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ABSTRACT. We introduce a metapopulation model that
includes both landscape changes (patch destruction and recre-
ation) and age-dependent metapopulation dynamics. A thresh-
old quantity is derived and related to the existence of an eco-
logically nontrivial equilibrium, to the stability of the species-
free equilibrium, and to weak and strong persistence of the
species. We provide examples to illustrate how age-related
changes in patch colonization and extinction rates can alter
metapopulation persistence. Future field studies may need to
address the temporal dynamics that characterize local popu-
lations in fragmented landscapes.

KEY WORDS: Differential equations, colonization, extinc-
tion, patch destruction, persistence thresholds, mathematical
models.

1. Introduction. Natural disturbances occur with varying lev-
els of frequency and severity across a landscape. Destruction and
fragmentation of native habitats are widespread and viewed as the
most important threats to biodiversity worldwide (Wilcox and Mur-
phy [1985]). In landscapes where habitat fragmentation is prevalent,
the metapopulation paradigm provides a useful model for assessing vi-
ability of many species. Within these landscapes, critical thresholds
derived from metapopulation models become useful for conservation
by highlighting key factors that dictate a species’ ability to survive.
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The classic metapopulation model (Levins [1969]) emphasizes changes
in patch occupancy as a function of rates of patch colonization. Within
this metapopulation framework, two structures have emerged as being
critical in the study of species’ persistence within patchy landscapes.
The important role of spatial structure, i.e., heterogeneity, has been
supported by many studies (Durrett and Levin [1994], With and Crist
[1995], Bascompte and Sole [1996], Bevers and Flather [1999], Hanski
[1998]). These papers have concluded that several spatial features such
as connectivity of the patches, patch size and the assumption of local
dispersal are essential to understanding the dynamics of a population.
In addition to the spatial structure of the landscape, recent research
has also focused on the effects of the temporal features of the landscape
(Merriam et al. [1991], Fahrig [1992], Brachet et al. [1999], Keymer et
al. [2000]). The general consensus is that temporal components interact
with the spatial components to determine metapopulation persistence
(Keymer et al. [2000]). Since most landscapes are indeed dynamic in
nature, especially in areas dominated by humans, the role of patch
dynamics should be considered carefully. Keymer et al. [2000] studied
an ordinary differential equation model that incorporates changes in the
configuration of habitable patches in the landscape. Metapopulation
persistence was estimated as a function of rate of habitat destruction.

Existing models of dynamic landscapes emphasize destruction fol-
lowed by instantaneous restoration of patches. In many systems,
though, vital rates may be linked to the elapsed time since a patch
was restored, i.e., age of a patch. In this context, age structure of
patches may influence metapopulation dynamics. Assume that emi-
gration is related to resource availability and that resources are more
plentiful on a per capita basis following initial occupancy of a patch.
Further, assume that, as the population grows, emigration increases,
i.e., emigration is density dependent, rather than density independent
as in current formulations. Then newly occupied patches will be charac-
terized by lower emigration rates and higher extinction rates. Extinc-
tion rates should initially be high because demographic stochasticity
will have greater effects on the small number of initial colonists. As
population size approaches the carrying capacity of the patch, extinc-
tion rates should approach a constant. Thus, age structure of patches
should be considered when studying the impact of age-dependent rates
of extinction and emigration on metapopulation dynamics. In this
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article we generalize the model in Keymer et al. [2000] by incorporat-
ing age-dependent colonization and extinction rates. The introduction
of these types of age distributions into the model may provide more
realistic predictions for conservation purposes, see Feng and Thieme
[2000a, b], Feng et al. [2002b]. We identify a threshold quantity R4
(d for destruction) and show that the existence of the nontrivial equi-
librium is linked to R4 being larger than 1. We derive a charac-
teristic equation, the roots of which determine the local stability of
the metapopulation-extinction and -persistence equilibria. We show
that the metapopulation-extinction equilibrium is locally asymptoti-
cally stable if Ry < 1 and unstable if R4 > 1, and that metapopulation-
persistence is expected if and only if R4 > 1. Computation of Ry, in
this article, helps understand the role that age-related parameters play
in the maintenance of metapopulations.

2. The model formulation. Keymer et al. [2000] developed
the following model (the notations have been changed for comparison
purposes):

% X () = 8(Y (1) + Z()) — vX (1),
(1) $¥ (1) = ¥X (1)~ ¥ () 2(0) + (1) ~ 67 (1),
d

7 Z(t)=cZ(t)Y(t) — (e+)Z(t).

Here X (t), Y(t) and Z(t) denote the fractions of patches that are
nonhabitable, habitable but unoccupied and occupied, respectively, at
time ¢; § is the patch destruction rate for the habitable patches; « is the
patch recreation rate for the destroyed patches; ¢ and ¢ are the rates
of colonization and extinction, respectively. We generalize the model
(1) by incorporating age-dependent colonization and extinction rates
as follows. Introduce the following notation: z(a,t) is occupancy-age
density of fraction of occupied patches at time ¢, c(a) is per capita
colonization rate by patches of age a and €(a) is per capita extinction
rate of patches of age a. Here the variable a denotes the age of
occupancy of a patch, i.e., the time that has lapsed since the patch
became colonized. In this context, then, f;z z(a,t) da is simply the
fraction of patches between ages a; and ays. Throughout this paper
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we assume that both c¢(a) and €(a) are bounded functions. Then the
dynamical changes of the metapopulation are governed by the following
system of differential and integral equations:

% X(t) = 6<Y(t) + /OOO “(a,1) da) _ X (),

% Y(t) = X (1) — Y (1) — V(1) /OOO c(a)=(a, 1) da
2) + /0 e(a)z(a,t) da,

9

2(0,t) =Y (t) /000 c(a)z(a,t) da, X(0) = X, >0,

Y(0) =Y, >0, z(a,0) = zp(a) > 0,

where the density zo is assumed to be in L*(0, 00) with [ 2(a) da < 1.
Let

(3) Z(t) = /OOO z(a,t) da.

Then Z(t) is the fraction of patches occupied at time ¢. We integrate
the z equation in (2) over all ages a to obtain

d

W Lz0-ve [ " clayala, ) da— 52(t) - / " c(@(a.t) da.

Addition of the XY equations in (2) and the Z equation (4) yields
d/dt(X(t)+Y(t) + Z(t)) = 0, and hence,

(5) XO+Y(O)+Z(1t) =1, t>0,

with initial data satisfying Xy + Yy + Zy = 1 where Zy = fooo z0(a) da.
Then the X equation in (2) can be simplified and solved

(6) X(t) = Xoe Ot 4 _—

1 — e~ (6+7)ty
6+7( ¢ )
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Obviously, X (t) > 0 for all ¢ > 0 with X, > 0. Equations (5) and (6)
allow us to simplify the original system by eliminating the X equation.

The system (2) can be reformulated as a system of Volterra integral
equations. The following notation will be used later in the paper:

Ko(a) _ 760, fo E(s)ds7

Fi0) = =(a) (o) =~ 1 Kola) +0Kofa) ),
Ka(a) = e(a) Ko(a),
K, = / Ki(a)da, i=0,1,2.

Ky(a) is the probability of a patch remaining occupied at age a,
hereafter termed the age-specific survival probability of an occupied
patch. Ks(a) is a product of the survival probability of a patch of
age a and the rate at which a habitable empty patch is colonized by an
occupied patch of age a. It is clear that K5 (a) represents the production
of newly occupied patches, which were habitable but empty, produced
by a patch of occupancy age a. Hence, Ky gives the total production
of newly occupied patches by a (typical) patch during its entire life
of occupancy in a patch network consisting of only habitable patches.
This quantity is called the basic reproduction number and denoted by
Ro.

For mathematical convenience we introduce the new variable, B(t), to
describe the rate at which an empty habitable patch becomes occupied
at time ¢ by patches of all occupancy ages,

(8) B(t) = /OOO c(a)z(a,t) da.

Integrating the z equation in the system (2) along the characteristic
lines, t — a = constant, we get the following formula

Y(t —a)B(t —a)Ky(a) for a < t,
(9) z(a,t) =
z0(a —t)Ko(a)/Ko(la —1t) fora>t
Substituting (6), (8) and (9) into the Y equation in (2), we get
d Vi) — oy

7 (t) = PR §Y (t) = Y ()B(?)

(10) ¢
+ / Y (t —a)B(t — a)Ky(a) da + Fi(t),
0
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where

4]

R0 = [ o) gt dasae 0 (g - 5.

Clearly Fy(t) — 0 as t — oc. Integrating equation (10) and changing
the order of integration, we obtain

(11) t
Y (t) = Yoe % + /0 e 00 {5(1—77 — Y (s)B(s)
+ /O Y(s—a)B(s—a)K;(a) da + E(s)} ds
= [ (5 - v + -9y ()86 ds+ R
where

H(t)=e% /0 t e K\ (1) dr,

Fi(t) = Yoe O + /Ot e =) By () ds.
For the derivation of (11) we have used the following fact:
/o e ot=s / Y(s—a)B(s —a)Ki(a)dads

/ / =)y (u) B(u) K1 (s — u) duds
:/ / e =Y (u) B(u) K1 (s — u) ds du
Ot ' (t—u)

= /0 Y(u)B(u)ef‘;(t*“)/o " K1 (r) dr du.

Substitution of (9) into (3) and (8) yields
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and
(13) B(t) = /0 Y (s)B(s)Ks(t — ) ds + Fa(t),

where - Ki(a)
i\a .
Fl(t) :/t Zo(a—t)mda, 2—0,2.

Equations (11), (12) and (13) form a system of Volterra integral
equations which, together with the equation (6), is equivalent to the
original system (2). Notice from (12) that Z can be completely
determined by Y and B. Hence, for the discussion of existence and
uniqueness of the solutions, we only need to consider the following
system

(14)

Y(t):/o {e5“S)(%—Y(s)B(s))—|—H(t—s)Y(s)B(s) ds+Fy(t),

B(t) :/0 Y (s)B(s)Ka(t — s)ds + Fy(t).

3. Analysis. In this section we provide analytic results on the
existence of positive solutions, equilibria and their stabilities, and
persistence of the metapopulation.

3.1 Existence of positive solutions. Set v(t) = (Y (t), B(t)).
Then system (14) can be written in the form

o(t) = / w(t - $)g(o(s)) ds + (1),

f(t) = (Fi(t), F5(t)) being a continuous function from [0, 00) to [0, 00)?,
k being a locally integrable function from [0, 00) to the 2 x 2 matrix,

Se 0t )(6+~) H(t)—e 0
0= (T TG

and g : Ry — Ry,
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Obviously, f € C([0,0);R?), g € C(R?,R?) and x € L] ([0, 0);
R?*2). Theorem 1.1 in Gripenberg et al. [1990, Section 12.1], now
provides us with a continuous solution defined on a maximal interval
such that the solution goes to infinity if this maximal interval is finite.

We proceed to show that Y(t) > 0, B(t) > 0 for all ¢ > 0 for
nonnegative initial data. If there exists a ¢ > 0 such that Y (¢) = 0
and Y (¢t) > 0, B(t) > 0 for all 0 < ¢t < ¢, then, since X (t) > 0 for all
t >0, and Ko(a) >0, K1(a) >0 foralla>0andi=0,1,

GYO= X0 - 07O -YOBD + [ Y()BEK(E-)ds
0

+/toozo(a—ﬂ%da
zmm/t_ ZO(af)K()K(;(C_L)t-)da

>0

This shows that Y (¢) will never become negative as long as B(t) remains
positive. On the other hand, suppose that there exists a ¢ > 0 such
that B(t) = 0 and Y (¢) > 0, B(t) > 0 for all 0 < ¢ < #. Then, since
Kg(a) > 0, Fg(t) > 0,

B(t) = /Ot Y (s)B(s)Ka(t — s)ds + Fa(t) > 0,

which contradicts our original supposition that B(f) = 0. It follows
that all variables remain nonnegative. This, together with the fact
that X +Y + Z = 1, implies that all solutions are bounded. Therefore,
we have found a solution of our original problem, which is defined for
all positive ¢ because it does not go to infinity in finite time. Once we
have a continuous solution for system (14), we also have solutions to the
original system (2). It is possible to prove uniqueness of solutions and
continuous dependence of solutions on initial conditions by standard
methods, see Iannelli [1995] and Webb [1985]. Hence, the following
result holds.



AN AGE-STRUCTURED METAPOPULATION MODEL 423

Result 1. The system (2) has a continuous nonnegative solution
for all t > 0 and, for all data Xy > 0, Yy > 0, zo(a) € L1 [0,00). The
solution is uniquely determined and continuously depends on the initial
data.

3.2 Equilibria and stability. Instead of using an argument of
the limiting system of the Volterra integral equations (11)—(13), our
stability analysis will be based on the following system which is also
equivalent to the system (2):

9G¥ (1) =40~ Y (1)~ 2(0)) - 5Y (1) ~ Y () B

+ /OOO e(a)z(a,t) da,

(a.1) = {Y(t—a)B(t—a)Ko(a) for a < t,
") 20(a—t)Kola)/Kola—t) fora>t

2(t) = /O " daut)da
B(t) = /0 ~ (a)2(a,t) da

We stress that the relevant dependent variables in this formulation are
Y and z; Z and B are convenient shorthand.

3.2.1 The induced semi-flow. From Result 1 we know that the system
(15) has a continuous solution for nonnegative data, which allows us to
consider the mapping

©:[0,00) xU = U, U=(0,00)x L} (0,00),

defined by
®(t7 (Yo, zO)) = (Y(t)7 Z(-, t)),

where Y and z are the solutions to system (15) with initial data Yy and
zp. It is easy to verify that © is a semi-flow, i.e., © satisfies

Ot+rz)=0(t06(rz) Vt,r>0, zecU.
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U will be endowed with the metric induced by the norm

1w £)ll = Iyl + / " (@) da.

Similarly to Feng and Thieme [2000a] we can show that © is a contin-
uous semi-flow with a compact attracting set.

An equilibrium of (15) satisfies the equations
5(1— X*) —yX* =0,
¥X* —8Y* —Y*B* +/ e(a)z*(a)da =0,
0

(16)
z"(a) =Y*B*Ky(a),
B* = Y*B*Ks,

Ko is given in (7). From the first equation we have X* = 6/(§ 4+ 7).
An equilibrium is nontrivial if Z* = OOO z*(a) da # 0. The system (15)
always has the trivial equilibrium

* vy * *
17 Yy =——, Z;=0, Bj=0.
(17) I 0 0

If Z* > 0, then B* # 0 (otherwise z* = 0) and the last equation in
(16) yields Y* = 1/K5. Hence,

1 ’YK:Q >
18 7 =1—-X*-Y"=— —1].
18) o (5H

It is easy to see that the unique nontrivial equilibrium

1 1 YKo Ko
19 Vi= —, Z"=_— ~1), B*=227z
( ) ICQ ICQ (5+’Y ) IC()

exists if and only if Z* > 0, or

(20) (%)I@ > 1.

Denote the quantity on the lefthand side by Ry, i.e.,

(7 ([T —da— [ <(s) ds
(21) Ra= (5_’_7)/@ (5+’y>/0 c(a)e da.
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Recall that o = Ry is the basic reproduction number and notice that
v/ +7) = 1 — X* is the fraction of habitable patches. Hence, Rq4
is the reproduction number of the metapopulation in a patch network
where a fraction, i.e., §/(§ + «) of patches is destroyed. The threshold
condition R4 > 1 given by (20) indicates that, for persistence to be
possible, an occupied patch has to be able to replace itself during its
entire period of occupancy in a landscape where only a fraction, i.e.,
~/(8 + ) of patches is habitable.

3.2.2 Stability of equilibria. Our stability analysis follows the same
approach as in Feng and Thieme [2000a]. An equilibrium solution
x* = (Y*,2%), ie., 2* = O(t,2*), of the system (15) is called locally
stable if for every € > 0 there exists some 1 > 0 such that

|9, z) —z*|| <e Vt>0, whenever |z—z"|<n.

x* is locally asymptotically stable if x* is locally stable and if there
exists some 1 > 0 such that

O(t,z) — =", t— o0; whenever |z —z*||<n.

Moreover, if we let Z(t) = x(t) — «* and denote by ©’(t) the derivative
of O(t,x) in x evaluated at x = x*, then the local stability of z* is
given by the stability of 0 for the linear expression

(22) i(t) = ©'(t)%(0),
which is approached by studying solutions of the form
(23) it) =eMz, 7 #0.

Similarly to the proof in Feng and Thieme [2000a] we can show that ©’
satisfies the compactness condition of Corollary 4.3 in Thieme [1990]
and, hence, x* is locally asymptotically stable if all eigenvalues A have
strictly negative real parts, while z* is unstable if at least one eigenvalue
has a strictly positive real part.

Let

V() =Y*+Y(t), z(at)==z*(a)+Z(a,t), B(t)=B"+ B(t).
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We will study the local stability of the equilibria of the following
linearized system, corresponding to (22),

Y/(t) = —v (Y(t) + Z(t)) — 6Y (t) — Y*B(t) — Y (t)B*
—|—/0 E(a)é(aﬂfda,
#(a,t) = (Y*B(t — a) + Y (t — a) B*) Ko (a),
B(t) = /O c(a)3(a, 1) da,

(24)

where Y* and B* are given in (16). Substituting nontrivial solutions
of the form (23) into (24) we get

A

—v(Y+2)-6Y - Y*B-YB* + (Y*B+YB" K (\),
= (Y*B+YB")Ky(\),
= (Y*B+YB")Kx(\),

(25)

@l N

where ¢()\) is the Laplace transform of ¢(a) defined by
0= [ e Mo(a)da.
0

From the second equation in (25) we have Y*B + YB* = Z/Ky()).
Substituting this into the first equation in (25) yields

f(l(/\)_l—Wf(o()\) =

(26) Y = ~ Z=-Z.
A +v+0)Ko(N)

For the last equality we have used the second equation in (7) to obtain
the following relation

Ki(\) =1—(6+MN)Ko()).

Noticing that, from the Z and B equations in (25),

=)

2(A
0o(A)

g

B=7

)
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and substituting this and (26) into the Z equation in (25), we get
7 = Z(Y*Ey(\) — B*Ko(\)).

Since the exponential solution is nontrivial, Z # 0. By dividing the
equation above by Z, we obtain the characteristic equation

(27) 1=Y*"Ky(\) — B*Ko()).

An equilibrium with X*, Y* and Z* giving the fractions of patches
in the three stages is locally asymptotically stable if all roots of the
characteristic equation (27) have strictly negative real parts. The
equilibrium is unstable if there exists at least one root with a strictly
positive real part.

Result 2. The trivial equilibrium (17) is locally asymptotically
stable if R4 < 1 and unstable if R4 > 1.

Proof. At the trivial equilibrium the characteristic equation (27)
becomes

Y B def
(28) 1= 5o R o).

Notice that G(0) = Rq4 and that G'(A) < 0 for all —co < A < o0, i.e.,

G(A) is a decreasing function. If R4 < 1, then, whenever the real part
of X is positive, i.e., A = a4+ i with a > 0, we have

|GV < |G(e) < G(0) =Ra < 1.

Hence, all roots of (28) have negative real parts and the stability follows.
If Rq > 1, then, since G(0) = R4 > 1 and G(A\) — 0 as A — oo, there
exists a A > 0 such that G(A) = 1. In this situation, instability follows.

Recall that a nontrivial equilibrium exists if and only if the repro-
duction number Rq = Ko7v/(6 + ) exceeds one. At the nontrivial
equilibrium, the characteristic equation takes the form

(29) 1=@—(Rd—1)

Ko(\)
s ’

Ko
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Since Rq > 1 and I/(\'o()\) > 0 for —oo < A < 00, it is easy to show that
the equation (29) cannot have a positive real eigenvalue. However,
we cannot rule out the possibility of complex eigenvalues with positive
real parts when R4 > 1. In fact, Castillo-Chavez and Thieme [1993]
considered an HIV/AIDS model with a similar structure as the one
we considered here, and they proved that under certain conditions the
nontrivial equilibrium may lose its stability leading to the existence of
periodic solutions, see also Milner and Pugliese [1999]. While we have
not identified conditions for instability, we provide a stability result
for the case in which the patch extinction rate £(a) is a nonincreasing
function, based on the logic that young (and small) populations are
more prone to demographic stochasticity. This assumption is satisfied
by the example used in the discussion section in which the extinction
rate of patches was assumed to be m; for all patch ages less than some
threshold age and mso thereafter with my > ms.

Result 3. Let R4 > 1. If the extinction rate €(a) is a nonincreasing
function, then the unique nontrivial equilibrium (19) is locally asymp-
totically stable.

Proof. We need to show that all eigenvalues of (29) have negative
real parts. To simplify the characteristic equation we introduce the
following functions:

o) = 22D g =

Clearly, p(a) > 0, g(a) > 0 and [;* p(a)da =
(29) can be written as

(30) 1=pA) = (Ra—1) G ().

Notice that p(0) = 1, p’'(A) < 0 and G(A) > 0 for 0 < XA < co. It is
easy to see that (30) cannot have positive real roots when R4 > 1. Let
A = x + iy denote a complex root of (30) with y # 0 (x and y are real
numbers). We remark that, whenever x + iy is an eigenvalue, © — iy
is also an eigenvalue. Separate (30) into real and imaginary parts as
follows:

(31) 1= /OOO p(a)e”** cos(ya) da — (Rq — 1) /OOO q(a)e™* cos(ya) da
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and
(32) /0 p(a)e™*sin(ya) da = (Rq — 1)/0 q(a)e™"*sin(ya) da.

We first show that (31) and (32) cannot have imaginary roots.
Suppose that iy, g > 0, is a root. Then

(33) 1= /000 p(a) cos(ga) da — (Rq — 1) /000 g(a) cos(ga) da

/Oop(a) sin(ga)da = (Rq — 1) /00 q(a) sin(ga) da.
0 0

Since the first term on the righthand side of (33) is strictly less than 1,
the equation (33) yields

(34) /OOO q(a) cos(ga) da < 0.

Noticing that ¢(a) — 0 as a — 0o we have

- . N
/O q(a) cos(ga) da:—;/o q'(a) sin(ga) da.

Hence, from (34),

(35) / ¢ (a) sin(ga) da > 0.
0
On the other hand, since £(a) is nonincreasing on [0, 0o],

q"(a) > 0.
Using ¢'(a) = — [ ¢ (t) dt we obtain

/ q (a) sin(ga) d / / ) sin(ga) dt da
0
/ / ) sin(ga) da dt

/0 ¢ (t)(cos(t) — 1) dt

IN I
S @ —
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This contradicts (35). Therefore, (31) and (32) cannot have roots with
z = 0.

Next we show that (31) and (32) cannot have roots with = > 0 and
y > 0.

Claim. There exists an Ry > 1 such that, for all Rq € (1, Ra), (31)
and (32) have no roots with x > 0 and y > 0.

Suppose that the claim is not true. Then there is a sequence {R; };";1
with Rg; > 1 and Rg; — 1 as j — oo, and corresponding sequences
{z;}52, {y;}52, with 2; > 0 and y; > 0 satisfying (31) and (32).
From (31) and R4 — 1,

o0
/ pla)e” %% cos(yja)da — 1, j — oo.
0

It follows that z; — 0, y; — 0. If we divide both sides of (32) (with =
and y being replaced by z; and y;) by y; and let j go to infinity, then
the lefthand side yields a positive constant, fooo ap(a) da, whereas the
righthand side goes to 0. This leads to a contradiction and therefore
the claim is proved. O

We now show that for any R4 > 1 (31) and (32) cannot have roots
with z > 0. Suppose that this is not true. Then, for some Ryq > Ry,
(31) and (32) have a root with z > 0, y > 0. Since all roots for
Rq € (1,Ry) satisfy x < 0, from the continuous dependence of roots
of the characteristic equation on the parameter R4 we know that the
curve of roots must cross the imaginary axis as Ry decreases to Rg.
The crossing cannot occur at y = oo because all integrals in (31) and
(32) tend to zero as y — oo. This implies that (31) and (32) have an
imaginary root which is impossible as shown above. Therefore, (31) and
(32) cannot have roots with « > 0. The proof of Result 3 is completed.
O

All the stability results given above are local. We end this section by
providing a global stability result for the trivial equilibrium.
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Result 4. The trivial equilibrium of the system (14) is globally
asymptotically stable when Ry < 1.

Proof. Noticing that in the Y equation in (14)

t—s
H(t—s)— e 0(t=s) _ o=0(t—s) (/ ATK, (r)dr — 1>
0
_ _efé(tfs)ffO T e(s) ds <0,

we obtain

V[ s
Y(t) < — —OUTS ds + Fy(t).
m< 5 [ as ne
Therefore, from lim;_, o F1(t) = 0, limsup,_, . Y (¢) < v/(0+7). From
the B equation in (14),

t
lim sup B(t) = lim sup/ Yt —u)B(t —u)Ks(u) du
0

t—o00 t—o0

< Ko

lim sup B(t)

t—o0

= Rqlimsup B(t).

t—o0

This implies that limsup, . B(t) = 0 as Rq < 1. Hence, B(t) — 0
as t — oo, and consequently from (12), Z(t) — 0 as ¢ — oo. This
completes the proof. ]

3.3 Species persistence. Denote the rate of patch colonization
by C(t), i.e., C(t) = 2(0,t) = Y(¢)B(t). Let f* = limsup,_, . f(?)
denote the limit of supremum (maximum) of a function f(t), and
let foo = liminf; o f(¢) denote the limit of minimum of f(¢). The
metapopulation is called uniformly weakly persistent, if there exists
some small constant ¢ > 0 such that C*° > u for every ecologically non-
trivial solution of the model. The metapopulation is called uniformly
strongly persistent, if there exists some small constant p > 0 such that
Coo > p for every ecologically nontrivial solution of the model. We dis-
cuss the persistence properties using the similar approach as in Feng
and Thieme [2000a]. We need the following lemmas.
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Lemma 1. The semi-flow © has a compact attracting set.

We call a set D in U an attracting set for the semi-flow if
O(t,x) — D, t— oo, forall zeU,

with the interpretation that for every set £, D C E C U, FE relatively
open in U, we have some tg > 0 such that O(¢t,z) € F for all t > tp.

Proof of Lemma 1. First we notice from (5) and (6) that all solutions
of the system satisfy

(36) Y(t)] <1 forall t>0.

Let ¢ denote the upper bound of ¢(a). Noticing also that Zy < 1 and
Ko <1/6, from (8) and (9) we have

(37) /0 Y(t —a)B(t — a)Ko(a)da < .
and
(38) /too zo(a—1t) % da < e,

This implies that we can write the solution z, see (9), as

(39) z(a,t) = u(a,t) +v(a,t) with / v(a,t)da — 0, t— o0
0

and

(40) u(a,t) = { Y(t—a)B(t—a)Ko(a) fora<t,

0 for a > t.

Let D be the subset of U defined by D = {(Y'(¢),u(-,t))}, where u is
given in (39) and (Y (£), z(-,t)) = O(t, (Y, 2)) for (Y,2) € U, t > 0. Let
D = D, the closure of D. Then from (36)—(39) we know that D C U is
a bounded attracting set for the semi-flow ©.

Now we show that D is a compact set of U, or equivalently, D is a
conditionally compact set of U. According to a theorem in Dunford
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and Schwartz [1971, IV.8.19], D is conditionally compact if and only if
D is bounded and

(a) limp,—o [, |u(a + h,t) — u(a,t)|da = 0 uniformly in ¢ > 0 and
uniformly for all w in D, and

(b) lima—oe [ u(a,t)da = 0 uniformly in ¢ > 0 and uniformly for
all win D.

Obviously D is bounded. First we show that (a) holds. From (9) it
suffices to show that

(41) %ii%/o Y (a + h)B(a + h) — Y (a)B(a)|Ko(t — a) da = 0

uniformly in ¢ > 0 and uniformly for all « in D. Since Y (¢) and
Z(t) are uniformly bounded in ¢ > 0 and uniformly for all solutions,
using (8) and the fact that ¢(a) is bounded we know that B(t) is also
uniformly bounded in ¢t > 0 and uniformly for all solutions. Then using
(14) it can be shown that Y (t) and B(t), and hence Y (¢)B(t), are
uniformly continuous on [0, 00) and uniformly for all solutions. Notice
that e(a) < € for some constant € > 0 and that

t
Ko(t — < .
/0 o(t a)da_d_'_é

For any given u > 0, we can choose 1 > 0 such that |Y(a + h)B(a +
h) =Y (a)B(a)| < u(d+¢&) for all Y (a) and B(a) whenever h < 1. Then

/0 Y (a+ B)Bla+ h) — Y(a)Ba)|Ko(t — a) da < p,

whenever h < n uniformly for all  in D. Therefore, (41) holds and (a)
is proved.

Next we show that (b) holds. For any given p > 0, we can choose 4,
large enough so that ~
g o042
Let A > A,. Ift < A,, thent < A and from (40) we get [,° u(a,t) da =
0 for all u. If ¢ > A,,, then

/Oo w(a, ) da < /Oo w(a,t)da = /At Yt — a)B(t — a)Ko(a) da

A Ay

< W

gé/ Ky(a)da < Cemdau < 1
A, 4



434 Z. FENG, L. RONG AND R.K. SWIHART

uniformly for all u. Thus, we have proved that fjo u(a,t) da < p for all
A > A, uniformly in t and uniformly for all u, and therefore (b) holds.

This completes the proof of Lemma 1. o

Lemma 2 (Feng and Thieme [2000a]). Consider a Volterra integral
inequality
C(t) = (CxL)(t) + F(t), ¢>0,

where F, L,C are nonnegative, F is continuous and not identically 0O
and L 1s not O almost everywhere. Then there exists some A € R such
that

liminf eMC(t) > 0.

t—o0

In particular, there exists some tg > 0 such that By is strictly positive
on [tg,00). If

L(0) = /OOO L(s)ds > 1,

A can be chosen to be strictly negative.
Using Lemmas 1 and 2 we can prove the following result.

Result 5. Let Ry > 1. Then the species is uniformly strongly
persistent, i.e., there exists a small © > 0 (independent of initial data)
such that

litrg lrolf Ct)>p

for all solutions of the model with nonnegative initial data and Zy > 0.

Proof. We first show that the species is uniformly weakly persistent.
Suppose it is not uniformly weakly persistent. Then we can find an
arbitrarily small x> 0 such that

limsup C(t) < p

t—o0
for an ecologically nontrivial solution of the model. Choose p; > 0
such that gy < min{p, plo}. Then from equation (12) we have

limsup Z(¢t) < limsup C(t)Koy < p1.

t—oo t—oo



AN AGE-STRUCTURED METAPOPULATION MODEL 435

Noticing that Y(t) + Z(t) = 1 — X (t) — /(0 + ), as t — oo, we have

.. Yy . i

IminfY(¢) > [ —— —limsupZ(t) | > | ——— — .

ity () > (5+7 P (>) B <5+v “1)
Also notice that

. . v
1 Y(t) <1 Y(t) + Z(t) = ——.
im sup (t) < l?iscgp( (t) + Z(1)) 5+

By the semi-flow property (Lemma 1), we can assume that

‘Y(t)_é—i—vv <p1, t=0.

Then
C(t) =Y (t)B(t) = Y()((C = K2)(t) + Fa(t))

> (52 - ) Ka)(0)+ Falt)

where Fo(t) = Y () F»(t) is nonnegative, continuous, and not identically
0. Clearly,

Y
- K =Ry — 1
((5 5 m) /0 2(s) ds a— wlle >

if 1 > 0 is chosen small enough. By Lemma 2, with A < 0, C(t) — oo
as t — oo, a contradiction. a

We next use persistence theory to show that the species is uniformly
strongly persistent. Consider the solution semi-flow © on U. We define
a functional p : U — [0, 00) by

p(Yo,20) =Yg /000 c(a)zo(a)da,

ie.,

p(@(t, (YO; ZO))) = Z(Oa t) = C(t)
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From the proof above we know that © is uniformly weakly p-persistent.
By Lemma 1, © has a compact attracting set A, the assumptions of
Theorem 2.6 in Thieme [2000] are satisfied, and © is uniformly strongly
p-persistent. This implies that solutions of the model with nonnegative
initial data and Zy > 0 satisfies

1itminf C(t) > u,

for some small 4 > 0. Hence, the species is uniformly strongly
persistent.

4. Discussion. In this paper we have generalized the model in
Keymer et al. [2000]. Specifically, we have introduced age structure into
the metapopulation model and studied the effects on metapopulation
persistence of colonization and extinction rates that vary with patch
age. Metapopulation models with similar types of age-dependence have
been studied previously only for the case when landscapes are static,
i.e., there is no patch destruction or creation, see Hastings and Wolin
[1989], Metz and Diekmann [1986]. We derived an expression for the re-
productive quantity R4 which determines whether the metapopulation
will go extinct or maintain itself in a patch network in which habitable
patches have a destruction rate . Of course if patches can be treated
as static, i.e., § = 0, then R4 simplifies to the basic reproduction num-
ber Ry (= K2). In keeping with the findings of Keymer et al. [2000],
we have shown that the incorporation of age structure does not alter
the qualitative predictions of their model. Namely, the metapopula-
tion either goes extinct (if Rq < 1) or persists (if R4 > 1) for all age
distributions of colonization and all nonincreasing age distributions of
extinction.

To illustrate how information on age-related changes in colonization
and extinction can provide additional insight into predictions regarding
persistence, we considered the following example in which both ¢(a)
and e(a) are simple step functions. We assumed that populations
were incapable of producing colonists until their local population had
attained some critical age (and corresponding size), referred to as
a*. From a* onwards, colonization was assumed to occur at rate c.
Similarly, the extinction rate of patches was assumed to be my for all
patch ages less than some threshold age, @ and mo thereafter, based

on the logic that young populations are more prone to demographic
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FIGURE 1. (a) is a plot of the fraction of occupied patches Z versus the
critical age of colonization a* and extinction rate of young patches mi. (b)
and (c) illustrate how the reproductive number R, changes with a* and m;.

stochasticity. Consequently, we further assumed that m; > msy. For
demonstration purposes, we only considered the case in which a* > a.
For these specific functions ¢(a) and €(a), using the formula given in
(21) we obtain

s
- 1/7 +mo

,(1/T+m2)a*7(m17m2)d).

Ra

We adopted the parameters 5 and 7 of Keymer et al. [2000], where
5 is the expected fraction of suitable habitat in the landscape, i.e.,
5 =7/(6 + ), and T is the expected patch life time, i.e., 7 = 1/0.
We also adopted the notation 7 to denote the proportion of suitable
habitat occupied (p in Keymer et al. [2000]), i.e., Z = Z*/5 where Z*
is given in (18). From (18) we can derive a formula that relates R4 and

Z. That is,
1

Z=1-—.
Ra
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FIGURE 2. Plots of the fraction of occupied patches 7 versus the expected
fraction of suitable habitat s and the expected patch life time 7 for different
values of the critical age of colonization a*.

Figure 1 illustrates the joint importance of the age at which a patch
first produces propagules and the extinction force acting on young
populations. Lower extinction forces (m;) enable populations to persist
(in the region where Z > 0 in Figure 1(a) or Ry > 1 in Figure 1(b))
even when the age of first propagule production (a*) is delayed, Figure
1(c). This tradeoff is potentially of great importance to conservation
efforts, as it suggests that species capable of rapidly producing potential
colonists may fare better under environmental regimes that could
heighten extinction risks for small populations.

In Figure 2 we depict the effect of age structure on the proportion of
suitable habitat occupied. Clearly, early onset of propagule production,
see Figure 2(a), results in a wider range of habitat suitability and patch
lifetimes over which the metapopulation can persist. Note that, for any
given level of 5, or 7, it is possible to compute the persistence threshold
in terms of 7, or s.

Our results suggest that future field studies of metapopulations would
do well to address age-related changes associated with colonization and
extinction processes. We have focused on simplistic age-dependent
dynamics; richer relationships undoubtedly exist and await clarification
by field biologists.

Acknowledgments. We thank Horst Thieme and an anonymous
referee for valuable suggestions that improved this paper considerably.
The research of Feng was supported in part by the James S. McDonnell



AN AGE-STRUCTURED METAPOPULATION MODEL 439

Foundation 21st Century Science Initiative and by NSF grant DMS-
0314575. Support for our research was also provided by NSF grant
SES-0119908 and by Environmental Sciences and Engineering Institute
at Purdue (to RKS and ZF).

REFERENCES

J. Bascompte and R. Solé [1996], Habitat Fragmentation and Extinction Thresh-
olds in Explicit Models, J. Animal Ecol. 55, 61-76.

M. Bevers and C. Flather [1999], Numerically Ezploring Habitat Fragmentation
Effects on Populations Using Cell-Based Coupled Map Lattices, Theoret. Pop. Biol.
65, 465-473.

S. Brachet, I. Olivieri, B. Godelle, E. Klein, N. Frascaria-Lacoste and P. Gouyon
[1999], Dispersal and Metapopulation Viability in a Heterogeneous Landscape, J.
Theoret. Biol. 198, 479-495.

C. Castillo-Chavez and H.R. Thieme [1993], How May Infection-Age Depen-
dent Infectivity Affect the Dynamics of HIV/AIDS?, SIAM J. Appl. Math. 53,
1447-1479.

N. Dunford and J.T. Schwartz [1971], Linear Operators, Interscience Publishers,
New York.

R. Durrett and S.A. Levin [1994], The Importance of Being Discrete (and Spatial),
Theoret. Pop. Biol. 46, 363-394.

L. Fahrig [1992], Relative Importance of Spatial and Temporal Scales in a Patchy
Environment, Theoret. Pop. Biol. 41, 300-314.

Z. Feng, M. Iannelli and F.A. Milner [2002], A Two-Strain TB Model with Age-
Structure, SIAM J. Appl. Math. 62, 1634-1656.

Z. Feng and H.R. Thieme [2000a], Endemic Models for the Spread of Infectious
Diseases with Arbitrarily Distributed Disease Stages 1: General Theory, SIAM J.
Appl. Math. 61, 803-833.

Z. Feng and H.R. Thieme [2000b], Endemic Models for the Spread of Infectious
Diseases with Arbitrarily Distributed Disease Stages 11: Fast Disease Dynamics and
Permanent Recovery, SIAM J. Appl. Math. 61, 983—-1012.

G. Gripenberg, S.-O. Londen and O. Staffans [1990], Volterra Integral and Func-
tional Equations, Cambridge Univ. Press, Cambridge.

1. Hanksi [1998], Metapopulation Dynamics, Nature 396, 41-49.

A. Hastings and C. Wolin [1989], Within-Patch Dynamics in a Metapopulation,
Ecology 70, 1261-1266.

M. Tannelli [1995], Mathematical Theory of Age-Structured Population Dynamics,
Applied Mathematics Monographs, Comitato Nazionale per le Scienze Matematiche,
Consiglio Nazionale delle Ricerche (C.N.R.), Vol. 7, Giardini, Pisa.

J.E. Keymer, P.A. Marquet, J.X. Velasco-Herndndez and S.A. Levin [2000],
FEaxtinction Thresholds and Metapopulation Persistence in Dynamic Landscapes,
Amer. Natural. 156, 478-494.



440 Z. FENG, L. RONG AND R.K. SWIHART

R. Levins [1969], Some Demographic and Genetic Consequences of Environmental
Heterogeneity for Biological Control, Bull. Entomol. Soc. Amer. 15, 237-240.

G. Merriam, K. Henein and K. Stuart-Smith [1991], Landscape Dynamics Models,
in Quantitative Methods in Landscape Ecology (M.G. Turner and R.H. Gardner,
eds.), Springer, New York.

J.A.J. Metz and O. Diekmann [1986], The Dynamics of Physiologically Structured
Populations, Springer-Verlag, New York.

F.A. Milner and A. Pugliese [1999], Periodic Solutions: A Robust Numerical
Method for an S-I-R Model of Epidemics, J. Math. Biol. 39, 471-492.

H.R. Thieme [1990], Semiflows Generated by Lipschitz Perturbations of Non-
Densely Defined Operators, Differential Integral Equations 3, 1035—1066.

H.R. Thieme [1993], Persistence under Relazed Point-Dissipativity (with Appli-
cations to an Endemic Model), STAM J. Math. Anal. 24, 407-435.

H.R. Thieme [2000], Uniform Persistence and Permanence for Nonautonomous
Semiflows in Population Biology, Math. Biosci. 166, 173-201.

G. Webb [1985], Theory of Nonlinear Age-Dependent Population Dynamics,
Marcel Dekker, New York.

B.A. Wilcox and D.D. Murphy [1985], Conservation Strategy: The Effects of
Fragmentation on Extinction, Amer. Natural. 125, 879-887.

K.A. With and T.O. Crist [1995], Critical Thresholds in Species’ Responses to
Landscape Structure, Ecology 76, 2446—2459.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [432.000 648.000]
>> setpagedevice


