate Change 3: 91-93.

Somveille, M., R. A. Bay, T. B. Smith, P. P. Marra, and K. C. Ruegg.
2021. “A General Theory of Avian Migratory Connectivity.”
Ecology Letters 24: 1848-58.

Tack, A. J. M., T. Mononen, and I. Hanski. 2015. “Increasing
Frequency of Low Summer Precipitation Synchronizes
Dynamics and Compromises Metapopulation Stability in the
Glanville Fritillary Butterfly.” Proceedings of the Royal Society
B-Biological Sciences 282: 20150173.

Van Rossum, G., and F. L. Drake, Jr. 1995. Python Reference
Manual. Amsterdam: Centrum voor Wiskunde en
Informatica.

Vickery, J. A., S. R. Ewing, K. W. Smith, D. J. Pain, F. Bairlein,
J. Skorpilova, and R. D. Gregory. 2014. “The Decline of
Afro-Palaearctic Migrants and Anassessment of Potential
Causes.” Ibis 156: 1-22.

Webster, M. S., P. P. Marra, S. M. Haig, S. Bensch, and R. T.
Holmes. 2002. “Links between Worlds: Unraveling Migratory
Connectivity.” Trends in Ecology & Evolution 17: 76-83.

White, P. J,, K. M. Proffitt, L. D. Mech, S. B. Evans, J. A.
Cunningham, and K. L. Hamlin. 2010. “Migration of Northern
Yellowstone Elk: Implications of Spatial Structuring.” Journal
of Mammalogy 91: 827-837.

White, E. R., and A. Hastings. 2020. “Seasonality in Ecology: Progress
and Prospects in Theory.” Ecological Complexity 44: 100867.

SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

How to cite this article: Martin, Ellen C., Brage
Bremset Hansen, Ivar Herfindal, and Aline
Magdalena Lee. 2023. “The Role of Seasonal
Migration in Spatial Population Synchrony.”
Ecology 104(11): e4158. https://doi.org/10.1002/

ecy.4158

//:50NY) SUONIPUOD pUe SIS | BU1 89S *[7202/TO/0E] Uo Aeid17auliuO AS|IM ‘WNIN ‘U01e8s9y JHNLYN HOd LNLILSNI NVIOIMHON Ag 85Tt A38/200T 0T/10p/wod A3 1M Akelq1putuo's fuinofesa//sdny woy pepeojumoq ‘TT ‘€202 ‘0LT66E6T

100" A3 1M’

35UB0 17 SUOWILIOD) BAIERID 3|qedl|dde ay Ag peusenob ale sapie YO ‘9sn Jo sajni o) Ariq1TauluQ A3]1A\ UO (SUOIpUod-pue:


https://doi.org/10.6084/m9.figshare.23828877.v1
https://doi.org/10.6084/m9.figshare.23828877.v1
https://doi.org/10.1002/ecy.4158
https://doi.org/10.1002/ecy.4158

	The role of seasonal migration in spatial population synchrony
	INTRODUCTION
	MODEL AND METHODS
	Population model for annual cycle
	Breeding ground dispersal
	Breeding ground survival
	Breeding ground fecundity
	Nonbreeding ground/overwintering survival

	Variation in environmental noise
	Model scenarios
	Quantifying synchrony

	RESULTS
	Between nonbreeding ground environmental autocorrelation
	Within nonbreeding ground environmental autocorrelation
	Migration characteristics

	DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


