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STOCHASTIC POPULATION GROWTH IN
SPATTIALLY HETEROGENEOUS ENVIRONMENTS

STEVEN N. EVANS, PETER L. RALPH, SEBASTIAN J. SCHREIBER, AND ARNAB SEN

ABSTRACT. Classical ecological theory predicts that environmental stochasticity increases extinction
risk by reducing the average per-capita growth rate of populations. For sedentary populations in a
spatially homogeneous yet temporally variable environment, a simple model of population growth
is a continuous time Markov process Z;, ¢ > 0, where the conditional law of Z;;a; — Z; given
Z, = z has mean and variance approximately zuAt and z202At when the time increment At is
small. The long-term stochastic growth rate lim;_, . t ! log Z; for such a population equals & — %2
Most populations, however, experience spatial as well as temporal variability. To understand the
interactive effects of environmental stochasticity, spatial heterogeneity, and dispersal on population
growth, we study an analogous model X; = (X},..., X[*), t > 0, for the population abundances in
n patches: the conditional law of X, a; given X; = z is such that when the time increment At is
small the conditional mean of of X/, x, — X; is approximately [z'u; + (27 Dj; — ' Dij)]At, where
i is the per capita growth rate in the i-th patch and D;; is the dispersal rate from the i-th patch
to the j-th patch, and the conditional covariance of X§+At — X} and X5+At - Xf is approximately
z'xIo;; At for some covariance matrix ¥ = (0;;). We show for such a spatially extended population
that if S; = (X} +---+ X) denotes the total population abundance, then Y, = X;/S;, the vector of
patch proportions, converges in law to a random vector Y, as t — oo, and the stochastic growth rate
lim;_, ot~ log S; equals the space-time average per-capita growth rate > w;E[Y1] experienced by
the population minus half of the space-time average temporal variation IE[E:Z ; Oij Y1 Y] experienced
by the population. We derive analytic results for the law of Y, find which choice of the dispersal
mechanism D produces an optimal stochastic growth rate for a freely dispersing population, and
investigate the effect on the stochastic growth rate of constraints on dispersal rates. Our results
provide fundamental insights into “ideal free” movement in the face of uncertainty, the persistence
of coupled sink populations, the evolution of dispersal rates, and the single large or several small
(SLOSS) debate in conservation biology.

1. INTRODUCTION

Environmental conditions (e.g. light, precipitation, nutrient availability) vary in space and time.
Since these conditions influence survivorship and fecundity of an organism, all organisms whether
they be plants, animals, or viruses are faced with a fundamental quandary of “Should I stay or should
[ go?” On the one hand, if individuals disperse in a spatially heterogeneous environment, then they
may arrive in locations with poorer environmental conditions. On the other hand, if individuals
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do not disperse, then they may fare poorly due to temporal fluctuations in local environmental
conditions. The consequences of this interaction between dispersal and environmental heterogeneity
for population growth has been studied extensively from theoretical, experimental, and applied
perspectives [Hastings, 1983, [Petchey et al.. [1997, Lundberg et al., 2000, |Gonzalez and Holt, 2002,
Schmidt], 2004, Roy et al., 2005, [Boyce et al. 2006, Matthews and Gonzalez, 2007, [Schreiber]
2010]. Here, we provide a mathematically rigorous and analytically tractable perspective on these
interactive effects using spatially explicit models of stochastic population growth.

Population growth is inherently stochastic due to numerous unpredictable causes. For a single,
unstructured population with overlapping generations, the simplest model accounting for these
fluctuations is a linear stochastic differential equation of the form

(1) dZt = /.Ltht + O'thBt,

where Z; is the population abundance at time ¢, p is the mean per-capita growth rate (that is,
E[Ziani — Zi | Z; = 2] = 2pAt), 02 is the “infinitesimal” variance of fluctuations in the per-capita
growth rate (that is, E[(Za;— Z; — 2puAt)? | Z;, = 2] ~ 220%At), and B, is a standard Brownian mo-
tion. Equivalently, the random variable log Z; is normally distributed with mean log Zo+ (u—o0?/2)t
and variance o*t. Hence, even if the mean per-capita growth rate u is positive these populations
decline exponentially towards extinction when 02/2 > u due to the predominance of the stochastic
fluctuations. Despite its simplicity, the model is used extensively for projecting future popu-
lation sizes and estimating extinction risk |[Dennis et al., (1991} [Foley, (1994, Lande et al., 2003].
For example, |Dennis et al.| [1991] estimated p and o for six endangered species. These estimates
provided a favorable outlook for the continued recovery of the Whooping Crane (i.e. p > 02/2),
but unfavorable prospects for the Yellowstone Grizzly Bear.

Individuals cannot avoid being subject to temporal heterogeneity, but it is only when they dis-
perse that they are affected by spatial variation in the environment. The effect of spatial het-
erogeneity on population growth depends, intuitively, on how individuals respond to environmental
cues [Hastings, |1983] |Cantrell and Cosner, 1991} |[Dockery et al., |1998|, |(Chesson, 2000, |Cantrell et al.|
2006, Kirkland et al., 2006, [Schreiber and Lloyd-Smith| 2009]. When movement is towards regions
with superior habitat quality, the presence of spatial heterogeneity increases the rate of population
growth [Chesson, 2000, Schreiber and Lloyd-Smith) |2009]. The most extreme form of this phenome-
non occurs when individuals are able to disperse freely and ideally; that is, they can move instantly
to the locations that maximize their per-capita growth rate [Fretwell and Lucas, 1970 Cantrell
et al., |2007]. Anthropogenically altered habitats, however, can cause a disassociation between cues
used by organisms to assess habitat quality and the actual habitat quality. This disassociation can
result in negative associations between movement patterns and habitat quality and a correspond-
ing reduction in the rate of population growth [Remes, 2000, Delibes et al., 2001, Schreiber and
Lloyd-Smith| 2009]. For “random diffusive movement” (that is, no association between movement
patterns and habitat quality), spatial heterogeneity increases population growth rates due to the in-
fluence of patches of higher quality. However, this boost in growth rate is most potent for sedentary
populations [Hastings, 1983, [Dockery et all [1998| [Kirkland et al., 2006, Schreiber and Saltzman),
2009]. This dilutionary effect of dispersal on population growth was observed in the invasion of a
woody weed, Mimosa pigra, into the wetlands of tropical Australia [Lonsdale, 1993]. A relatively



STOCHASTIC GROWTH IN HETEROGENEOUS ENVIRONMENTS 3

fast disperser, this weed had a population doubling time of 1.2 years on favorable patches, but it
exhibited much slower growth at the regional scale (doubling time of 6.7 years) due to the separation
of suitable wetland habitats by unsuitable eucalyptus savannas.

Despite these substantial analytic advances in understanding separately the effects of spatial
and temporal heterogeneity on population growth, there are few analytic studies that consider the
combined effects. For well-mixed populations with non-overlapping generations living in patchy en-
vironments, Metz et al.|[1983] showed that population growth is determined by the geometric mean
in time of the spatially (arithmetically) averaged per-capita growth rates. A surprising consequence
of this expression is that populations coupled by dispersal can persist even though they are extinc-
tion prone in every patch |Jansen and Yoshimura) |1998]. This “rescue effect”, however, only occurs
when spatial correlations are sufficiently weak [Harrison and Quinn} 1989]. Schreiber|[2010] extended
these results by deriving an analytic approximation for stochastic growth rates for partially mixing
populations. This approximation reveals that positive temporal correlations can inflate population
growth rates at intermediate dispersal rates, a conclusion consistent with simulation and empirical
studies |[Roy et al., 2005, [Matthews and Gonzalez, [2007]. For example, Matthews and Gonzalez
[2007] manipulated metapopulations of Paramecium aurelia by varying spatial-temporal patterns
of temperature. In spatially uncorrelated environments, the populations coupled by dispersal al-
ways persisted for the duration of the experiment, while some of the uncoupled populations went
extinct. Moreover, metapopulations experiencing positive temporal correlations exhibited higher
growth rates than metapopulations living in temporally uncorrelated environments.

Here, we introduce and analyze stochastic models of populations that continuously experience
uncertainty in time and space. Our analysis answers for this model some fundamental questions in
population biology such as:

e What is the ideal free distribution of individuals constantly facing uncertainty about local
environmental conditions?

e When are population growth rates maximized at low, high, or intermediate dispersal rates
for populations exhibiting diffusive movement?

e How do multiple spatial scales of environmental heterogeneity influence population persis-
tence?

In Section [2| we introduce our model for population growth in a patchy environment. It describes
temporal fluctuations in the qualities of the various patches using multivariate Brownian motions
with correlated components.

In Section [3], we first consider the vector-valued stochastic process given by the proportions of the
population in each patch. These proportions converges in law to a (random) equilibrium at large
times. The probability that this equilibrium spatial distribution is in some given subset of the set
of possible patch proportions is just the long-term average amount of time that the process of patch
proportions spends in that subset. We derive a simple expression for the stochastic growth of the
population in terms of the first and second moments of the equilibrium spatial distribution. It is
difficult to obtain explicit closed-form expressions for the law of the equilibrium spatial distribution
for an arbitrary number of patches, but we are able to do so in the case of two patches and investigate
how this law depends on the dispersal mechanism. We then present some numerical simulations to
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give a first indication of the interesting range of phenomena that can occur when there are several
patches and biased movement.

We use the results from Section [3]in Section [ to investigate ideal free dispersal in stochastic envi-
ronments. That is, we determine which dispersal mechanism maximizes the stochastic growth rate
for given mean values or the per-capita growth rates in each of the patches and given infinitesimal
covariances for their temporal fluctuations.

We consider the effect of constraints on the dispersal mechanism in Section [} We suppose that
the dispersal rates are fixed up to a scalar multiple 0 and establish an analytic approximation for
the stochastic growth rate of the form a+b/6 for large . We use this approximation to give criteria
for whether low, intermediate, or high dispersal rates maximize the stochastic growth rate. In
particular, we combine this analysis with tools from group representation theory to obtain results
on the stochastic growth rate for environments with multiple spatial scales.

We discuss how our results relate to existing literature in Section [} We end with a collection of
Appendices where, for the sake of streamlining the presentation of our results in the remainder of
the paper, we collect most of the proofs.

2. THE MODEL

We consider a population with overlapping generations living in a spatially heterogeneous envi-
ronment consisting of n distinct patches and suppose that the per-capita growth rates within each
patch are determined by a mixture of deterministic and stochastic environmental inputs. Let X}
denote the abundance of the population in the i-th patch at time ¢ and write X; = (X},..., X™")T
for the resulting column vector (we will use the superscript 7" throughout to denote the transpose of
a vector or a matrix). If there was no dispersal between patches, it would be appropriate to model
X as a Markov process with the following specifications for At small:

E[X{iar — Xi | Xy = 2] = pa At
where p; is the mean per-capita growth rate in patch ¢, and

Cov[Xj,p, — X, X}

J _ ~ . .pboed
Yoar — X | X = 2] &~ 022! At,

where ¥ = (0y;) is a covariance matrix that captures the spatial dependence between the tempo-
ral fluctuations in patch quality. More formally, we consider the system of stochastic differential
equations of the form

dX; = X} (pdt + dEY)

where E; = 7By, I' is an n x n matrix such that I''T = ¥, and B; = (B},...,B)T, t >0, is a
vector of independent standard Brownian motions.

In order to incorporate dispersal that couples the dynamics between patches, let D;; > 0 for
j # 1 be the per-capita rate at which the population in patch i disperses to patch j. Define
—Dy; =" i Dij to be the total per-capita immigration rate out of patch i. The resulting matrix
D has zero row sums and is thus the generator of a continuous time Markov chain; that is, if we
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write P, := exp(tD) for t > 0, so that P, ¢t > 0, solves the matrix-valued ODE

d
d_t-Pt:PtDa

then the matrix P, has nonnegative entries, its rows sum to one, and the Chapman-Kolmogorov
relations P;P, = Py, hold for all s,¢ > 0. The (i,7)-th entry of P, gives the proportion of the
population that was originally in patch ¢ at time 0 but has dispersed to patch j at time ¢.

Adding dispersal to the regional dynamics leads to the system of stochastic differential equations

(2) dX] = X|(udt + dE}) + > D;; X{dt.
j=1
We can write this system more compactly as the vector-valued stochastic differential equation
dX,; = diag(X,) (udt + dE,) + DTX, dt

3
) = diag(X;) (pdt + I'"dB,) + D" X, dt,

where p := (uy,. .., 1,7, and, given a vector u, we write diag(u) for the diagonal matrix that has
the entries of u along the diagonal.

We implicitly assume in the above set-up that all dispersing individuals arrive in some patch
on the landscape. To account for dispersal induced mortality, we can add fictitious patches in
which dispersing individuals enter and experience a mortality rate before dispersing to their final
destination.

Also, our model does not include density-dependent effects on population growth. However,
one can view it as a linearization of a density-dependent model about the extinction equilibrium
(0,...,0)T and, therefore, determines how the population grows when abundances are low.
Moreover, for discrete-time analogues of our model, positive population growth for this linearization
implies persistence in the sense that there exists a unique positive stationary law for corresponding
models with compensating density-dependence [Benaim and Schreiber] 2009]. We conjecture that
the same conclusion holds for our continuous time model.

From now on we assume that the dispersal rate matrix D is #rreducible (that is, that it can
not be put into block upper-triangular form by a re-labeling of the patches). This is equivalent to
assuming that the entries of the matrix P, = exp(tD) are strictly positive for all ¢ > 0, and so it is
possible to disperse between any two patches. Also, we will assume that the covariance matrix X
has full rank (that is, that it is non-singular). This assumption implies that the randomness in the
temporal fluctuations is genuinely n-dimensional.

3. THE STABLE PATCH DISTRIBUTION AND STOCHASTIC GROWTH RATE

3.1. Stable patch distribution. The key to understanding the asymptotic stochastic growth rate
of the population is to first examine the dynamics of the spatial distribution of the population. Let
S; == X} + -+ + X denote the total population abundance at time ¢ and write Y := X}/S; for
the proportion of the total population that is in patch i. Set Y, := (V;},...,¥/)T. The stochastic
process Y takes values in the probability simplex A :={y e R" : Y. y; = 1, y; > 0}.
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The following proposition, proved in Appendix [A] shows that the stochastic process Y is au-
tonomously Markov; that is, that its evolution dynamics are governed by a stochastic differential
equation that does not involve the total population size. Moreover, it says that the law of the
random vector Y, converges to a unique equilibrium as t — oc.

Proposition 3.1. Suppose that Xy # 0. Then, the stochastic process Y satisfies the stochastic
differential equation

(4) dY, = (diag(Y:) — Y, Y/])I"dB, + D"Y,dt + (diag(Y:) — Y, Y}) (0 — XY,) dt.

Moreover, there exists a random variable Y o taking values in the probability simplex A such that Y,
converges in law to Yo ast — oo and such that the empirical measure 11; := %fot dy, ds converges
almost surely to the law of Yo ast — 0o. The law of Yo does not depend on X,.

The empirical probability measure II; appearing in Proposition describes the proportions of
the time interval [0, ¢] that the process Y spends in the various subsets of its state space A. Namely,
for a Borel set A C A of patch occupancy states, IT;(A) equals the fraction of time spent in these
states over the time interval [0,t]. For example, if A = {y € A :y; > 1/2}, then II;(A) equals the
fraction of time for which at least 50% of the population in patch 1 over the time interval [0, ¢].

3.2. Stochastic growth rates. Recall that S; = X! +---+ X[ is the total population size at time
t. That is, S; = 17X;, where 1 = (1,...,1)T. Because D1 = 0, it follows from (3] that

dS, = XI'TTaB, + p" X,dt = S,Y!TTdB, + Sy Y dt.
Therefore, by 1to’s lemma,
t t 1 t
log S; = Sy + / Y/ T"dB, + / plY dt — - / Y/ TITY,dt.
0

2
0 0
Dividing by t, taking the limit as ¢ — oo, and applying Proposition yields the following result.

Theorem 3.2. Suppose that Xo # 0. Then,
1
(5) X = lim t™log Sy = ' E[Ya] — SE [YLXY.] almost surely,
—00

where Y o, 1s described in Proposition |5. 1)

The limit y in () is generally know as the Lyapunov exponent for the Markov process X. Following
Tuljapurkar| [1990], we also call y the stochastic growth rate of the population as it describes the
asymptotic growth rate of the population in the presence of stochasticity. One interpretation of
comes from the observation that this quantity is the asymptotic stochastic growth rate we would
see in the single, unstructured population described by if the mean per-capita growth rate in
that model was

T _ Vi — 1 Vi
(6) HE[Y ] = 3 BV = Jim > piE[Y]
and the infinitesimal variance of the temporal fluctuations was

) B[YIEYo] = Jim Bl By — B0
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for any At. The quantity in (@ is obtained by taking a weighted average of the mean per-capita
growth rates in each patch with respect to the patch proportions Y;, computing the expected value
of this random variable, and then taking a limit as t — oo. Similarly, the quantity in is obtained
by taking a weighted average of the appropriately rescaled temporal fluctuations \/%(Ewm - E)
with respect to the patch proportions Y, computing the variance of this random variable, and
then taking a limit as ¢ — oo. In other words, the stochastic growth rate we see in the case of
several patches is just what would we see for a single, unstructured patch provided that the mean
per-capita growth rate and infinitesimal variance of the temporal fluctuations are both computed
by suitable averaging of the patch-specific quantities in the structured model with respect to the
equilibrium patch proportions.

To get a more explicit expression for the stochastic growth rate, we need to determine the law of
the (random) stable patch distribution Y, or at least find its first and second moments. In general,
this is a difficult problem that reduces to solving an elliptic PDE on the probability simplex A with
appropriate boundary conditions. However, in the case of two patches, the problem becomes one
of solving a second order ODE on the unit interval.

Example 3.1 Stochastic growth in two patch environments. Assume there are two patches

(that is, n = 2). For simplicity, suppose there are no environmental correlations between the
patches; that is, that o;; = 02 and 0;; = 0 for ¢ # j. Proposition [3.1] gives that V! = X! /(X} + X?)
satisfies the one-dimensional stochastic differential equation

4y} = M(Y;')dt +\/V(¥}) dB,

M(y) ==yl —y)(u1 — po2 — 0y + 03(1 — y)) — D12y + Doy (1 — y)
and

V(y) =y*(1 —y)*(co} + 03).

A standard result (see, e.g., [Karlin and Taylor| [1981, Chapter 15]) implies that the infinitesimal
generator of the one-dimensional diffusion process (Y;');>¢ is the second order differential operator

where

AF() = V) + M) ),

and the density p for the corresponding stationary law (that is, the density of Y. ) solves the adjoint
equation

S(Vo) — (Mp) =0

on (0,1). If we integrate once and rearrange, we see that

(VoY =25 (V)),
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FiGURE 1. Spatial distribution and population growth in a two patch environment.
In (a), the stochastic growth rate x is plotted as a function of the dispersal rate ¢.
In (b), the stationary density of the fraction of individuals in patch 1 is plotted for
different dispersal rates. Parameter values are gy = ps = 0.3, 0y = 0o = 1, and
Dy = Dy = 0.

an equation that is solved by

Cy ( /M(y) )

= exp (2 [ =2 g

p(y) 7 XP ) y
Cs ( 2 /Ml—u2 ot o3 Dy Doy )

ex — + = — + d
POy P \?ro? ) yi—y) 1-y v yl-y? 2a-y"

2 D D
= G e (<o (P24 22 ),

oi+o3\y l—y

where the C; are normalization constants, and

202
a; =
o + 03
2
B = —5—— (1 — p2+ Dy — D13).

0% + o3
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Using this expression in (j5)), we get the following explicit expression for the stochastic growth rate

! ! U% ! 2 U% ! 2
X = ul/ yp(y)dy+uz/(1—y)p(y)dy—7/ yp(y)dy—g/(l—y) p(y) dy
0 0 0 0
1 1

0.2

2 2 2"“73 2
= u2—3+(u1—u2+02)/ yp(y) dy — /yp(y)dy
0 0

Despite its apparent complexity, this formula provides insights into how dispersal may influence
population growth. For example, consider a population dispersing diffusively between statistically
similar but uncorrelated patches (that is, D1o = Da; = /2, 11 = po = p, and 01 = 03 = 7). We
claim that the stochastic growth rate x is an increasing function of the dispersal rate §. Intuitively,
this occurs because increasing § decreases the variance of the random variable Y, but has no effect
on its expectation. It even follows that if ;4 — 0%/2 < 0, and so both patches would be unable to
sustain the population in the absence of dispersal, that connecting the patches by dispersal can
permit persistence (Fig. . Since x is an increasing function of § and Y. clearly converges in law
to the constant £ as & — oo, this phenomena occurs if and only if 0?/4 < p < 0?/2.

To verify our claim that y is increasing with &, write p(-;d) for the density of Y1 to emphasize
its dependence on ¢ and notice that in this case

4]
S — ~1(1 _ -1 _
plyi0) = COW 1= ) exp (5t ) v (0.0
where C'(0) is the normalization constant and
1
(8) X(0) =p—0"/2+ 02/ y(1—y) ply;0) dy.
0

It suffices to show that

1 §
fO eXp (_y(lfy)) dy

1
Joy (1 —y)~texp (—ﬁ) dy

/0 y(1 —y)ply; 200°) dy =

is an increasing function of § > 0. Differentiating with respect to  and carrying the differentiation
inside the integral sign, we obtain

C(2625)? x l/olym ) Zexp (_ﬁ) dy /01 exp (—ﬁ) dy

([roren(ts) )]

This quantity is the variance of the random variable (Y1 (1 — Yolo))_1 and is thus nonnegative.
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For the purpose of comparison with general asymptotic approximations that we develop later, we
note that after a change of variable

1 ) o
e (Cmmtmy) @ fresbesE g gie
1 - o —L12022 1,
Joy (1 —y)~texp <_2a2y((51—y)> dy Jo ez (T + )7 dz

1 3
2

Upon expanding the two functions w +— (w+4)72 and w — (w +4)~
and integrating, we find that the ratio of integrals is of the form

in Taylor series around 0

as 0 — 00, so that

<9> @) - -2

as 0 — 00.

Because there do not appear to be closed-form expressions for the law of the stable patch distri-
bution Y., when there are more than two patches, we must seek other routes to understanding the
stochastic growth rate in such cases. One approach would be to derive the PDE for the associated
probability density (including the appropriate boundary conditions) and solve it numerically. A
second approach would be to simulate the stochastic process Y for long time intervals and derive
approximate values for the first and second moments of the equilibrium distribution. To give an
indication of the range of phenomena that can occur in even relatively simple systems where there is
biased movement between patches, we adopt the even simpler solution of simulating the stochastic
process X directly for long time intervals to obtain an approximate value of the stochastic growth
rate.

Example 3.2 Fully connected metapopulations with biased emigration. In this simulation,
one quarter of the patches are higher quality (¢ = 10 in these patches) and the remainder are lower
quality (u = 1). All patches have the same level of (uncorrelated) environmental noise: o; = 16 for
all @ and o0;; = 0 for ¢ # j. When an organism exits a patch it chooses from the other patches with
equal probability, but the emigration rate from a patch depends on the patch quality.

Consider first the case that emigration is “adaptive” in the sense that individuals emigrate more
rapidly out of lower quality patches (D;; = 106 for ¢ # j and lower quality patches i) than higher
quality patches (D;; = 0 for ¢ # j and higher quality patches i). As expected, Fig. |2| shows that
X(0) increases with 0 in this regime.

Alternatively, consider the case that emigration is “maladaptive” in the sense that individuals
emigrate more rapidly out of higher quality patches (D;; = 10 for i # j and higher quality patches
i) than lower quality patches (D;; = 0 for i # j and lower quality patches ). It is possible
to show using the results of Section [5| below, that, in this regime, high dispersal rates lead to
a lower stochastic growth rate than sedentary populations (that is, lims . x(d) is dominated by
lims o x(6)), and yet x(9) increases with 6 when 0 is large. It turns out (see Fig. that x(d)
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FI1GURE 2. The effect of dispersal rate ¢ on populations emigrating more rapidly out
of lower quality patches than higher quality patches. Details of parameter values are
described in the main text.

exhibits a rather complex dependence on ¢: it increases at low dispersal rates, but then declines at
higher dispersal rates, and finally increases again at the highest dispersal rates.

4. IDEAL FREE DISPERSAL IN A STOCHASTIC ENVIRONMENT

A basic quandary in evolutionary ecology is, “For a given set of environmental conditions, what
dispersal pattern maximizes fitness?” Since fitness in our context corresponds to the stochastic
growth rate of the population, we can rephrase this question as, “Given p and ¥, what form of
the dispersal mechanism D maximizes x?” We call such an optimal dispersal mechanism ideal free
dispersal.

Equation (b)) provides a means to answer this question. Because ¥ has full rank, the function
Y %yTEy is strictly convex, and so Jensen’s inequality implies that

E[YLYY ] > E[Y,])'SE[Y.],

with equality if and only if the random vector Y, is almost surely constant. Hence, to maximize
the stochastic growth rate y, we need to eliminate the variability in Y, so that Y., = y almost
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F1GURE 3. The effect of dispersal rate ¢ on populations emigrating more rapidly out
of higher quality patches than lower quality patches. Details of parameter values are
described in the main text.

surely for a constant y that is chosen to maximize

(10) phy — %yTE y

subject to the constraint y € A. Under our standing non-degeneracy assumptions on D and X,
the law of Y, is supported on all of A, and so we cannot actually achieve a situation in which
Y, is a constant. However, the following result, which we prove in Appendix [B] shows that we
can approach this regime arbitrarily closely. We note that any vector 7 in the interior of A is the
stationary law for some irreducible infinitesimal generator @ (that is, that 77Q = 0). For example,
Q = 17T — I suffices.

Proposition 4.1. Consider a vector m in the interior of A and an irreducible infinitesimal gen-
erator Q) that has 7 as its unique stationary law. Let Yoo(0) be the equilibrium patch distribution
and x(0) be the stochastic growth rate for with D = §Q. Then Y (0) converges in law to the
constant vector © as & — oo, and x(8) converges to pTm — %TFTEW as 0 — 0o.

In the absence of population growth due to deterministic or stochastic effects, each of the dispersal
mechanisms 0() in Proposition sends the patch distribution to the vector 7 regardless of the
initial conditions, and the speed at which this happens increases with 4, so that it becomes effectively
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instantaneous for large 6. Proposition says that this push towards a deterministic equilibrium
overcomes any disruptive effects introduced by population growth provided ¢ is sufficiently large,
and so it is possible to produce random equilibrium patch distributions that are arbitrarily close
to any given vector 7 in the interior of A. If we further approximate vectors m on the boundary of
A by ones in the interior, we see that it is possible to produce equilibrium patch distributions that
are arbitrarily close to any given vector in A.

Given that any patch distribution can be approximated arbitrary closely by the equilibrium patch
distribution of a suitable population of rapidly dispersing individuals, the problem of optimizing y
reduces, as we have already noted, to maximizing the strictly concave function g(y) = p?'y— %yTZ Y
over the compact, convex set A. Denote the unique maximizer by y* = (y;,...,y5)7

Note first that it is optimal for all individuals to remain in the single patch k (that is, y; = 1)
when

99 (e4) — - 0 for all i # k
e (ex) a_yk<€k) = [ — O — M + O < U 101 all 7 )
where e;, is the k-th element of the standard basis of R", or, equivalently,

Wi — i > ok — oy, for all @ # k.

Hence, if the variances are sufficiently large and the covariances are sufficiently small, then ideal
free dispersal involves dispersing between several patches.

When it is optimal to disperse between several patches, we can solve for the optimal dispersal
strategy y* by using the method of Lagrange multipliers. Without loss of generality, assume that
the optimal strategy y* makes use of all patches, that is, that y* is in the interior of A (otherwise,
we just have to consider analogous problems on the faces of the convex polytope A of the form
{ye A:y; =0,i€e I}, where I is a subset of {1,...,n}). Because

Vy(y) = p— Sy and V (Z yz-) =1,

the optimal y* must satisfy
(11) w—Xy* = A1,
where ) is a Lagrange multiplier. Since

1
Yy), = —E
(Zy); A7

Y

( Z—I—At — E}) Z yj(EngAt - Etj)
J

implies that ideal free populations are distributed across the patches in such a way that in

all occupied patches the differences between the mean per-capita growth rates and the covariances

between the within patch noise and the noise experienced on average by an individual are equal.
Now,

(12) y =" (n— A1),

and the constraint 17y = 1 yields
1 =177 — A1),
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so that
175"ty —1

1 A= —————

(13) 17y-11
and

17s1y -1

14 =yt - 1.
(1) = (n- Pt

The right-hand side of equation is the optimal vector y* we seek, provided that it belongs to
the interior of A. Otherwise, as we remarked above, we need to perform similar analyses on the
faces of the simplex A.

To illustrate the utility of this formula, we examine two special cases: when the environmental
noise between patches is uncorrelated, and when the patches experience the same individual levels
of noise but they are spatially correlated.

Example 4.1 Spatially uncorrelated environments. Suppose that there are no spatial corre-
lations in the environmental noise, so that ¥ is a diagonal matrix with diagonal entries oy = o2. Tt
follows from equation that the ideal free patch distribution is

1 Hi —
(15) y; = 741
o7y /07 ; o7

provided that > y (g — i)/ 012» < 1 for all 7. Hence, ideal free dispersers visit all patches whenever
the environmental variation is sufficiently great relative to differences in the mean per-capita growth
rates. In particular, if all mean per-capita growth rates are equal, then the fraction of individuals
in a patch is inversely proportional to the variation in temporal fluctuations in the patch; that is,
v = (1/02)/(3, 1/0?).
Example 4.2 Spatially correlated environments. Suppose that the infinitesimal variance of
the temporal fluctuations in each patch is 0 and that the correlation between the fluctuations in
any pair of patches is p. Thus, ¥ = 0?(1 — p)I + 02pJ, where J = 117 is the matrix in which every
entry is 1. Provided that —ﬁ < p < 1, the matrix X is non-singular with inverse
1 p
vl = I— J.

1—p (1=p)(d+(n—1)p)
Denoting by i = %ZZ 1; the average across the patches of the mean per-capita growth rates, the
optimal dispersal strategy is given by

Y

provided that y¢ > 0 for all i. Notice that agrees with when p = 0 and 0; = 0. Equa-
tion implies that if the environmental variance o is sufficiently large, then ideal free dispersers
visit all patches and spend more time in patches that support higher mean per-capita growth rates.
Increasing the common spatial correlation p results in ideal free dispersers spending more time in
patches whose mean per-capita growth rate is greater than the average of the mean per-capita
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F1GURE 4. Effects of spatial correlations on the ideal free patch distribution in a 15
patch environment. Per-capita growth rates u; are plotted in the top left. The ideal
free patch distribution y* is plotted at three levels of spatial correlation p. Covariances
are 0;; = 2 and o0;; = 2p for i # j.

growth rates and less time in other patches (Fig. . When the spatial correlations are sufficiently
large, it is no longer optimal to disperse to some patch(es) with lower mean per-capita growth rates.
When this occurs, the ideal free patch distribution has y = 0 in these patch(es) with lower mean
per-capita growth rate and y; for the other patch(es) given by with i the average of the mean
per-capita growth rates across these remaining patch(es).

5. THE EFFECT OF CONSTRAINTS ON DISPERSAL

While the ideal free patch distribution is a useful idealization to investigate how organisms should
disperse in the absence of constraints, organisms in the natural world have limits on their ability
to disperse and to collect and interpret environmental information. Recall from Section 4] that if
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y*, the optimal patch distribution for an ideal free disperser, is in the interior of the probability
simplex A, then, loosely speaking, the ideal free disperser achieves the maximal stochastic growth
rate by using a strategy for which dispersal rate matrix is of the form D = 0@}, where @) is any
irreducible infinitesimal generator matrix with (y*)7@Q = 0 and § = co. At the opposite extreme,
if y* assigns all of its mass to a single patch, then an ideal free disperser never leaves that single
most-favored patch.

To get a better understanding of how constraints on dispersal influence population growth, we
consider dispersal matrices of the form D = §Q, where 6 > 0 and @ is a fixed (irreducible)
infinitesimal generator matrix Q with a stationary law 7 (that is, 77@Q = 0) that is not necessarily
the optimal patch distribution for an ideal free disperser in the given environmental conditions. We
write x(0) for the stochastic growth rate of the population and ask which choice of § maximizes x/(9).
In particular, we are interested in conditions under which some intermediate ¢ (that is, 0 < § < 00)
maximizes x(0).

We know from Proposition that x(6) approaches 7%y — 1 7Y as § — co. We therefore set
x(00) = 7'y — 1778w, On the other hand, if there is no dlspersal (0 =0), then hmt_>OQ +log X} =

2
i — 5 with probablhty one whenever X{ > 0, and so limy_,o + log S, = max; f; — U—i whenever

X4 > 0 for all . Hence, it is reasonable to set x(0) = max;(u; — —) The following result which
we prove in Appendix [C] implies that the function § — x(d) is continuous on [0, co).

Proposition 5.1. The function § — x(9) is analytic on the interval (0, 00) and continuous at the
point § = 0.

It follows that one way to establish that x(d) is maximized for an intermediate value of § is to
show that x(0) < x(co0) and that x(§) > x(oo) for all sufficiently large . The following theorem
provides an asymptotic approximation for y(d) when ¢ is large that will allow us to check when
the latter condition holds. We prove the theorem under the hypothesis that the (irreducible)
infinitesimal generator matrix ) is reversible with respect to its (unique) stationary law 7; that is,
that m;Q;; = 7,;Q;; for all 4, j. Reversibility implies that at stationarity the Markov chain defined by
@ is “locally balanced” in the sense that if we observe a large number of individuals independently
executing the equilibrium dynamics, then the rate at which we see individuals move from patch
1 to patch j equals the rate at which we see individuals move from patch j to patch 7. We note
that diffusive movement (that is, the matrix @) is symmetric) and any form of movement along a
one-dimensional landscape (that is, the matrix @) is tridiagonal) are examples of reversible Markov
chains. We provide a proof of the theorem in Appendix [D] Corollary below, which we prove in
Appendix [E] provides a more readily computable expression for the asymptotics of the stochastic
growth rate under further assumptions.

Theorem 5.2. Suppose that Q) is reversible with respect to its stationary law 7. Then,

X(6) = <MT7T - %szw) + % {(u — )Ty

1

(17) —3 /000 Tr(exp(Q”s) (diag(m) — nn”) T (diag(m) — 7’ ) exp(Qs)X) ds | + 0(5_%)
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as & — 00, where v is the unique vector satisfying 17v = 0 and Qv = — (diag(w) — 7T7TT) (—2m).

When the dispersal mechanism D = §(@) is consistent with ideal dispersal in the limit 6 — oo,
equation implies that (z — Xm)Tv = A17v = 0. On the other hand, the proof of Theorem
shows that

/000 Tr(exp(Q”s) (diag(m) — n7r") T (diag(m) — 77" ) exp(Qs)) ds = Tr (E[V VLIZ) > 0

where V, is a Gaussian random vector. Hence, as expected, x(9) is an increasing function for large
0 when 7 corresponds to the ideal free distribution associated with p and ¥. However, when 7 does
not correspond to the ideal free distribution, y(J) may be increasing or decreasing for large § as we
illustrate below.

When (Q and ¥ commute, the asymptotic expression for x(d) simplifies a great deal.

Corollary 5.3. Suppose that Q) is symmetric and QX = XQ. Let Ay < ... < A1 < A\, =0 be
the eigenvalues of (QQ with corresponding orthonormal eigenvectors &1, ...,&,. Then, the eigenvalues
01,...,0, of ¥ can be ordered so that & = 01&, for each 1 < k < n, and the approximation (L7)
reduces to

(18) @) = (i 50) = 5. lz% (w7 - %)

k=1

+ O(67%/%)

as § — oo and where L = £ 3" pu;.

To illustrate the utility of this latter approximation, we develop more explicit formulas for three
scenarios: diffusive movement in a landscape where all patches are equally connected (that is, a
classic “Levins” style landscape |Levins, 1969]), diffusive movement in a landscape consisting of
a ring of patches, and diffusive movement in a landscape with multiple spatial scales (that is, a
hierarchical Levins landscape). We begin with a simple example.

Example 5.1 Fully connected metapopulations with unbiased movement. Consider a pop-
ulation in which individuals disperse at the same per-capita rate §/n between all pairs of patches.
Let 02 be the variance of the within patch fluctuations and p be the correlation in these fluctuations
between any pair of patches. Under these assumptions, the dispersal matrix equals @ = J/n—1I and
the environmental covariance matrix equals ¥ = (1 — p)o?I + po?J, where we recall that J = 117
is the matrix of all ones. Because () is symmetric, the stationary law of () is uniform; that is,
M =+ =Ty, = % Hence, in the absence of population growth there would be equal numbers of
individuals in each patch at large times.

Because the matrices I and J commute, the matrices () and X also commute. Recall the notation
of Corollary . The eigenvector &, is \/%71. If ¢ is any vector of length one orthogonal to &,, then
JE =0, and so Q¢ = —€ and X¢ = (1—p)o?. We may thus take &, ..., &,—1 to be any orthonormal
set of vectors orthogonal to &,. Moreover, \{ =--- =X\, 1 =—land 0, =--- =0, = (1 —p)o>.

Now, (€711)% = (1/n) (320, mx)” = n(fi)?, and so Parseval’s identity (that is, essentially Pythago-
ras’s theorem) implies that 37— (&7 )2 = Sop_, 13 —n(fi)* = p” . — n(f1)?. Denote the variance of
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the vector u by

n—1

1 _ 1
Varlu] = — " — (1) = — > (& m)*.
k=1
Substituting these observations into equation ([18]), we get that
g 1 n—1)((1 - p)o?)? _s
19) @) =g g (1 =)+ [Varlul - PEDEZATE] o),

Recall that for the special case of two uncorrelated patches with Dis = Doy = §/2, 11 = po = p,
and o1 = 09 = 0, we showed from our exact formula for x(d) in the two patch case that

as 6 — oo, see (9)). Hence, this approximation agrees with (19).
Approximation implies that x(9) is decreasing for large § whenever

n 1—p)o?

(20) V] > S
and that x(d) is increasing if the opposite inequality holds. Thus, highly diffusive movement has
a negative impact on population growth whenever there are sufficiently many patches and there is
sufficient spatial variation in the mean per-capita growth rates. Alternatively, if there is no spatial
variation in the mean per-capita rates and stochastic fluctuations are not perfectly correlated, then
the population growth rate continually increases with higher dispersal rates. This latter observation
is consistent with 7 being the optimal patch distribution for ideal free dispersers in this case.

We have remarked that, in general, an intermediate dispersal rate is optimal when y(0) < x(o0)
and x(0) > x(oco) for all sufficiently large 6. This will occur for individuals in this diffusive dispersal
regime when

max; f; — i

21) (1= p)/2> PR

and holds.
When there are many patches (that is, n — 00), inequalities and are both satisfied if

(1 —p)o?/2 > max u; — i > 0.

In other words, an intermediate dispersal rate is optimal for a system of diffusively dispersing indi-
viduals if there is some spatial variation in mean per-capita growth rates and there are sufficiently
large, but not perfectly correlated, temporal fluctuations.

In order to apply Corollary [5.3] we need to to simultaneously diagonalize the matrices @ and
3. A situation in which this is possible and the resulting formulas provide insight into biologically
relevant scenarios is when the dispersal mechanism and the covariance structure of the noise both
exhibit the symmetries of an underlying group. Example above is a particular instance of this
situation.
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More specifically, we suppose that the patches can be labeled with the elements of a finite group
G in such a way that the migration rate (), ; and environmental covariance ¥, between patches
g and h both only depend on the “displacement” gh~! from ¢ to h in G. That is, we assume
there exist functions ¢ and s on G such that Q,, = q(gh™') and ¥, = s(gh™'). For instance,
if G is the group of integers modulo n, then the habitat has n patches arranged in a circle, and
the dispersal rate and environmental covariance between two patches only depends on the distance
between them, measured in steps around the circle. We do not require that the vector p of mean
per-capita growth rates satisfies any symmetry conditions.

The matrices (Q and ¥ will commute if ¢ and s are class functions, that is, if g(gh) = q(hg) and
s(gh) = s(hg) for all g,h € G. We assume this condition holds from now on. Note that if G is
Abelian (that is, the group operation is commutative), then any function is a class function.

We now record a few facts about representation theory, the tool that will enable us to find the
eigenvalues and eigenvectors of () and X; we refer readers interested in more detail to [Serre, |1977,
Diaconis, [1988]. A wunitary representation of a group G is a homomorphism p from G into the group
of d, x d, unitary matrices, where d, is called the degree of the representation. Two representations
o' and p” are equivalent if there exists a unitary matrix U such that p”(g) = Up/(g)U~! for all
g € G. A representation p’ is irreducible if it is not equivalent to some representation p” for which
p"(g) is of the same block diagonal form for all g € G. A finite group has a finite set of inequivalent,
irreducible, unitary representations, which we denote by G. The simplest representation is the
trivial representation piy of degree one, for which pi(g) =1 for all g.

If o/, p" € G, then

(22) Z /)@] )Pre(9

geqG

B ﬁ—f, if o) = p” and (4,7) = (k, 0),
B 0, otherwise,

where 2* denotes the complex conjugate of a complex number z, and #G is the number of elements
of G.
The Fourier transform of a function f : G — C is a function f on G defined by

(23) flp) ==Y fg)plg) forpeG.

geG

Note that f(p) is a d, x d, matrix. It follows from the orthogonality properties of the matrix entries
of the irreducible representations recorded above that the Fourier transform may be inverted, giving
f explicitly as the linear combination of matrix entries of f. Specifically,

GZd T (p(g™)f(p))

pEG

_ Associated with a representation p € G is its character , defined by k(g) := Trp(g). We write
G for the set of characters of irreducible representations. The characters are class functions. They
form an orthogonal basis for the subspace of class functions on G and 3 ., [k(g)]* = #G, where

|z| = V/zz* is the modulus of the complex number z. For p € G with character € G, the Fourier
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transform of a class function f satisfies

~

flp) = —F(w)I

1
dp
where I is the d, x d, identity matrix and

(24) fs):=>" f9)r(g).
Consequently,

(25) 19)= 75 k()" f(r).

Finally, given a a function f on GG and character « that corresponds to a representation p, denote
by || f|l. the norm of the projection of f onto the subspace C¢ spanned by the matrix entries of p;
that is,

2

> 0i(9)f(9)

geG

d
d P
2. _ E

3,j=1

The following theorem is proved in Appendix [F]

Theorem 5.4. Suppose that the n patches are labeled by a finite group G in such a way that Qg =
q(gh™) and X, = s(gh™"), where q and s are class functions. Suppose further that q(g) = q(g™"),
g € G, so that the matriz Q is symmetric. Let i = # > gec Mg) and 5 = # > gec S(9). Then,

26) @ =(n-3) - 5 P (12 = 062 ) + 0621
KE Ktr

as § — oo. Furthermore, §(k) < 0 for all k € G\ {#t,}-

Roughly speaking, this expression tells us about the respective roles of variance of patch quality
(1) and covariance of environmental noise (s). Since ¢(k) is negative for all &, it tells us that if
variability between patches in p is larger, in some sense, than environmental covariance between
patches, then x(0) is decreasing for large d, and so, with a fixed migration pattern ¢, the optimal
dispersal level is not infinite. Conversely, if environmental noise is strongly correlated between
patches and the mean patch quality is similar, then more dispersal is expected to be better.

Example 5.2 Circle of Patches. Suppose that the n patches of a habitat are arranged in a circle
and are labeled by Z, = {0,1,...,n — 1}, the group of integers modulo n with identity element
0. Because Z, is Abelian, any function is a class function. The irreducible representations of Z,
are all one-dimensional (that is, d, = 1 for all p € G), and hence an irreducible representation can
be identified with its character. The characters are of the form j — k,,(j) = exp (2mimj/n) for



STOCHASTIC GROWTH IN HETEROGENEOUS ENVIRONMENTS 21

0 <m < n—1. Kp is the trivial character x¢;. Given a function Z, — C, its Fourier transform is
given by

Zf Yexp (2mimjm/n) for0 <m <n-—1.

If we assume that 1nd1v1duals disperse only to neighboring patches and these dispersal rates

are equal, then ¢(1) = ¢(n — 1) = 1/2,¢(0) = —1 and ¢(2) = ... = ¢(n — 2) = 0. Assume
the environmental noise is independent between patches and has variance o2 i.e. s(0) = ¢? and
0 =s(1) =... = s(n—1). Finally, suppose that patch quality as measured by the average per-

capita growth rates is spatially periodic, so that u(k) = i+ ¢ cos(2wkl/n) for some ¢ > 0, f1, and
1<t <n/2.

Under this set of assumptions, we can compute that for m # 0, g(m) = cos(2rm/n) — 1 and
§(m) = . Furthermore, ||u||?, = ||ul|2 _, = nc*/4 and ||u||Z, = 0 otherwise. From these computa-
tions, Theorem .4 implies that

M

1 2 n—1 2
N — 072 — —
X(0) ~ p—o°/ on < (cos(27r€/n —1) 4n(cos(2mm/n) — 1))

m=1
for large 6. Using the identity > 7 (1 — cos(27k/n))~" = (n* — 1)/6 (see equation 1.381.1 in
Gradshteyn and Ryzhik| [2007]’s table of integrals and series), this approximation simplifies to
1 2n2c? 1
§) ~ i —o?/2 ——(n*=1)o" ).
XO) > fi=07/2+ 40n? (1 — cos(27l/n) 6<n Jo

Since x(0) = i + ¢ — 0?/2, high dispersal is better than no dispersal if x(oco) — x(0) = o%(1 —
1/n)/2—c > 0. When the number of patches is sufficiently large, this inequality implies that highly
dispersive populations grow faster than sedentary populations provided that the temporal variation
is sufficiently greater than the spatial variation in per-capita growth rates i.e. o > 2c. On the
other hand, y(d) is decreasing for large § if the coefficient of 1/4 is positive i.e.

42 > %(1 ~ cos(2rl/n))(1 — n-2)o".

Hence, if £/n is small enough, then x(0) is decreasing for large §. Together, these inequalities imply
that for small scale spatial heterogeneity (i.e. ¢/n sufficiently small) and sufficiently large temporal
variability, intermediate dispersal rates maximize the stochastic growth rate.

Example 5.3 Multi-scale patches. Suppose now that our organism lives in a hierarchically
structured habitat. For example, individuals might live on bushes, the bushes grow around the
edges of clearings, and the clearings are scattered across an archipelago of islands. We label each
bush with an ordered triple recording on which island, in which clearing, and in what bush around
the clearing it lives, so that for instance (2,1,4) denotes the fourth bush in the first clearing of
the second island. To make the mathematical picture a pretty one, we suppose that each of the [
islands has the same number C' of clearings and each clearing has the same number B of bushes.
This enables us identify the habitat structure with the group Z; ® Z¢ ® Zpg, where, as above, Z,,
is the group of integers modulo m. We will get particularly simple and interpretable results if we
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also assume that dispersal rates and environmental covariances only depend on the scale at which
the movement occurs — between bushes, clearings, or islands.

Although it requires imaginative work to find examples with many more scales than this (do the
organism’s fleas have fleas?) it does not cost us anything to work in greater generality. Suppose,
then, that the patches in the habitat are labeled with the group G = G1 ®- - - ® Gy, where G; = Z,,
for1 <j <k

Thus, one patch is labeled with the identity element idg = (idy, .. .,id) and every other patch is
labeled by the displacement required to get there from idg. The later coordinates are understood to
be at finer “scales”, so that if g; = h; forall 1 < ¢ < j—1, then g and h represent patches in the same
metapatch at scale j. For instance, in our example above, the archipelago of islands is the single
metapatch at scale 1 and the metapatches at scales 2 and 3 are, respectively, the islands and the
clearings. We label the metapatches at scale r with the set Z, :={g € G : g, = id,,... gy = id},
with the convention that Zy,, := G. Because a label g = (g1,...,9x) € G represents displacement,
the coordinate of the leftmost non-identity element of g, denoted by

((g) := min{j : g; # id,} and {(idg) =k + 1,

tells us the scale on which the motion occurs: g € G corresponds to a displacement that moves
between patches within the same metapatch at scale £(g) but moves from a patch within a metapatch
at scale £(g) + 1 to a patch within some other metapatch at that scale. Note that 1 < ¢(g) < k+ 1.

We assume that the dispersal rate and the environmental covariance between two patches only
depends on the scale of the displacement necessary to move between the two patches. That is, we
suppose there are numbers qi, ..., gr1 and sq, ..., i1 such that ¢(g) = qug) and s(g) = seg)-

In Appendix [G] we show that the Fourier transforms appearing in Theorem depend on the
following quantities.

Let N, := #Z, = H;: n; be the number of metapatches at scale r. Write Z, := {g € G : g; =

id;, j < r} for the subgroup of displacements that move from one patch to another within the same
k

metapatch at scale r + 1 and set N, := #7, = szr+1 n;.
Set
2 2
1 1 1 1 1
) ==Y (=D [=D ugha)| = [ =D =D ulgh2)
N, n, N, “— n, N, —
9g€Zyr heG, 2€7Zy heGr 2€Z,

We can interpret this quantity as follows. There are N, metapatches at scale . Each one has within
it n, metapatches at scale r + 1. First, compute the average of u over all the patches within each
metapatch at scale r + 1, then compute the variance of these averages within each metapatch at
scale r, and finally average these variances across all the metapatches at scale r to produce v, (r).
Thus, v,(r) measures the variability in p that can be attributed to scale r + 1.

Set
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and

Theorem 5.5. For a habitat with the above multi-scale structure, equation (17)) reduces to

) 1y L) (vu(r) _ M;(T)Z) + O(5-5/)

27) 5 2= (s 1(#G)

=

=

Il
N\

=i

|
DN | —

|

as 0 — oo. Furthermore, G(r) <0 for all 1 <r <k.

This result agrees with equation , which describes the special case where there is a single
scale.

Note that if s, increases with ¢ (that is, two patches within the same metapatch have a higher
environmental covariance than two patches in different metapatches at that scale), then §(r) de-
creases with r. Also, if ¢, increases with ¢ (that is, there is a higher rate for dispersing to a patch
within the same metapatch at some scale than to a patch in another metapatch at that scale), then
G(r) is negative and decreases with r. Using these observations, we may read off several things from
9.

Firstly, imagine a fixed ensemble of patches with varying mean per-capita growth rates and
consider the following two possibilities for assignment of these patches to metapatches at scale 2
(the islands in our bush-clearing-island example). One possibility is that some islands are assigned
patches that are primarily of high quality, whereas other islands are mostly assigned poor patches.
The other possibility is that patches of different quality are evenly spread across the islands, with
the range of quality within an island similar to the range of quality between islands. In the first
case, the variance across islands of within-island means is comparable to the variance across all
patches, so v, (1) = v, (k). In the second case, the within-island means are approximately constant,
so that v, (1) will be small. Therefore, since ¢(r) is negative for all r, all other things being equal,
having local positive association of u at nearby patches leads to higher stochastic growth rates, at
least for large enough values of the dispersal parameter 6. Said another way, the species will do
better if the good habitat is concentrated on particular islands, rather than spread out across many.

Secondly, adding new scales of metapatch may change the situation from one in which x(¢) is
maximal at high values of the dispersal parameter ¢ to one in which x(0) is maximal at intermediate
values of ¢, or vice-versa. If n; = 1, then §(1) and v, (1) are both zero, and changing n; (for example,
going from one to several islands in our example) will increase 5(1). Changing n; will also add the
quantity —q;(n; — 1)V to all values of G(r). The result of this could be to change the sign of the
coefficient of % in , possibly drastically changing the optimal level of dispersal and maximal
growth rate.
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6. DISCUSSION

Classical ecology theory predicts that environmental stochasticity increases extinction risk by
reducing the long term per-capita growth rate of populations [May), (1975| Turelli, [1978]. For seden-
tary populations in a spatially homogeneous yet temporally variable environment, a simple model
of their growth is given by the stochastic differential equation dZ; = uZ;dt + o Z,;dB;, where B is
a standard Brownian motion. The stochastic growth rate for such populations equals p — 0—22; the
reduction in the growth rate is proportional to the infinitesimal variance of the noise. Here, we show
(see equation () that a similar expression describes the growth of populations dispersing in spa-
tially and temporally heterogeneous environments. More specifically, if average per-capita growth
rate in patch 7 is y; and the infinitesimal spatial covariance between environmental noise in patches
¢ and j is 0,5, then the stochastic growth rate equals the average of the mean per-capita growth rate
> iE[YZ] experienced by the population when the proportions of the population in the various
patches have reached equilibrium minus half of the average temporal variation E[}, ;0i; YL Y]
experienced by the population in equilibrium. The law of Y, the random equilibrium spatial
distribution of the population which provides the weights in these averages, is determined by in-
teractions between spatial heterogeneity in mean per-capita growth rates, the infinitesimal spatial
covariances of the environmental noise, and population movement patterns. To investigate how
these interactions effect the stochastic growth rate, we derived analytic expressions for the law of
Y ., determined what choice of spatial dispersal mechanism resulted in optimal stochastic growth
rates for a freely dispersing population, and considered the consequences on the stochastic growth
rate of limiting the population to a fixed dispersal mechanism. As we now discuss, these analytic
results provide fundamental insights into “ideal free” movement in the face of uncertainty, the per-
sistence of coupled sink populations, the evolution of dispersal rates, and the single large or several
small (SLOSS) debate in conservation biology.

In spatially heterogeneous environments, “ideal free” individuals disperse to the patch or patches
that maximize their long term per-capita growth rate [Fretwell and Lucas, 1970, Harper, |1982|
Oksanen et al.| 1995, van Baalen and Sabelis, 1999, Schreiber et al., 2000} [Schreiber and Vejdani,
20006, Kirkland et al., [2006} |Cantrell et al.| [2007]. Hence, the long term per-capita growth rates
are equal in all occupied patches. In the absence of noise and density-dependent feedbacks, there
will be generically only one occupied patch (for example, this is what would happen if the u; were
chosen independently according to some common continuous law). Here, we show that uncertainty
due to environmental stochasticity can overturn both of these predictions. Provided environmental
stochasticity is sufficiently strong and spatial correlations are sufficiently weak, equation implies
that ideal free populations occupy all patches despite spatial variation in the local mean per-capita
growth rates. For patches supporting similar mean per-capita growth rates p;, ideal free dispersers
spend more time in the patches with lower environmental variances o?. Intuitively, by spending
time in multiple patches (even those that in isolation would exhibit lower stochastic growth rates),
individuals are hedging their bets against environmental uncertainty [Slatkin, 1974, Philippi and
Seger, (1989, Wilbur and Rudolf, |2006].
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A sink population is a local populations that is sustained by immigration [Pulliam| 1988, Dias,
1996]. Removing immigration results in a steady decline to extinction. In contrast, source popu-
lations persist in the absence of immigration. Empirical studies have shown that landscapes often
partition into mosaics of source and sink populations [Murphy, 2001, Kreuzer and Huntly} 2003,
Keagy et al) 2005]. For discrete-time two-patch models, |Jansen and Yoshimura| [1998] showed,
quite surprisingly, that sink populations coupled by dispersal can persist, a prediction supported by
recent empirical studies with protozoan populations [Matthews and Gonzalez, 2007] and extended
to discrete-time multi-patch models [Roy et al., 2005, [Schreiber, 2010]. Here, we show a similar
phenomena occurs for populations experiencing continuous temporal fluctuations. For example, if
the stochastic growth rates in all patches equal y—0?/2 and the spatial correlation between patches
is p, then equations and imply that populations dispersing freely between n patches persist
whenever y — ((n — 1)p+ 1)o?/2n > 0. Hence, ideal free movement mediates persistence whenever
local environmental fluctuations produce sink populations (that is, 02/2 > p > 0), environmental
fluctuations aren’t fully spatially correlated (i.e. p < 2u/0?) and there are sufficiently many patches
(that is, n > ((1 — p)o?)/(2u — po?)). This latter expression for the necessary number of patches
to mediate persistence is an exact, continuous time counterpart to an approximation by Bascompte
et al. [2002] for discrete time models. When two patches are sufficient to mediate persistence, equa-
tion (8)) reveals that there is a critical dispersal rate below which the population is extinction prone
and above which it persists. Our high dispersal approximation (see equation (19)) with Var[u] = 0)
suggests this dispersal threshold also exists for an arbitrary number of patches.

While ideal free movement corresponds to an evolutionarily stable strategy for species without
any constraints on their movement or their ability to collect information, many organisms experience
these constraints. For instance, in the absence of information about environmental conditions in
other patches, individuals may move randomly between patches, in which case the rate of movement
(rather than the pattern of movement) is subject to natural selection [Hastings, |1983, [Levin et al.,
1984, [McPeek and Holt, (1992, Dockery et al., 1998, Hutson et al., 2001, Kirkland et al., [2006].
When density-dependent feedbacks are weak and certain symmetry assumptions are meet, our high
dispersal approximation in implies there is selection for higher dispersal rates whenever

1
Ok > ) o (&n)?

(28) Pl N

where, recall, A\, < 0, & are the eigenvalues/vectors of the dispersal matrix, p is the vector of
per-capita growth rates, and 6, are the eigenvalues of the covariance matrix for the environmental
noise. Equation (28)), roughly, asserts if temporal variation (averaged in the appropriate manner)
exceeds spatial variation, then there is selection for faster dispersers; a prediction consistent with
the general consensus of earlier studies [Levin et al., |1984, McPeek and Holt} 1992, Hutson et al.|
2001]. More specifically, in the highly symmetric case where the temporal variation in all patches
equals 02 and the spatial correlation between patches is p, equation simplifies to
(1—p)o? n

(29) 5 > i1 Var|u]
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in which case lower spatial correlations and larger number of patches also facilitate selection for
faster dispersers.

Previous studies have shown that spatial heterogeneity in per-capita growth rates increases the
net population growth rate for deterministic models with diffusive movement |Adler} 1992, Schreiber
and Lloyd-Smith, 2009]. Intuitively, spatial heterogeneity provides patches with higher per-capita
growth rates that boost the population growth rate; a boost that gets diluted at higher disper-
sal rates. Our high dispersal approximation shows that this boost also occurs in temporally
heterogeneous environments i.e. the correction term — S 71—} i(fg,u)Q /9§ is positive. More impor-
tantly, the multiscale version of this correction term implies this boost is larger when the
variation in the per-capita growth rates occurs at multiple spatial scales. For example, for insects
living on plants in meadows on islands, the largest boost occurs when the higher quality plants (i.e.
the plants supporting the largest p; values) occur on the same island in the same meadow. This
analytic conclusion is consistent with numerical simulations showing that habitat fragmentation
(e.g. distributing high quality plants more evenly across islands and meadows) increases extinction
risk |Fahrig, 1997, 2002]. Intuitively, spatial aggregation of higher quality patches increases the
chance of individuals dispersing away from a high quality patch arriving in another high quality
patch. Even without spatial variation in per-capita growth rates, equation implies that strong
spatial aggregation of patches maximizes stochastic growth rates for dispersive populations living
in environments where temporal correlations decrease with spatial scale. This finding promotes the
view that a single large (SL) reserve is a better for conservation than several small (SS) reserves.
While consistent with many arguments in the SLOSS debate [Diamond, 1975, Wilcox and Murphy),
1985, |Gilpin, (1988], it runs contrary to a numerical simulation study of |Quinn and Hastings| [1987]
that, unlike ours, applies to sedentary populations experiencing independent environments |Gilpin,
1988].

While this work provides a diversity of analytical insights into the interactive effects of temporal
variability, spatial heterogeneity, and movement on long-term population growth, many challenges
remain. Most notably, are there analytic approximations for relatively sedentary populations?
What effect do correlations in the temporal fluctuations have on the stochastic growth rate? Can
the explicit formulas for stochastic growth rates in two patch environments be extended to special
classes of higher dimensional models? Answers to these questions are likely to provide important
insights into the evolution of dispersal and metapopulation persistence.
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APPENDIX A. PROOF OF PROPOSITION [3.1]
Define the matrix R by
R := diag(p) + D.
Equation becomes
dX, = diag(X,)I'"dB, + RTX,dt.

Recall that Y7 = X7 /(X} +---+ X]") for each 1 < j <n and Y, = (V;,...,Y/)T. Fix j and define
fi(x1, .. ) == x;/(x1 + -+ 4+ @), so that Y7 = f;(X). Using d; to denote differentiation with
respect to xy, observe that

O;fj(xr, ..., xn) = x x|, Oufi(xr,. .. xn) = —x; x|,k
(£)/(5) - /(£)

Moreover,
6jjfj(x17 e 7l‘n) = -2 (ZZL’Z> / (Z[L’g) s
045 ¢
2
ajkfj(l’l, . ,.Qin) = —1/ <Z$e> +2£L’j/ (ZSL’@) ,/{Z 7&]
l
and

Oem [fi(T1,. .., 2p —2%/ (ZI[) k,m # j.

It follows from It6’s lemma that for each 1 < 57 < n,

dY7 =" 0uf;(X)XFTLdBy + > 0 f5(X0)X] Rt
k=1 k=1

k,m=1



STOCHASTIC GROWTH IN HETEROGENEOUS ENVIRONMENTS 31

where I'y;, and R,; denote the k'™ columns of the matrices I' and R respectively. Substituting in
the derivatives of f; gives

Ay} == " V/YFTLdB, + > Y/Y}TTdB,
k#j k#j
=Y YV Rudt + Y VY Ryt
k#j k#j
+(1/2) ) 2V Sendt — (1/2) ) 2YH(Y/ )Py dt
k,m#j k#j
+(1/2)x 2y ( —YIYE 4+ zxftk(nj)Q) Siydt
k#j
=-Y/ Y V/TLdB, + Y/TLdB, - Y7 > Y[ Rdt + Y[ R.;dt
k k
+ V7Y VY Shdt — Y7 VSt
k,m k

Since D1 = 0, we have ) , R, = R1 = diag(p)1 = p, and the above system of SDEs can be
written in the following compact way
dY, = — Y, Y TTdB, + diag(Y,)I'"dB,
— Y, Y] pdt + RTY,dt + Y, Y] SY,dt — diag(Y,)XY,dt
= (diag(Y:) — Y, Y/)I'"dB, + D"Y,dt
+ (diag(Yy) — YY) (n — XY,) dt.

Now that the SDE is established, we will prove the ergodicity of the Markov process (Y;):>o
defined in ({4).

Existence. Clearly (Y});>0 is a Feller process. Since for each ¢ > 0, the random vector Y; takes
values in the compact state space A, it trivially follows that the family of probability measures
{P{Y; € -} : t > 0} is uniformly tight for any fixed y € A, where PY denotes the law of the process
with Yo = y. Hence, by the Krylov-Bogolyubov theorem (see, for example, [Da Prato and Zabczykl,
1996|, Corollary 3.1.2]), there exists at least one probability measure 1 on A which is an invariant
measure for the process (Y4);>o, that is,

/A u(dy)P{Y, € ) =l ).

Uniqueness. The uniqueness of the invariant measure for (Y;);>o is ensured by the Doob-
Khasminskii theorem (see, for example, [Da Prato and Zabczykl (1996, Chapter 7] ), provided
this process satisfies the following two properties:
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(1) (Y¢)i>0 is irreducible, that is, PY{Y; € V} > 0 for any ¢ > 0 and any open set V in the
simplex A.

(2) (Yy)i0 is strong Feller, that is, A 3 y — [, PY{Y; € dz} f(z) is continuous for any bounded
measurable function f: A — R.

These conditions also ensure that (Y¢):>o converges weakly to the unique invariant measure. We
next establish irreducibility and the strong Feller property of (Y¢):>o separately.

(a) Irreducibility. It clearly suffices to show that the process (X;);>o as defined by is irre-
ducible, that is, that P*{X; € U} > 0 for each ¢t > 0, € R’} \ {0} and open set U C R’;.

We will first prove that P*{X; > 0 Vi} = 1 for all t > 0 and all z € R": \ {0}, by induction on the
size of the set G := {1 <i < n:x; = 0}. First consider the case #G = 0. By a suitable comparison

theorem for SDEs [Geiff and Manthey, (1994, Theorem 1.1], P*{X, > X, for all t > 0} = 1, where
X is defined by

dX! = Xidt + X}dE! + D Xidt, 1<i<n.
This SDE has the unique solution X; = zlexp(E! + (u+ Dy)t) > 0, so
00)"™.

Now suppose #G = k < n. By the irreducibility of the infinitesimal generator matrix D, there
exist i € G, jo € G such that Dj,;, > 0. Consider the new SDE

(30) P*{X; > 0Viforallt >0}, xc/|0,

dX! =, Xidt + X!dE! + Dy Xidt, i+ i,
and
dX[ = pi, X{°dt + X{°dE} + (Djyie X{° + Dy X;°)dlt.

Again by the same comparison theorem, P*{X; > )jiﬁ for all t > 0} = 1. Clearly, P*{X/ > 0} = 1
for all ¢ ¢ G and for all t > 0. Since X° = 0 and X{° > 0, at time ¢t = 0 the d}ffusion component
of X;° vanishes but its drift coefficient is strictly positive. It follows that P*{X;°* > 0} = 1 for all
t > 0. Hence, at any positive time ¢, almost surely X; has at most £ — 1 zero coordinates, and,
by the comparison theorem, so does X;. Using the Markov property and the induction hypothesis,
we deduce that P*{X; > 0 Vi} =1 for all ¢ > 0. This proves that each component of X is strictly
positive with probability 1 for each ¢ > 0.

Let ¢ : (0,00)" — R™ be the homeomorphism given by ¢(z) = (logxy,...,logx,). Set H, =
©(Xy), with H, = (H{,...,H")". By (30), this stochastic process is well defined provided X, €
(0,00)™. Note that (H;);>¢ satisfies the following SDE,

dH} = pudt + dE} + ¢ 3" Dyetat, 1<i<n.

j=1

By Girsanov’s theorem (see [Ikeda and Watanabe, 1989, Section 4 of Chapter IV]), the law of
(I'T)~'H; (and hence the law of H;) is absolutely continuous with respect to the law of B; for any
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t > 0. Thus, P*{H; € V'} > 0 for any open set V C R". Finally, for any z € R™\ {0},

P{X, c U} = / P Xy € dy}P'{Xyp € U}

R%

_ / P*{X, )5 € dy}P'{X, 5 € U}
(0,00)™

— [ (X e PO Hp € o) >0
(0,00)™

(b) Strong Feller property. Note that H satisfies a SDE of the form dH; = I'TdB; + b(H;)dt
for some smooth function b : R® — R". For each K > 1, consider a new SDE
dHF =TTdB, + ™ (H,)dt,

where b : R* — R" is a smooth bounded function with bounded derivative such that b% (x) = b(x)
on [—K, K|". Since the matrix I" is nonsingular, the associated Fisk-Stratonovich type generator of
(HE) > is trivially hypoelliptic, which in turn implies that (HX ) ;> is strong Feller for every K > 1
(see [Ikeda and Watanabe, 1989, Section 8 of Chapter V]). If we define a sequence of stopping times
T = inf{t : || Xi||c > K}, then HY = Hy = z € [—-K, K]" implies HX = H, for ¢t € [0, 7x]. Let
t > 0 and f be a bounded measurable function. Fix € > 0. Then for any x € R",

|[E°[f (H,)] — E°[f(H)]| < 2|\ flloP {7 <t}.
Hence, for any open neighborhood U(z) of x,

|[EY[f(H,)] — E*[f(H,)]| < |EY[f(H)] - E*[f(H)]| *4”f“00223%;) P{r <t} forally € Ulx).

Since almost surely 7x 1 0o, we can choose K large enough such that P*{rx < t} < €(8]f|lo) "
Moreover, by the Feller property of (H;);>o, there exists a neighborhood U'(x) of z such that
SUP,cpni () P{T < t} < €(8]|flloe)™". From the strong Feller property of (Hf);»o, there exists
a neighborhood U%(z) of x such that |EY[f(H{)] — E*[f(HF)]| < ¢/2 for all y € U*(z). Thus,
|EY[f(H,)] — E*[f(H,)]| < € for all y € U'(z) N U*(z). Thus, x — E*[f(H,)] is continuous. Now,
for £ > 0 and a bounded measurable function g : R} — R,

E*[g(X.)] = /( P € B o7 (), w e B

Therefore, the map x — E*[g(X;)] is continuous, and hence (X;):>o is a strong Feller process. It
follows easily that (Y}):>¢ is also a strong Feller process. O
APPENDIX B. PROOF OF PROPOSITION

By rescaling time 7 := 0t and setting € := 1/0, becomes
(31) dYE = /ef(YO)dB, + eg(Y)dt + QTY dt
where f(y) == (diag(y) —yy") T, g(y) := (diag(y) — yy") (p — Ty), and Y¢ := Y.
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For € > 0, let v, be the unique invariant probability measure for (31)) guaranteed by Proposi-
tion [3.1} The irreducibility of @ implies that 7 is the unique stable point for the ODE

U = QY g =w el

and that lim,_, y? = 7 for any z € A. Write 1, for the Dirac measure at the point m € A. By the
compactness of Borel probability measures on A in the topology of weak convergence, it suffices to
show if v,, converges weakly to v for some sequence € | 0, then v = 14, and this is equivalent to
checking that

[ #tuyviaa) = [ wia)viao

for every 7 > 0 and Lipschitz function h : A — R.
Set Y¥ = Y% and v, = v, for ease of notation. Let L be the Lipschitz constant for the function
h. Then,

/A (h(y?) — h(x)) v(da)

— lim \ [ () = hGa))

k—o0

< limsup / (E” [n(YE)] = h(x)) vi(dz)
k—oo 4 A |
=0 by invariance of v
} Tim sup / E* [h(y) — h(Y")] velda)
k—o00 A
< timsupL [ B [l - Y] o).
k—ro0 A
where || - || is the usual Euclidean norm on R™.

It remains to show that limy_,o sup,en E” [|lyZ — YE||]] = 0. Fix z € A and set ZF := y* — YF.
By 1to’s formula,

E (|27 = E [ [ 2@ 07 — 22 oY) + @ T OYDA (Y s

< 21Q7| / E* [|Z4] ds + exCr,

for some constant C' that does not depend on x or 7, where we write (-, -) for the usual Euclidean
inner product on R”, and [|Q"|| = sup =, [{z, Q" 2)|. Gronwall’s inequality implies that

B2 [[|25]2] < exCe?QIr,

and so, by Jensen’s inequality,
E* [ Z5] < erCele'l

It follows that limy_oc sup,ea E* [[|[y2 — Y¥||] = 0, and hence v = vy, as required.
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In particular,

1
x(0) = / u"y v s(dy) — 5 / y' Sy v s(dy)
A A
1
T §7TTE7T

as 0 — 0o. O

APPENDIX C. PROOF OF PROPOSITION

Fix § € [0, 00), and denote our underlying probability space by {2, F,P}. Define
P, :R"xQ— R, 0<s<t,

by ®°,(x,w) = X?(w), where (X?),>, is the unique solution of

s,t
X0 =x+ / diag(X)rdB, + / (Rs)TX%dv
with Rs := diag(p) + 0Q.
Note that for all 0 < s < w <'t,
(32) Poa(w) = Oy (- w) 0 O3, ().
It is easy to see that ®J,(-,w) is a linear map from R" to R™ and thus can be represented by a
matrix MJ,(w). From (32)), it follows that
M‘;t(w) = Mfuﬁt(w)l\/[iw(w) forall 0 <s <w <t

Since ngt is constructed from (By)ue[s,, the matrices {Mik +1}tken are independent. Moreover,

since the drift and the diffusion coefficients do not depend on time, {Mik +1}tken Is a stationary
sequence.
We note that the Lyapunov exponent x(d) of (X9);> is the same as

. -1 5 . -1 6
klggoE [k log ”MOkM = IgflE [k log HMOkM )

where we set

|All :== sup{z Ajjz; Z:Ek =1, zx > 0Vk}
ij k

for a matrix A with nonnegative entries.
Set R} :={x € R":2 > 0}. If § > 0, then it follows from the irreducibility of @) that

(33) M2, (R}) C {z € R" : 2; > 0 for alll <i<n}uU{0}

and hence x(d) is analytic on (0, 00) by |Ruellel |1979, Theorem 3.1].

The condition fails to hold when 0 = 0 and so we must proceed differently. We first claim
that for fixed ¢ > 0 the map ¢ — t'E[log |MJ||] is upper semicontinuous on [0, 0). To see this,
fix § € [0,00). Set log™ # = max(0, logx) and log™ 2 = min(0, log z). It follows from the continuous
dependence of the solution of a SDE on its parameters [Gardiner, [2004} 4.3.2], that Xf/ — X¢ almost
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surely as 6’ — §, which implies that HMg/tH — |[M},|| almost surely as &' — 8. An application of
Gronwall’s lemma gives that E[supy<s<, | X?||] < oo for each ¢ > 0. Hence,

E [log+ HMgltM —E [long HMgtM as 0 — 6.
On the other hand, by Fatou’s lemma,
E [~log™ [M,|] <liminfE [— log~ IIMS'tH] :
: 5'—5 ’
Combining these two inequalities gives
timsup E [log [ M3 ]| < E [tog M, ]
'—

and the claim follows.

Since x(6) = infyot 'Elog||M} || is the infimum of a family of upper semicontinuous func-
tions, it is itself upper semicontinuous, or equivalently, limsupg 5 x (") < x(d). In particular,
lim sup,_,5 x(0) < x(0).

We now prove the opposite inequality that liminfs_q x(0) >
of generality suppose that max; —();; = 1, so that if x; > z; >
for 1 <4¢ < n. Consider the two SDEs

dX? = diag(X)I7dB, + (diag() + 6Q7)X0dt

x(0). Fix 6 > 0, and without loss
0 for

(0
for 1 < i < mn, then (Qz); > —=z;

and
dZ) = diag(Z)T7dB; + diag(p — 6)Zldt.
If X3 = ZJ, then, by the comparison theorem,
XfEZf forallt >0

almost surely.

Thus, the Lyapunov exponent of (X9);>o dominates that of (Z¢);>o. Note that the coordinates of
79 are decoupled and hence the Lyapunov exponent of this process is the maximum of the stochastic
growth rates for the individual coordinate processes. Therefore,

1
x(0) > mjax (Mj e Za,zj) — 0.
k

In particular,

(34) h(srgolilfx(d) > max ( Zak‘J> = x(0

as required. O
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APPENDIX D. PROOF OF THEOREM [5.2]
Recall that
dY, = (diag(Y;) = Y, Y[) T7dB; + D"Ydt + (diag(Y;) — Y, Y[ ) (n — TY,) dt,

where D is of the form 6@, with @) an irreducible infinitesimal generator matrix and § > 0. Moreover,
Q is assumed to be reversible with respect to the unique probability vector 7 satisfying Q7w = 0;
that iS, that WiQij = Wj@ji for all Z,j

Define an inner product on R” by (u,v), ==, %ulvz = v’ diag(m)1v. Tt follows from reversibil-
ity that the linear operator v — Qv is self-adjoint with respect to this inner product; that is, that
(u, QTv), = (QTu, v), for all u,v.

From the spectral theorem and the Perron-Frobenius theorem, the linear operator v — Qv has
eigenvalues A\ < Xy < ... < \,_1 < A, = 0 and corresponding orthonormal eigenvectors &1, ...,&,
with &, = 7 such that

n—1
QTU - Z )‘k‘gk<vu £k>7r7 (NS R"™.
k=1

Note that
(35) 170 = (v, 1), = 0 = (v, Q"v), < —kljv|?,
where £ := —\,_1 > 0 and || - || is the norm associated with the inner product (-, ).

Note also that if 17v = 0, then

n—1
wi= Y A& (v, &)

is the unique vector with the properties .
(w, Ty =0 and QTw =w.
In particular,
1" (diag(m) — 7n") (u— Em) = (77 —7") (u — Bm) =0,
and so there is a unique vector we denote v such that
(36) 1"v=(v,7), =0 and Q"v=— (diag(r) —77") (n—Tm).

We emphasize that v does not depend on 4.
Consider the stochastic process

U, .= 52 (Yt/5 — T — 6_11/) ,
so that
1
Y, =06 2Ugz+7+0 v

Observe that 7 + 6~!v is indeed a probability vector for § sufficiently large. Because we are only
interested in the stationary law of Y, we assume that Yy = 7 4+ '~ and hence Uy = 0. Note that
0 =170, = (U;, 7), for all t > 0.
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We have for the standard Brownian motion B, := 6%Bt /s that
dU,; = <diag((5_%Ut +7+6 ) — (5_%Ut +7+ (5_11/)(6_%Ut +7+ 5_1V)T> I’ dB,
+0720QT (0 U+ + 67 w) dt
+ 63 (diag(é’%Ut b6 Y) = (62U 4+ 46 )6 U, 4+ 5*1V)T)
X (u — 22U + 7+ 6‘11/)) dt.
Using Q"7 = 0 and (3€]), we get
dU, = [diag(r) — 77| T7 dB, + Q" U, dt
+ [5-@15 (Uy) + 67 Ay (Uy) + 67345 (U,) + 6‘2A2(Ut)] B,

3
2

+ [5‘1b1(Ut) +673by (Uy) + 6 2bo(Uy) + 6505 (U,) + 6 b5(U,) + 6505 (U,) | dt,

where
A%(u) = [diag(u) — ur” — 7u”| T
A (u) == [—uu" + diag(v) — " — vt | TT
A%(u) = [—w’ — v T
Ay(u) == -/ 'T7
and

bi(u) == —mu’ p—ur’ g+ ' B+ ur’ S + e’ S

+ diag(u)pu — diag(m)Xu — diag(u) X7

bs (u) :i= —wu’ p — 7ty — vty
+ mul Lu + urt Su + vt S + 1T S+ vrt Sn + wrl S
— diag(m)Xv — diag(u)Xu + diag(v)u — diag(v)Xn
bo(u) i= —uv’ yu —vu'p
+ ' Su 4+ urt Sy + w'Sr + mu S + o Su + vut B + vt S
— diag(u)Xv — diag(v)Xu
bs (u) == —vvl p 4w Sv 4+ w Su 4+ vu Su 4+ 1 Sy 4 vt v + v S

— diag(v)Xv
bs(u) = uv’ S+ vu' Sv + v Su

bz (u) := v’ Y.
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By Ito’s lemma,

d||Uy||2 = 2U/ diag(r) " [diag(m) — x| " dB, +2(UT, QTU,), dt

4
+2 672U  diag(m) "' A, (U,) dB,

7

+2 Z 6_%UtTdiag(7r) b
=2

+ 1" diag(m) ™" [diag(m) — nn" | I'T [diag(7) — 77" ] diag(r) "1 dt

4 4
+ <Z(5§1Tdiag(7r) A % ) Z(S 1A (U,)" diag(m)~ 11) dt.
=1

(=1

(Uy) dt

£
2

Mh\

Observe that
1"diag ()" [diag(n) — an" | T7T [diag(w) — 7n" | diag(m)~'1 = [17 — nx"| £ [1 — na).

Note also that
(37) Uj|<Cs: 1<i<n,
for an appropriate constant C' because 0 < YZ <1, 1< 17 <n. Each function

U quiag(ﬂ)_lbé (u), 2<0<T,
is a polynomial in u with total degree at most ¢ and each function

w <1Tdiag(7r)_1A%(u)> (A%H(U)Tdiag(ﬂ)_11> L 1<l <4,

is a polynomial in u with total degree at most ¢ + ¢”.
It follows that

d
(38) ZE[[U7] < —26E [JUJIZ] + ¢

for all ¢ > 0 for a suitable constant C’ that does not depend on ¢. Hence,

Cl
(39) supE [ U,]|7] < —
t>0

(recall that Uy = 0).
Let (Vi)i>0 be the solution of the stochastic differential equation
dV, = [diag(r) — 77| TT dB, + Q" V. dt
with Vg = Uy = 0. Note that d(17V,) =0 for all t > 0, and so (V;, 7)), = 17V, =0 for all t > 0.
It is readily checked that

Vv, = /0 exp(Q7 (¢ ) [diag(r) — 777] T dB,.
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So V is a Gaussian process for which E[V;] = 0 and

t
(40) E[V,V]] = / exp(Q"s) (diag(m) — mn") I (diag(w) — 77" ) exp(Qs) ds
0
for all ¢ > 0. Consequently,
(41) supE [[V/[P] < o0
£>0

for1 <i<nandp>0.
In the notation above,
d(U, — V) = QT (U, — V) dt +

(U,)| dB, +

N>

4
S 6EA
=1

Applying Ito’s lemma and a combination of , and , we can argue along the lines we
followed to establish to see that

ié‘gbg(Ut)] dt.

(=2

i]E [HUt B Vt”i] = —2rE [HUt - Vt”fr] + 6"

dt
for all ¢ > 0 for a suitable constant C” that does not depend on §. Hence,
C/I
(42) supE [HUt — VtHﬂ o
t>0 2K

Now let Y, Uy and V, be random vectors that are distributed according to the equilibrium
laws of (Y¢)i>0, (Uy)i>0 and (Vy)>0, respectively.
From (37), and the linearity of the function by,

0=Q"E[Us] + 6 b1 (E[Us]) + O(62).
Noting that (E[Uy], ), = 0 because (U, 7), = 0 for all ¢ > 0, we have from that
RIE[ULIE < —(E[UL], Q"E[U.).
= 07H(E[Usc], by (E[Usc]))~ + O(077)
< C"5 Y E[UL[7 + O(73)
for a suitable constant C”, and hence
(43) E[U] =0(57%), 1<i<n.
From ,
(44) ‘E [fﬂfﬂ] _E [f/ifﬂ}
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Write x(6) for the Lyapunov exponent. Recall that
X(5) = WTE[Yo] - 3E [YLEY..)
= "E [5—%Uoo + o+ 5—1y]
- %]E {(ﬁuw ot 5—1V>T > (5—%Uoo ot 5-5)]
=3 TE (U] + 4T (7 + 07 )
- 5%1@ [ULsU,] - 25%%1@ [UL]S (r+07"v)

- % (7r + 5_11/)TZ (7T + 5_11/) .

Substituting in (43)) and , and noting from that the random vector V, is Gaussian with

mean vector 0 and covariance matrix
/ exp(Q's) (diag(m) — nn") T (diag(m) — 7m") exp(Qs) ds
0

we conclude that

- = /000 Tr(exp(Q"'s) (diag(m) — nn") T (diag(m) — 77") exp(Qs)X) ds

as 0 — 00. OJ

APPENDIX E. PROOF OF COROLLARY [5.3l

We now assume that the matrices Q and ¥ are both real symmetric (X is, of course, always
symmetric) and that they commute. Hence, as noted in the statement of the corollary, if A\; < ... <
A1 < A, = 0 are the eigenvalues of () with corresponding orthonormal eigenvectors &1, ..., &,,
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where &, = \/Lﬁl, then

Q=> M&é&
k=1

and it is possible to write the eigenvalues 64, . .., 6, of ¥ in some order so that

D= 0k
k=1

By the assumption that @) is symmetric, 7 = %1 = \/iﬁfn Therefore,

1 1
T T —
T— 'Y =ji——6,
a 2 a 2n

where 1= 3" ;.
To find the unique vector v that solves

1"v=0 and Q"v=— (diag(n) —77") (n— Tm),

write v = ZZZI ai,. The condition 17v = 0 dictates that a,, = 0. The second condition becomes

n—1

_ Yy (o
__l nz_:lggT ( _ng)
- n < kSk 1% \/ﬁ nsn
1 n—1
= > (s,
k=1
so that ar, = —(&f )/ (nAg) for 1 < k <n — 1. It follows that

(40— 3m) v = — <u - %ﬁensn) (; % )

~ ()’

k=1

3

Lastly, the matrices inside the trace in the integral

/000 Tr (exp(Q7's) (diag(m) — nn") © (diag(m) — nn") exp(Qs)X) ds
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commute and so the integral is

/ <(d1ag(7r) — ) exp(2Q3)>
1 OOO (I &8l <29k§k§k> (Zexp(Qs)\k)gk&f)) ds

0o n—1
_ 1 Tr (Z 07 eXp(QS)\k)fkfg> ds
0

n2
1
1 oo
(Z 02 exp(2s\y) > ds
0
n—1
_ _L Yk
— 2\

Therefore, our asymptotic approximation of x(¢) is

1 {1/, 1,
(M—%Qn)—glgn—)\k((fk#) _Eek)

as 0 — 0. O

+ 0575

APPENDIX F. PROOF OF THEOREM [5.4]

To show that Theorem [5.4] follows from Corollary [5.3, we show that the matrix entries of each
irreducible representation belong to a common eigenspace of () and ¥ Suppose that c is a class
function and the matrix C'is given by C,; = c¢(gh™!). Recall from that

(9) = e 2 c(r)k(g)"
Therefore,
Con = 6 ZG (m)(gh™ )"

If x is associated with the the irreducible representation p € G, then

k(gh™") = Tr(p(gh™)) = Tr(p Zpu 9)pii(h)" = (E(K))gp,

i,7=1

where 1 denotes the Hermitian conjugate. Set I, := (d./#G)=(k). The #G x #G matrix II,; is
Hermitian, and it follows from that I12 = TI,, so that II, is the projection onto a d?-dimensional
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subspace. Again by , the matrices Il and Il are orthogonal for distinct ', ”. Thus,

c-y 4
keG
This expression is nothing other than the spectral decomposition of the matrix C. It shows that
¢(k)/d, is an eigenvalue of C' with multiplicity d?.
In summary, for each k € G there are eigenvalues G(x)/d, of Q and 3(r)/d, of ¥, each with
multiplicity d?.
Therefore, in the notation of Corollary [5.3]

S/ o (3(0)\? de 5(r)?
2" Zd“(d > = 2 W

K7L

Similarly, we can split the sum
n—1 1
Z N ék 1)?
= "k
up into contributions from each non-trivial character k that are of the form
dys
~ N (fT,u)2>
i(r) ; ;

where the sum is over the indices that correspond to eigenvectors in the range of the projection Il,.
This contribution is clearly
dys

2 _ d/{

ApPPENDIX G. PROOF OF THEOREM [5.5]
We first recall some notation. For 0 < r, ¢ < k+1,
ZT’:Gl®"'®Gr71®{idr}®"'®{idk},

={idi}® - @{id} ® G111 ® - @Gy,
and
{(g) == min{j : g; # id;}.
The displacement associated with g € G moves between two patches that are in the same metapatch
at scale £(g) but different metapatches at scales ¢(g) + 1,4(g) + 2,... Recall also that #G, = n

N, = #2Z, =[\Z1nj and Ny = #2Z = [[s_,1 ny.
Writing 1; for the trivial character on G, put

Z~T::él®"‘®Gr—l®{1r}®"'®{1k}
—{keG:k(g)=1Vge Z,_1}
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and
r(k) == max{j: k & Z;}.
We then have, by orthogonality of characters, that
N,, if k€ Zyia,
> rlg) = e
- 0, otherwise,
9E€EZr

and we denote this quantity by N,d; (k).

Z'r‘+1

Define the function f, : G — C by setting fi(g) = 1 if £(g) = ¢ and f;(g) = 0 otherwise. Then,

g:4(g)=¢
S OED I
9€Zp_1 9€Zy

Our assumption that s(g) = sgq) implies that s(g) = Z]Zill sefe(g). Since k € Z, if and only if
r(k) + 1 < ¢, it follows by linearity that

k+1
S(k) = Z S <Ng_152[(/$) - Ng(SZ“_l(li))
=1
k+1 B k+1 )
= Z 5¢Ng—1 — Z 5Ny
l=r(k)+1 l=r(k)
k k
= Z Ser1Ng — Z 50Ny
{=r(k) l=r(k)
k
= > (ser1— 5N,
L=r(k)

where we used the convention Ny, = 0.
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Turning to ¢, we have q(g) = qu) for g # id¢ and ¢(id¢) = g1 = — 25:1 qz(Ng_l — Ng). By
the same argument as above,

k+1 k+1

Z qeNe—1 — Z qe Ny

l=r(k)+1 (k)
k1 i ) i
= Z qe(Ne—1 — Ne) = Gy Nrr)
l=r(k)+1
k k
= Z qe(Ne—y — N;) — Z qe(Ne—1 — Ni) = @)y Ny
{=r(k)+1 (=1
r(k) - B -
= — Z qe(Ni—1 — No) = ey No ()
=1
r(k)—1

= - Z QE(NZfl - Ne) - QT(k)Nr(k)—l
=1

Lastly, for an arbitrary function p we need to evaluate
1 2
% 'T(Z)T [[ell-

We do using the following lemma that follows immediately from the orthogonality properties of
characters.

Lemma G.1. Let H and K be two finite Abelian groups. For f: H® K — C,

> f(hk)

keK

STID. k()| =#HY

wed |(hk)EHRK heH

Using lemma applied to the decomposition of G as Z, ® Z,_1, we get

2

> el = #GZ > ulg2)

KEZy 9€Zr \2€Zr_1
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Further decomposing Z,,, as Z, ® G, and Z,_; as Z, ® G,., and using N,,; = n, N, gives

Yoo lulE= Y0 Mz = lalz

kr(k)=r KEZr41 KEZy
2 2

=ZZ§ S ulgr) —;;VGZ > ulg2)

9E€EZr+1 2E€Zy 9€Zr ZGZ»,«,:[
2

_ _”T;Vgl 3 ni S ulghe)

gE€Z, " heG, 2€27,

- ni >0 ulghz)

r hEGr zEZ,,.

2

To turn the remaining sums into averages, we need to pull out a factor of N,N?2, leaving us with
Ny Ny i1 N, N? = HI;:1 n? = #G?. Therefore, recalling that
2 2
1 1 1 1
) == 1= =D ugha) | —[=D =D ugha)| |,
N, n, N, “— n, N, “—
gE€Zr heGr 2E€Zy heGr 2€Z;y
we have
> llullE = #G x vu(r).
kir(K)=r

The theorem follows once we note that
#{’i : T(’%) = T} = #(ZTJrl \ ZT) = Ny11 — N,
O
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