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research article

Perturbation analysis of nonlinear matrix
population models

Hal Caswell! 2

Abstract

Perturbation analysis examines the response of a model to changes in its parameters. It
is commonly applied to population growth rates calculated from linear models, but there
has been no general approach to the analysis of nonlinear models. Nonlinearities in de-
mographic models may arise due to density-dependence, frequency-dependence (in 2-sex
models), feedback through the environment or the economy, and recruitment subsidy due
to immigration, or from the scaling inherent in calculations of proportional population
structure. This paper uses matrix calculus to derive the sensitivity and elasticity of equi-
libria, cycles, ratios (e.g., dependency ratios), age averages and variances, temporal aver-
ages and variances, life expectancies, and population growth rates, for both age-classified
and stage-classified models. Examples are presented, applying the results to both human
and non-human populations.

! Distinguished Research Scholar, Max Planck Institute for Demographic Research
2Senior Scientist, Biology Department MS-34, Woods Hole Oceanographic Institution, Woods Hole MA
02543, USA, E-mail:hcaswell@whoi.edu
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1. Introduction

The goal of this paper is to present a new approach to the perturbation analysis of nonlin-
ear population models, providing the sensitivity and elasticity of a wide range of demo-
graphic quantities.

1.1 Perturbation analysis

The output of any model depends on the values of its parameters. Perturbation analysis
asks how changes in one or more parameters will affect the output. Widely used by de-
mographers of all types, perturbation analysis is important in evolutionary biology (where
the perturbations are produced by mutation or recombination), conservation, pest control,
and and population policy (where the concern is with management manipulations), and
sampling theory (the parameters to which a quantity is most sensitive are those that must
be estimated most precisely). The results of perturbation analysis are often expressed as
sensitivities (the sensitivity of y to x is the derivative dy/dx) and elasticities (the elasticity
of y to x is (x/y)dy/dx).

The perturbation analysis of linear demographic models has focused on the sensitivity
of Aorr (e.g., Keyfitz 1971, Hamilton 1966, Caswell 1978, Baudisch 2005), of the stable
age or stage distribution (Coale 1957, 1972, Caswell 1982), and of life expectancy (Key-
fitz 1977, Pollard 1982, Vaupel 1986, Vaupel and Romo 2003, Caswell 2006). The per-
turbation analysis of short-term transient dynamics has recently been presented (Caswell
2007a).

This paper presents new methods for perturbation analysis of nonlinear models, using
matrix calculus. It uses those methods to analyze the sensitivity of a selection of important
nonlinear models: density-dependent, environment-dependent, subsidized, two-sex, and
proportional structure models.

Plant and animal demographers have recognized the need for sensitivity analysis of
nonlinear models (e.g., Grant and Benton 2000, 2003), but until now there has been no
general perturbation analysis for such models. Instead, most studies have relied on nu-
merical calculations using difference quotients. This is a notoriously unstable method for
computing derivatives, requires lots of computation, and provides no analytical insight
into the structure of the sensitivities.

Yearsley et al. (2003) used an analytical approach, analyzing a model with a known
characteristic equation, in which the vital rates depend only on total density. They derived
the sensitivity of the equilibrium density by implicit differentiation of the characteristic
equation. There exists a related but distinct set of results in evolutionary biodemography
that analyze the sensitivity of the invasion exponent in density-dependent models. The
sensitivity of this exponent to a parameter is the selection gradient on that parameter;
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together with a measure of genetic variation it determines the rate of phenotypic change
under selection. The sensitivity of the invasion exponent to parameter changes has been
shown to be equal to the sensitivity of a kind of weighted average population density to
those parameter changes (Takada and Nakajima 1992, 1998, Caswell et al. 2004, Caswell
2007b).

1.2 Organization of this paper

Because this paper relies on techniques from matrix calculus, I begin in Section 2 with
a brief review of those techniques. Section 3 analyzes density-dependent models, intro-
duces methods for analyzing various dependent variables, and shows how to calculate
elasticities as well as sensitivities. Sections 2 and 3 are essential to the rest of the pa-
per. The subsequent sections can, to an extent, be read independently. Section 4 analyzes
environmental feedback models, Section 5 analyzes subsidized models and Section 6 con-
siders the equilibria of proportional structures, such as arise in calculating the stable stage
distribution, the dependency ratio, and means and variances of age at reproduction. Sec-
tion 7 analyzes frequency-dependent two-sex models, including the sensitivity of both
population structure (Section 7) and growth rate (Section 7). Finally, Section 8 analyzes
the sensitivity of cycles in density-dependent models. For a preview of the results that
will be in hand by the end of the paper, skip ahead to Table 3.

This paper contains examples from animal, plant, and human populations, because I
assume at the outset that demographic studies on different species have the potential to
inform each other, especially if the species differ in interesting biological properties. This
perspective has a long history (e.g., Pearl et al. 1927) and enough recent examples (e.g.,
Wachter and Finch 1997, Carey 2003, Wachter and Bulatao 2003, Keyfitz and Caswell
2005) that it is now referred to as biodemography (Carey and Vaupel 2005).

1.3 Nonlinear models and their dynamics

Nonlinearity is defined in contrast to linearity. If x is an age or stage distribution vector,
and if the dynamics of x are

x(t+1) = flx®)], ¢))
then the model is linear if f(-) is a linear function, i.e., if
flaxy +bx2) = af (x1) +bf (x2) 2)

for any constants a and b and any vectors x; and Xs.

A nonlinear model is simply any model that is not linear. Nonlinearity in demographic
models arises from four main sources: density-dependence, environmental feedback, 2-
sex models, and calculation of proportional structure.
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Density-dependence: arises when the per-capita vital rates are functions of the numbers

or density of the population. Such effects are well documented in plants (e.g., Sol-
brig et al. 1988, Gillman et al. 1993, Silva Matos et al. 1999) and animals (e.g.,
Pennycuick 1969, Longstaff 1977, Clutton-Brock et al. 1997, Tanner 1999, Cush-
ing et al. 2003). Density-dependence has been intensively studied in the laboratory
(e.g., Pearl et al. 1927, Frank et al. 1957, Costantino and Desharnais 1991, Carey
et al. 1995, Mueller and Joshi 2000, Cushing et al. 2003). It can arise from com-
petition for food, space, or other resources, or from interactions (e.g., cannibalism)
among individuals.
Simple density-dependence is less often invoked by human demographers.> Weiss
and Smouse (1976) proposed a density-dependent matrix model, and Wood and
Smouse (1982) applied it to a population of the Gainj people of Papua New Guinea.
Density-dependence is included in epidemiological feedback models applied to a
rural English population in the 16th and 17th centuries by Scott and Duncan (1998).
The Easterlin effect (e.g., Easterlin 1961) produces density-dependence in which
fertility is a function of cohort size. Analysis of the Easterlin effect has focused
mostly on the possibility that it could generate cycles in births (e.g., Lee 1974,
1976, Frauenthal and Swick 1983, Wachter and Lee 1989, Chu 1998).

Environmental (or economic) feedback. Density-dependent models are often an attempt

to sneak in, by the back door as it were, a feedback through the environment.
A change in population size changes some aspect of the environment, which af-
fects the vital rates, which in turn affect future population size. MacArthur (1972)
showed that simple density-dependent models in ecology could be derived from to
models including the feedback between the dynamics of consumers and their re-
sources. Consumer-resource models (e.g., Hsu et al. 1977, Tilman 1982, Murdoch
et al. 2003) are the basis for the models of food chains and food webs that underlie
models of global biogeochemistry (Fennel and Neumann 2004).
Feedback models are often invoked in human demography, with the feedback op-
erating through the economy (Lee 1986, 1987, Chu 1998). An interesting aspect of
these approaches is the possibility that, if larger populations support more robust
economies, the feedback could be positive instead of negative (Lee 1986, Cohen
1995, Appendix 6). An exciting combination of ecological and economic feedback
appears in the food ratio model recently proposed by Lee and Tuljapurkar (2007).

3 Lee (1987) reviewed the situation and said “...we might say that human demography is all about Leslie
matrices and the determinants of unconstrained growth in linear models, whereas animal population studies
are all about Malthusian equilibrium through density dependence in nonlinear models ...”. He admits that
this is an exaggeration, and there clearly are nonlinear concerns in the field (Bonneuil 1994), but a non-
exhaustive survey finds no mention of density-dependence in several contemporary human demography
texts (e.g., Hinde 1998, Preston et al. 2001, Keyfitz and Caswell 2005).
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Two-sex models. To the extent that both males and females are required for reproduction

(and, in the bigger scheme of things, this is not always so), demography is nonlinear
because the marriage function or mating function cannot satisfy (2). Nonlinear
two-sex models have a long tradition in human demography (see reviews in Keyfitz
1972b, Pollard 1977) and have been applied in ecology (e.g., Lindstrom and Kokko
1998, Legendre et al. 1999, Kokko and Rankin 2006, Lenz et al. 2007). Their
mathematical properties have been investigated by e.g, Caswell and Weeks (1986),
Chung (1994), Ianelli et al. (2005), and in a very abstract setting by Nussbaum
(1988, 1989).
In their most basic form, two-sex models differ from density-dependent models
in that the vital rates depend only on the relative, not the absolute, abundances of
stages in the population (they are sometimes called frequency-dependent for this
reason). This has important implications for their dynamics.

Models for proportional population structure. Even when the dynamics of abundance
are linear, the dynamics of proportional population structure are nonlinear (e.g.,
Tuljapurkar 1997). This leads to some useful results on the sensitivity of the stable
age or stage distribution and the reproductive value.

Linear models lead to exponential growth and convergence to a stable structure. Much
of the analysis of linear models focuses on the population growth rate A or r = log \.
Nonlinear models do not usually lead to exponential growth (frequency-dependent two-
sex models are an exception). Instead, their trajectories converge to an attractor. The
attractor may be an equilibrium point, a cycle, an invariant loop (yielding quasiperi-
odic dynamics), or a strange attractor (yielding chaotic dynamics); see Cushing (1998)
or Caswell (2001, Chapter 16) for a detailed discussion.

In this paper, I will analyze the sensitivity and elasticity of equilibria and cycles. Be-
cause the dynamic models considered here are discrete, solutions always exist and are
unique. The nature of number of the attractors depends on the specific model. Perturba-
tion analysis always considers perturbations of something, so the equilibria or cycles must
be found before their perturbation properties can be analyzed.

A note on notation. Matrices are denoted by upper case bold symbols (e.g., A), vectors
(usually) by lower case bold symbols (n); a,; is the (i, j) entry of the matrix A, n; is the
ith entry of the vector n, and n" is the transpose of n. The exceptions to these conventions
are noted when they occur. Logarithms are natural. The vector norm ||x|| is, unless noted
otherwise, the 1-norm. In addition to the ordinary matrix product, the Kronecker product
A ® B and the Hadamard product A o B will appear. The symbol diag (x) denotes the
square matrix with x on the diagonal and zeros elsewhere. The symbol e denotes a vector
of 1s; the vector e; is a vector with 1 in the ¢th entry and zeros elsewhere. The identity
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matrix is I; sometimes its dimension will be indicated by a subscript, as in I, for the s x s
identity. The end of an example is denoted by the symbol .

2. Matrix calculus

Matrix calculus permits the consistent differentiation of scalar-, vector-, and matrix-
valued functions of scalar, vector, or matrix arguments. Because this method is not well-
known in either ecology (but see Caswell 2006, 2007a) or demography (but see Willekens
1977, Ekamper and Keilman 1993 for related approaches), the next section presents a brief
statement of the essential results. More detail can be found in Caswell (2007a). There
exist several conventions for matrix calculus, differing in their arrangements of the matrix
and vector entries. The best is that of Magnus and Neudecker (1985, 1988); it is called
the vector-rearrangement method in the review paper of Nel (1980).

If x and y are scalars, the derivative of y with respect to x is the familiar derivative
dy/dz. If y is an x 1 vector and x a scalar, the derivative of y with respect to x is the
n X 1 vector

dyy
dz
d
T 3)
i
dYn
dx
If y is a scalar and x is a m X 1 vector, the derivative of y with respect to x is the 1 x m
gradient vector
d 0 0
W _(% ... 9 4)
dxT o0x1 0Ty,

Note the orientation of dy /dx as a column vector and dy/dx" as a row vector.
If yisan x 1 vector and x a m X 1 vector, the derivative of y with respect to x is the

n X m Jacobian matrix
dy dy;
o ( dz, ) )

Derivatives involving matrices are written by transforming the matrices into vectors
using the vec operator (which stacks the columns of the matrix into a column vector), and
then applying the rules for vector differentiation. Thus, the derivative of the m X n matrix
Y with respect to the p x ¢ matrix X is the mn X pg matrix

dvecY

. (6)
dvec™X
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For notational convenience, I will write vec "X for (vec X)T.
These definitions (unlike some alternatives; see Magnus and Neudecker 1985) lead to
the familiar chain rule. If Y is a function of X and X is a function of Z, then

dvecY  dvecY dvecX
dvec™Z  dvec™X dvecTZ’
The derivatives of matrices are constructed by forming the differentials of the expres-

sions involving the matrices. The differential of a matrix (or vector) is the matrix (or
vector) of differentials of the elements; i.e.,

N

If, for vectors x and y and some matrix Q, it can be shown that

dy = Qdx ©)

then J
d—yT -Q. (10)

X

(the “first identification theorem” of Magnus and Neudecker (1985); see also Neudecker
1969).

The combination of the chain rule and the identification theorem permits more com-
plicated expressions involving differentials to be turned into derivatives with respect to an
arbitrary vector, say u. If

dy = Qdx + Rdz (1)
then p p p
y X z
— =Q— — 12
du’ QduT + RoluT (12)
for any u.

We will make extensive use the Kronecker product, defined as

a1B  a2B
A@B=| @B apB - | (13)

The vec operator and the Kronecker product are related (Roth 1934); if
Y = ABC (14)

then
vecY = (C"® A) vec B. (15)
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3. Density-dependent models
We begin with the basic density-dependent model, written as
n(t+1)=A[0,n(t)] n(t) (16)

where n(¢) is a population vector of dimension s x 1 and A is a population projection
matrix of dimension s X s. The matrix A depends on a p x 1 vector 8 of parameters as
well as on the current population vector n(t).

3.1 Sensitivity of equilibrium
An equilibrium of (16) satisfies

A= Al6,h]h (17)

Our goal is to find the derivatives of all the entries of 1 with respect to all of the parameters
in @; these are the entries of the s X p matrix

i
de"’

We begin by taking the differential of both sides of (17):
dn = (dA)n + A(dn). (18)
Rewrite this as
dn =I,(dA)n + A(dn), (19)
where I is an identity matrix of dimension s. Next apply the vec operator to both sides,

remembering that since n is a column vector, vech = n, and apply Roth’s theorem, to
obtain

di = (0" ® I,) dvec A + Adn. (20)

However, A is a function of both 8 and n, so

A_ =
dvec 20" do T

Ovec A . 8vecAdﬁ. 21
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Substituting (21) into (20) and applying the chain rule leads to*

dn R OovecA  Ovec A dn dn
daT = (nT ® IS) ( 80T + anT d0T> dGT . (22)
Finally, solve (22) for di/d@" to obtain
di dvec A\ dvec A
— = (I, —A-A"®IL) — n' QI,) ——— 2
a6 ( @ eL) 55 ) e L) 5 @3)

where A, dvec A /96", and Ovec A /OR" are evaluated at 1.

The following example, applying (23) to a simple model, shows the basic steps and
output of the analysis.

Example 1 (A simple two-stage model) The most basic distinction in the life cycle of
many organisms is between non-reproducing juveniles and reproducing adults. A model
based on these stages (Neubert and Caswell 2000) is parameterized by the juvenile sur-
vival o1, the adult survival o5, the growth or maturation probability v (the expected time
to maturity is 1/7), and the adult fertility f. The projection matrix is

A(Ul(l—W) f ) 24)

a1y 02

Any of the vital rates could be density-dependent; here we suppose that juvenile survival
o1 depends on total density:

o1(n) = Gexp(—e'n); (25)

where e is a vector of ones.

Define the parameter vector as 8 = ( f v ¢ o9 )T. To apply (23) requires the
derivatives of A[6, n] with respect to 8 and with respect to n. These are

dvec A 0 1
ar = vec ( 0 0 ) (26)

41t is reassuring to check that the dimensions of all these quantities are compatible:

n — (A" ®L) 8veCA+8vecA on LA dn
de’ 2 26" onT 90" | N~ dl'’
~—~— _’2_1 N—— ‘1,1_/\,_/ sx 8 S~~~
SXp sXS s2xp s2xs SXp SXp
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dv;;A ~ vec ( _U?(ES) 8) o7
e = e (e 0) 23)
dvde;A - (8 ?) (29)
d‘;::lA _ d\;e:?A = vec ( *01_(;11)((11); 7) 8 ) (30)

The derivative of A with respect to the 8 is the 4 x 4 matrix

0 —oi(n) (1—7)exp(—e™m) 0
OvecA 0 o1(n) ~vexp(—e'n) 0 31
00" 1 0 0 01’
0 0 0 1

where each column corresponds to an entry of @ and each row to an element of vec A.
The derivative of A with respect to n is

e A —01(n)((1)— v) —o1 (n)((l)— 20)

veC —01(n —01({n

8nT — 10 '7 10 ’Y (32)
0 0

Each column corresponds to an entry of n and each row to an element of vec A.
Using some arbitrary parameter values (not unreasonable for humans or other large
mammals)

f 0.25
v = 1/15
o = 0.98
09 = 0.95
leads to an equilibrium population
. 0.1053
ne ( 0.1109 ) 3)
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obtained by iterating the model to convergence.
Evaluating (31) and (32) at nn and substituting into (23) gives the sensitivity of i to 6,

dh_ (di i i dd
de df dv do dog

_ < 0.57 0.90 0.50 1.77 ) (34)
0.48 2.26 0.52 3.49
Each column is the derivative of the vector 1 to one of the parameters. With these param-
eters, the equilibrium population is very sensitive to changes in adult survival. Increases
in the maturation rate increase adult density much more than juvenile density. Changes in
fertility or in juvenile survival have about equal effects on juvenile and adult density.
These patterns reflect the life history, although comparative study of this dependence
has scarcely begun. For example, if the demographic parameters were more appropriate
for an insect, say with high fertility (f = 70), rapid maturation (y = 0.9), and low juvenile
survival (¢ = 0.1), and in which most adults die after reproducing once (o2 = 0.01), then

the equilibrium would become
N 1.826
n= ( 0.026 ) (35)

0.01 1.08 9.86 0.99
—0.0002 0.02 0.14 0.01 /-

with sensitivities
dn

In this life history, increases in fertility have very small effects on the equilibrium popula-
tion, and the effect of increased fertility on adult density is slightly negative. Changes in
the maturation rate or in juvenile or adult survival have much larger impacts on juvenile
density than on adult density. &

3.2 Dependent variables: beyond n

The equilibrium vector 1 is usually not the only dependent variable of interest. If we
write m = m(n) for any vector- or scalar-valued transformation of n, then the sensitivity
of m is just
dim dm dn
d0"  dn"do"’
The possibilities for dependent variables are, roughly speaking, limited only by one’s
imagination. The following is a list of examples.

(37
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1. Weighted population density. Let ¢ > 0 be a vector of weights. Weighted popu-
lation density is then N (¢) = c'n(t). Examples include total density (¢ = e), the
density of a subset of stages (c; = 1 for stages to be counted; ¢; = 0 otherwise),
biorpass (c; 1s the biomass of stage ), basal area, metabolic rate, etc. The sensitivity

of N is R
dN . dn
— =c' —. 38
i~ © a0 8
2. Ratios, measuring the relative abundances of different stages. Let
a'n(t)
R(t) = 39
)= S (39)

where a > 0 and b > 0 are weight vectors. Examples include the dependency ratio
(in human populations, the ratio of the individuals below 15 or above 65 to those
between 15 and 65; see Section 6), the sex ratio, and the ratio of juveniles to adults
(used in wildlife management; see Skalski et al. 2005). Differentiating (39) gives

> TAST _ aTAT -~
dR <b na anb) dn (40)

d0" (b'h)’ o™

3. Age or stage averages. These include quantities such as the mean age or size in the
stable population or at equilibrium and the mean age at reproduction in the stable
population. Their perturbation analysis is presented in Section 6.

4. Properties of cycles. Nonlinear models may produce population cycles. Attention
may focus on the mean, the variance, or higher moments of the population vector
or of some scalar measure of density, over such cycles. The sensitivity of these
moments is explored in Section 8.

3.3 Elasticity analysis

The derivatives in the matrix din/d@" give the results of small additive perturbations of the
parameters. It is often useful to study the elasticities, which give the proportional result
of small proportional perturbations. The elasticity of 7; to 6; is

9; di,
fi O,

(41)

Creating a matrix of these elasticities requires multiplying column j of din/d@" by 6; and
dividing row ¢ by n;. This is just

dn

¥ diag (0), (42)

diag (A)
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The elasticity of any other (scalar- or vector-valued) dependent variable f(n) is given by

diag ( f(ﬁ))_l dflg}) diag (6). 43)

Example 2 (Metabolic population size in Tribolium) Flour beetles of the genus Tribol-
ium have been the subject of a long series of experiments on nonlinear population dy-
namics (reviewed by Cushing et al. 2003). Tribolium lives in stored flour. In addition
to feeding on the flour, adults and larvae cannibalize eggs, and adults cannibalize pupae.
These interactions are the source of nonlinearity in the demography, and are captured in
a three-stage (larvae, pupae, and adults) model. The projection matrix is

0 0 bexp(—cein1 — CeaM3)
Al = | 1-m 0 0 (44)
0 exp(_cpanZS) 1- Ha

where b is the clutch size, ceq, Ce, and cp, are rates of cannibalism (of eggs by adults,
eggs by larvae, and pupae by adults, respectively), and y; and p, are larval and adult
mortalities (the mortality of pupae, in these laboratory conditions, is effectively zero).
Parameter values from an experiment reported by Costantino et al. (1997)

b = 6.598

Cea = 1.155x1072

ca = 1.209x 1072

Cpa = 4T x1073

fe = T7.729x1073

w = 2.055x107"

produce a stable equilibrium

22.6

f= 18.0 |. 45 &
385.2

The sensitivity of n is calculated using (23). However, the damage caused by Tribolium as
a pest of stored grain products might well depend more on metabolism than on numbers.
Emekci et al. (2001) estimated the metabolic rates of larvae, pupae, and adults as 9, 1, and
4.5 ul CO2 h~1, respectively. We define the metabolic population size as N, (t) = c'n(t)
wherec’' = (9 1 4.5 ), and calculate the sensitivity and elasticity of NV,,, using (42)
and (38).
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Figure 1 shows the elasticity of n and N, to each of the parameters. The elasticities
are diverse and perhaps counterintuitive. Increases in fecundity increase the equilibrium
density of all stages; increases in the cannibalism of eggs by adults reduces the density of
all stages. But increased cannibalism of pupae by adults increases the density of larvae
and pupae, as does an increase in the mortality of adults.

When the stages are weighted by their metabolic rate, the elasticity of N,, to fecundity
is positive, but the elasticities to all the other paramters (cannibalism rates and mortalities)
are negative. The positive effects of cp, and 11, on n disappear when the stages are
weighted according to metabolism.

4. Environmental feedback models

Environmental (or economic) feedback models write the vital rates as functions of some
environmental variable, which in turn depends on population density. Feedback models
may be static or dynamic. In static feedback models, the environment depends only on
current conditions, with no inherent dynamics of its own. In dynamic feedback models,
the environment can have dynamics as complicated as those of the population (e.g., if
the environmental variable was the abundance of a prey species, affecting the dynamics
of a predator species). The sensitivity analysis of dynamic feedback models is given in
Section 8.
A static feedback model can be written

n(t+1) = A[0,n(t),g(t)] n(t) (46)
g(t) = g[0,n(t)] (47)

where g(t) is a vector (of dimension ¢ x 1) describing the ecological or economic aspects
of the environment on which the vital rates depend. As written here, the model admits
the possibility that the vital rates in A might depend directly on n as well as on the
environment.

At equilibrium

A = A[0,h,gh (48)
g = glo,sg] (49)

1=}

Differentiating these expressions gives

dh = A(dn)+ (dA)n (50)
. g g ..
dg 60Td0+ a—ndn. (51)
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Figure 1: Sensitivity analysis of equilibrium for the flour beetle Tribolium
in Example 2. (a) The elasticity of the equilibrium n to the pa-
rameters (see Example 2 for definitions). (b) The elasticity of the
equilibrium population respiration rate N,, to the parameters
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Applying the vec operator to (50) and expanding dvec A bives

Ovec A 19+ aAdg] + Adn. (52)

dh = (' 9 1) [ae og

Substituting (51) for dg and rearranging gives

dh = (A" @L) PEC;A + avaegCTA geﬂ d6
+ [A + (0 ® L) ag’;A 2 Iﬂ . (53)
Solving for dn and applying the identification theorem yields
%‘T [IS—A—(ﬁTQ@Is)a\ggCTAng}_I
x (A ® L) {age;TA + a?gCTA gﬂ (54)

A, g, and all derivatives are evaluated at (1, &). A comparison of (54) with (23) shows
that including the feedback mechanism has simply written dvec A /dn" and dvec A /d6"
in terms of g using the chain rule.

The environmental variable g may be of interest in its own right (e.g., in the food ratio
model of Lee and Tuljapurkar (2007), in which it is a measure of well-being, measured in
terms of food per individual). The sensitivity of g at equilibrium is

dg 0g 0g dn
0"~ 96" " ondo" 43

where dg/d0" is given by (51) and (dni/dO") by (54).

5. Subsidized populations and competition for space

A subsidized population is one in which new individuals are recruited from elsewhere
rather than (or in addition to) being generated by local reproduction. Subsidy is important
in many plant and animal populations, especially of benthic marine invertebrates and fish.
Many of these species produce planktonic larvae that may disperse very long distances
(Scheltema 1971) before they settle and become sessile for the rest of their lives. Thus
a significant part—maybe even all—of the recruitment at any location is independent of
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local fertility (e.g., Almany et al. 2007). Subsidized models have been used to analyze
conservation programs in which captive-reared animals are released into a wild or re-
established population (Sarrazin and Legendre 2000). They have been applied to the
demography of human organizations (e.g., schools, businesses, learned societies; Gani
1963, Pollard 1968, Bartholomew 1982). Wilson (2004) reported that, as of 2004, more
than half of humans lived in countries or regions in which fertility was below replacement
level. Immigration into such countries is form of subsidy that can be explored with these
models.

In the simplest subsidized models, both local demography and recruitment are density-
independent. Alternatively, recruitment may depend on some resource (e.g., space) whose
availability depends on the local population, or the local demography after settlement is
density-dependent. All three cases can lead to equilibrium populations.

5.1 Density-independent subsidized populations

The model,
n(t+ 1) = A[0]n(t) + b[6], (56)
includes a subsidy vector b giving the input of individuals to the population.’ The param-

eters @ may affect A or b, or both. If the fertility appearing in A is below replacement,
so that A\ < 1, then a stable equilibrium 1 exists.® This equilibrium satisfies

A = Aa+b 7
(I,—A) " 'b. (58)

Differentiating (57) and applying the vec operator yields
dh = (A" ® I,) dvec A + A (di) + db (59)
Solving for dn and applying the chain rule gives the sensitivity of the equilibrium,

i

— (60)

_ dvec A db
_ . 1. avecA  ab
=(I,—A) {(n OL) =g+ daT}'

> The same model could describe harvest if b < 0 (e.g, Hauser et al. 2006). This form of harvest produces
unstable equilibria, and is not considered further here.

®If X > 1, the population grows exponentially and the subsidy eventually becomes negligible. The equi-
librium in this case is non-positive (and hence biologically irrelevant) and unstable. If A = 1 then the
population would remain constant in the absence of subsidy; any non-zero subsidy will then lead to un-
bounded population growth.
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Example 3 (The Australian Academy of Sciences) Most human organizations are sub-
sidized; recruits (new students in a school, new employees in a company) come from
outside, not from local reproduction. In an early example of a subsidized population
model, Pollard (1968) analyzed the age structure of the Australian Academy of Sciences,
recruitment to which takes place by election.” The Academy had been founded in 1954,
and between 1955 and 1963 had elected about 6 new Fellows each year, with an age
distribution (Pollard 1968, Table 2) given by

Age Percent

30-34 0.0
35-39 12.2
40-44 24.5
45-49 26.5 &
50-54 20.4
55-59 4.1
60-64 10.2
65-69 20

Pollard interpolated this distribution to 1-year age classes, and combined it with a 1954
life table for Australian males® to construct a model of the form (56) and calculated the
equilibrium size and age composition of the Academy. Here, I have used the male life
table for Australia 1953-1955 in Keyfitz and Flieger (1968, p. 558) to construct an age-
classified matrix A with age-specific probabilities of survival P; on its subdiagonal and
zeros elsewhere. Were these vital rates and the age distribution of the subsidy vector to
remain constant, the Academy would reach an equilibrium size of N = 149.5 with an age
distribution n shown in Figure 2a.

As parameters, consider the age-specific mortality rates p; = — log P;, and define the
parameter vector 6 = ( B p ... )T. Equation (60) then gives the sensitivity of the
equilibrium population to changes in age-specific mortality. The sensitivity of the total
size of the Academy, N = e"h, calculated using (38), is shown in Figure 2b. It shows
that increases in mortality reduce N (not surprising), with the greatest effect coming from

changes in mortality at ages 48-58.

Because learned societies are often concerned with their age distributions, Pollard
(1968) examined the proportion of members over age 70. At equilibrium, this proportion
is R = 0.26. The sensitivity dR/ d@', calculated using (40), is shown in Figure 2c.

7 Pollard’s paper is remarkable for its treatment of both deterministic and stochastic models, but here I
consider only the deterministic case.

8 Only one woman, the redoubtable geologist Dorothy Hill in 1956, was elected to the Academy prior to
1969.
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Figure 2: Analysis of the equilibrium of a linear subsidized model for the
Australian Academy of Science, based on Pollard (1968). (a) The
equilibrium age structure of the Academy, assuming recruitment
of 6 members per year. (b) The sensitivity, to changes in age-
specific mortality, of the number of members. (¢) The sensitivity,

to changes in age-specific mortality, of the proportion of members
over 70 years old
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Increases in mortality before age 48 would increase the proportion of members over 70,
while increases in mortality after age 48 would decrease it.”

91t is possible to calculate the average age of the Academy, and its sensitivity, using results to be introduced
in Section 6. The response is very similar to that of the proportion over age 70.
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5.2 Linear subsidized models with competition for space

Recruitment in subsidized populations may be limited by the availability of a resource.
Roughgarden et al. (1985; see also Pascual and Caswell 1991) presented a model for
a population of sessile organisms, such as barnacles, in which recruitment is limited by
available space. Barnacles'? produce larvae that disperse in the plankton for several weeks
before settling onto a rock surface or other suitable substrate, after which they no longer
move.

Roughgarden’s model supposes that settlement is proportional to the free space F'(t).
Thus the subsidy vector is

b(t)=( ¢F(t) 0 - 0), ©61)

where ¢ is the settlement rate per unit of free space, and is determined by the pool of
available larvae. The free space is the difference between the total area A and the space
occupied by the population,

F(t)= A-gn() (62)

where g is a vector of stage-specific basal areas. Suppose that all locally-produced larvae
are advected away, so that the first row of A is zero. Then, substituting (62) into (61) and
rearranging gives

n(t+1)=Bnt)+ (A 0 -~ 0) (63)
where
—Pg1 —¢g2 - —Pgs
a21 a2 ce azs
B = ] ) . ) . (64)
as1 As2 et Asg

Although it includes competition for space, the model is linear. The equilibrium n of
(63) is stable if the spectral radius of B is less than one.!! The formula (60) gives the
sensitivity of this equilibrium to changes in the vital rates, the settlement rate, or the
individual growth rate. This model might apply to any situation where the recruitment of
new individuals depends on the availability of a resource (space, jobs, housing) that can
be monopolized by residents.

Example 4 (Intertidal barnacles) Gaines and Roughgarden (1985) modelled a popula-
tion of the barnacle Balanus glandula in central California. In one site (denoted KLM

10 The temptation to draw analogies between barnacles and the members of learned academies is almost
irresistible.

1 Because B contains negative elements, its dominant eigenvalue may be complex or negative, leading to
oscillatory approach to the equilibrium.
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in their paper), they reported age-independent survival with a probability of P; = 0.985
per week, ¢ = 1,...,52. The growth in basal area of an individual barnacle could be
described by g, = m(pxz)?, where x is age in weeks and p is the radial growth rate
(p = 0.0041 cm/wk). The mean settlement rate was ¢ = 0.107. The matrix B contains
survival probabilities P; on the subdiagonal, terms of the form —¢g; in the first row, and
zeros elsewhere.

The equilibrium population n has an exponential age distribution (Figure 3a). It is
scaled here relative to total area, so A = 1. The equilibrium proportion of free space is
F = 0.865.

To calculate sensitivities, let @ = ( P, - Pso ) Some of the possible sensitiv-
ities are shown in Figure 3. Increasing survival at age 7 (ages j = 10, 20, 40 are shown)
reduces the abundance of ages younger than j and increases the abundance of ages older
than j (Figure 3b). A perturbation to a parameter, call it £, that affects survival at all ages
has the effect

dn  dndf dn

dé ~ doTde  do°
where e is a vector of ones. An increase in overall survival would reduce the abundance
of age classes 1-6 and increase the abundance of older age classes (Figure 3c).

The sensitivity of n to the larval settlement rate ¢ is obtained from (60) by setting
dvecB/d¢ = 04241, and

(65)

db . T
%:(F 0 -~ 0)

Not surprisingly, increases in ¢ increase n, with the largest effect on the young age classes
(Figure 3d). The sensitivity of 1 to the radial growth rate p is obtained by writing

dvecB  dvecB dé
dp  dg' dp

(66)

This sensitivity is negative, with the greatest impact on young age classes (Figure 3e).
Finally, the sensitivity of the equilibrium free space is given by

dF  dF di L di

& avae ~ Cae ©n-o

Increases in survival reduce the amount of free space at equilibrium; the effect is largest
for changes in survival of young age classes (Figure 3f). Figure 3g compares the effect
on F' of changes in overall survival, settlement, and radial growth rate. It is not surprising
that increases in survival or settlement will reduce free space, but perhaps surprising that
increases in the radial growth rate actually increase F.
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Figure 3: A sensitivity analysis of a subsidized population of the intertidal
barnacle Balanus glandula. (a) The equilibrium population n
(scaled relative to a unit of area A = 1). (b) The sensitivity of bon.
to a change in survival at ages j = 10, 20, 40. (c¢) The sensitivity of
n to changes in overall survival at all ages. (d) The sensitivity of n
to the settlement rate ¢ per unit area. Continued on next figure.
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5.3 Density-dependent subsidized models
Once individuals to the population, they may experience a variety of density-dependent
effects. For example, Gaines and Roughgarden (1985) found that increased barnacle den-

sity led to increased mortality due to attack by the starfish Pisaster ochraceus. A model
incorporating such effects would be written

n(t+1)=A[0,n(t)|n(t) + b. (68)
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Figure 3: (cont’d.) A sensitivity analysis of a subsidized population of the
intertidal barnacle Balanus glandula. (e) The sensitivity of n to
the radial growth rate p. (f) The sensitivity of the equilibrium free
space F to age-specific survival. (g) The sensitivity of Fto changes
in overall survival, settlement rate, and radial growth rate. Based
on data of Gaines and Roughgarden (1985)
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The sensitivity result (60) extends to this model by substituting
Ovec A Ovec A
dvec A = do + dn 69
00" on’ ©9)
into (59) and solving for dn, to obtain
. —1
dn dvec A OovecA db
— = (I, —A-A"®IL) —— nNRL)— + —= . 70
40" ( s ( s) on' ( s) 20 a0 (70)

where A, b, and all derivatives of A and b are evaluated at n.
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6. Sensitivity of proportional age and stage distributions

The linear model n(t + 1) = An(t) will, if A is primitive, converge to a stable age
or stage distribution. But while the dynamics of the population vector n(t) are linear,
but the dynamics of the proportional population structure are nonlinear (e.g., Tuljapurkar
1997). We can take advantage of this to analyze the sensitivity of proportional structures
by writing them as equilibria of nonlinear maps.

Let p denote the proportional stage structure vector (p > 0, €'p = 1). The dynamics
of p(t) satisfy

Ap(t)

P+ D = TAp@l 7D

The stable stage distribution is an equilibrium of (71).

6.1 The stable stage distribution and reproductive value

The sensitivity of the stable stage distribution has been approached as an eigenvector per-
turbation problem (e.g., Caswell 1982, 2001, Section 9.4, Kirkland and Neumann 1994),
but those calculations are complicated. Analysis of the equilibrium of the nonlinear model
(71) is much easier.

The stable stage distribution satisfies

Ap

2
e"Ap 72)

IA):

where the 1-norm can be replaced by e’ Ap because p is non-negative. Differentiating
both sides gives

1

——— |e"AP(dA)p + e"APA(dp) — Ape'(dA)p — Ape’A(dp)| (73)
(eTAp)

dp =

Note that Ap = A\p and e"Ap = )\, where ) is the dominant eigenvalue of A. Making
these substitutions and applying the vec operator to both sides gives

Adp=[(p"®L)— (p' @ pe’)] dvec A + [A — pe'A] dp (74)
Solving for dp and applying the chain rule gives

dp

. 1 R R dvec A
2o = ML= A+ pe’A) (pT @I, — P’ @ pe’) —

7 (75)
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Figure 4: Stable age distribution and sensitivity of stable age distribution
to age-specific survival and fertility. (a) The stable age distribu-
tion. (b) The sensitivity of the stable age distribution to changes in
survival (P5) in age class 5. (c) Sensitivity of the stable age distri-
bution to changes in fertility (F%) in age class 5. Based on life table
data for the United States in 1985 (Keyfitz and Flieger 1990)
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Example 5 (A human age distribution) As an example, consider the age distribution of
the population of the United States in 1985 (data from Keyfitz and Flieger 1990). These
vital rates yield a declining population (A = 0.975) and an age distribution skewed to-
wards older ages (Figure 4). Applying (75) yields the sensitivity of p to age-specific
survival probabilities P; and fertilities F;, where age classes ¢ = 1,...,18 correspond
to ages 0 — 5,...,85 — 90. The overall patterns are familiar from previous sensitivity
analyses of stable age distributions (e.g., Caswell 2001, Figure 9.22). Increasing sur-
vival probability at a given age increases the relative abundance of the next several age
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Figure 5:

52

Sensitivity of D to survival Sensitivity of D

Sensitivity of D to fertility

Sensitivity of the dependency ratio D, and of its old and young

components, to age-specific survival and fertility. Left: calcu-

lated from the stable age distribution of the United States in 1985.
Right: calculated from the stable age distribution of Kuwait in
1970. (a) and (b): Sensitivity of D to survival (P;) and fertility (F}).
(c) and (d): Sensitivity of the components of D to survival. (e) and
(f): Sensitivity of the components of D to fertility. Life table data
from Keyfitz and Flieger (1990)
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classes, at the expense of younger and older age classes. Increasing fertility at a given age
increases the abundance of young age classes at the expense of older age classes.

A similar approach gives the sensitivity of the reproductive value vector v, given by
the left eigenvector of A corresponding to A. Reproductive value is customarily scaled so
that v; = 1. Scaled in this way, v satisfies

vTA

o7 = 76
VT VAl (76)

where e; is a vector with 1 in the first entry and zeros elsewhere. Differentiating both
sides gives

dv' = % [VTAe (dV)A + v Ae V' (dA) — (dV')Ae;vIA — V' (dA)e;vTA]
(VTAeq)
(77)
But VA = AV' and V'Ae; = \. Making these substitutions and applying the vec
operator (remembering that vec v = v) gives

Mv = [T, ®V") — (ve] ® V)] dvec A + (AT — Ve[ AT) dv. (78)
Solving for dv and using the chain rule gives

av
de"

dvec A

(AL, — AT+ ¥el]AT) ' [(I, @ V) — (Ve] ®¥")] —

(79)

6.2 Sensitivity of the dependency ratio

The dependency ratio characterizes an age distribution by the relative abundance of two
groups, one assumed to be dependent and the other productive (e.g., Keyfitz and Flieger
1990, p. 32; Li and Tuljapurkar, unpublished). It is often assumed that persons younger
than 15 or older than 65 are dependent on productive individuals between 15 and 65. The
dependency ratio is defined as

p—2P 80)

=55 (

where a is a vector with ones for the dependent ages and zeros otherwise, and b is its
complement. Applying equation (40) for the sensitivity of a ratio gives

81)

dD _ (blpal —a'pb'\ dp
e’ (b'p)? e’

where dp/0" is given by (75).
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This result can be generalized in several ways. The analysis may be performed sepa-
rately for the dependent young and the dependent old, by suitable modification of a and
b. These two components are likely to be influenced by different demographic factors
and can respond to perturbations in opposite directions. The 0 — 1 vectors a and b may be
replaced by vectors of weights; e.g., age-specific consumption and age-specific income
(Li and Tuljapurkar, unpublished). The analysis applies to stage-classified models, pro-
vided that dependent and independent stages can be identified. It also applies to nonlinear
models, with the stable stage distribution p replaced by the equilibrium population 1 in
(81). It can be extended to transient dynamics, where the age distribution, and thus the
dependency ratio, varies over time (Caswell 2007a). Finally, the sensitivity (81) makes it
possible to carry out LTRE analyses (Caswell 2001, Chapter 10) to decompose differences
in dependency ratios into components due to differences in each of the vital rates.
Example 5 ((cont’d) Dependency ratios in human populations.) The United States in
1985 had a set of vital rates leading to a low growth rate (A = 0.975), and a relatively low
dependency ratio, dominated by the old. Kuwait in 1970, in contrast, had a high growth
rate (A\ = 1.210) and one of the highest dependency ratios listed in the compilation of
Keyfitz and Flieger (1990), dominated by the young:

U.S.A. 1985 Kuwait 1970

D 0.668 1.025
D, 0.260 0.956
D, 0.406 0.069 O

where D, and D, are the dependency ratios calculated for the young and old separately.
The sensitivities of D, D,, and D, to changes in age-specific survival and fertility are
shown in Figure 5. The responses of D to changes in the vital rates differ between the
two countries. In the U.S., increases in fertility would reduce D. In Kuwait, increases
in fertility (especially at young ages) would increase D. In the U.S., increases in sur-
vival'? before age 30 reduce D; increases after age 30 increase D. In Kuwait, increases
in survival, except at very young and very old ages, reduce D.

Breaking D into its young and old components helps to explain these differences. In
both countries, there is a crossover in survival effects. Increases in survival at early ages
increase D, and reduce D,. At later ages, increases in survival reduce D, and increase
D,. Increases in fertility increase D, and reduce D,. In the U.S. population, both these
effects are large, with the negative effect on D, larger than the positive effect on D,,. In
the Kuwaiti population, the positive effect on D, is much greater than the negative effect
onD,.

12 Or, equivalently, reductions in mortality. For these parameter values, the sensitivity to mortality is approx-
imately the sensitivity to survival with the opposite sign.
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6.3 Sensitivity of mean age and related quantities

From an age distribution P, it is possible to compute the mean age of any age-specific
property (e.g., production of children, collection of retirement benefits, exposure to toxic
chemicals; see Chu 1998, p. 26 for general discussions). The most familiar of these is the
mean age of reproduction, which is one measure of generation time (Coale 1972).

Let f be a vector of age-specific per-capita fertilities. The age distribution of offspring
production is then f o p, where o is the Hadamard, or element-by-element product. The
mean age of the mothers of these offspring is obtained by normalizing f o p to sum to 1
and taking the mean over the resulting distribution,

__c'(fop)
" e )
where
c=(1 2 s ),

with s as the last age class.

Now differentiate ag, following the now-familiar rules for ratios. The differential of
the Hadamard product of two vectors is d(a o b) = diag (a)db + diag (b)da. The result
is

dag (e (fop)c’—c'(fop)e’
ao" (t"p)’

where dp/d@" is given by (75).

This result can be generalized in several ways. Setting f = e makes the age-specific
property that of simply being alive, and a. = c'e is then the mean age of the stable
population, the sensitivity of which is

dp df
) (diag (f)dT;)T + diag (ﬁ)w> (83)

di . dp

a6~ © a6 (&9

The calculations can also be applied to the equilibrium population in a nonlinear model
by substituting i for p. They apply directly to stage-classified models with stages defined
on an interval scale (e.g., size classes), in which case they give, e.g., the mean size at
reproduction. If the stages are not evenly spaced, then ¢ would be replaced by

cT:(xl Tog - 1:5) (85)

where x; is the value associated with stage .
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Figure 6: Sensitivity of the mean age at reproduction to changes in age-
specific survival and fertility, for the life table of the population
of the United States, 1985 (data from Keyfitz and Flieger 1990)
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Example 5 ((cont’d.) Mean age of reproduction.) The mean age of reproduction in the
stable age distribution of the United States in 1985 was ar = 24.02 years (using the mid-
points of the 5-year age intervals as the measure of age). The sensitivities of af to changes
in age-specific survival and fertility are shown in Figure 6. Increases in survival prior to
age 15 reduce af. Increases in survival after age 45 have almost no effect on ag, because
fertility is essentially zero after this age. Between age 15 and age 45, increases in survival
increase the mean age of reproduction.

Increases in fertility reduce ar if they happen before age 25 and increase ag if they
happen after age 25. These sensitivities are quite large, although this is somewhat irrele-
vant since the largest sensitivities are for ages at which fertility is zero and unlikely to be
modified.

6.4 Sensitivity of variance in age

We can also calculate the sensitivity of the higher moments. For example, the variance in
the age at reproduction is

Ve = a? — (ar)”. (86)

This variance might, for example, be useful as a measure of the extent of iteroparity. The
sensitivity of V¢ to changes in parameters is obtained by writing the first term as

(coc) (fop)

2
T Te(fop)

(87)
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and then differentiating
dVe = d (E) — 2a¢ (dag) . (88)

The final result is

ave (eT(fof))(coc)T —(coc) (fop) eT>
0"

dp d da
x <diag (£)<L2 | diag (f))) — 2apt (89)
where dp/d@" is given by (75) and dag/dO" is given by (83).

7. Frequency-dependent two-sex models

In sexually reproducing species, nonlinearity can arise from the dependence of reproduc-
tion on the relative abundance of males and females. This dependence is captured in a
marriage function or mating rule (e.g., McFarland 1972, Pollak 1987, 1990). When the
vital rates depend only on the relative, rather than the absolute, abundance of males and
females, then A [0, n] is homogeneous of degree 0 in n; i.e.,

Alf,cn] = A6, n] for any ¢ # 0. (90)

Such models are called frequency-dependent (Caswell and Weeks 1986, Caswell 2001)
to distinguish them from density-dependent nonlinear models that do not have this homo-
geneity property.

Because of the homogeneity of A [0, n], frequency-dependent models do not converge
to an equilibrium density fi. Instead, there may exist' a stable equilibrium proportional
structure p to which the population will converge, at which point it grows exponentially at
arate A\ given by the dominant eigenvalue of A [0, p]. Thus sensitivity analysis of two-sex
models must include both the population structure and the population growth rate.

7.1 Sensitivity of the population structure

The equilibrium proportional population structure p satisfies
Al6,p] p
|A[6,p] D

13 A sufficient, but not necessary, condition for the existence of an equilibrium is that A cannot map a nonzero
vector n directly to zero; necessary conditions are more difficult (Nussbaum 1988, 1989).

p= oD
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where p; > 0 and e'p = 1. Differentiating (91) gives

e"Ap [(dA)p + A(dp)] — AP [e"(dA)p + e"A(dp)]

dp = . 92)
’ (e'AD)’
Making the substitutions Ap = Ap and e’ Ap = A and rearranging gives
Adp = (dA)p + A(dp) — pe’(dA)p — pe’A(dp). (93)

Applying the vec operator to both sides, expanding dvec A, invoking the chain rule, and
solving for dp/d@" gives

dp vecA] ! vec A
do7 = [Nl A perA — [pT e (I — pe)] a@pT ] {f; ol f’eT)} "o
%94)
where A and all derivatives are evaluated at p. Note that (94) differs from the expres-
sion (75) for the stable stage distribution in the linear model only in the term involving

Ovec A /Op', which of course is zero in the linear model.

7.2 Sensitivity of population growth rate

Because a population with the equilibrium structure grows exponentially, I once suggested
treating A [0, p] as a constant matrix and applying eigenvalue sensitivity analysis to it, in
order to examine life history evolution in 2-sex models (Caswell 2001, p. 577). This was
incorrect, because it ignored the effect of parameter changes on A through their effects
on the equilibrium p. A correct calculation obtains the sensitivity of \ including effects
of parameters on both A and p.

Note that p is a right eigenvector of A[@, p] corresponding to \. Let v be the corre-
sponding left eigenvector, where v' A[0, p] = Av' and v'p = 1. Then

d\ =v'(dA)p 95)
(Caswell 1978). Apply the vec operator and Roth’s theorem to get
d\=(p' ®Vv')dvecA. (96)
Expanding dvec A gives

.

eV Ovec A Ovec A dp
0" ae"

]
' =56 * "opr ao"

7)
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Figure 7: Life cycle graph for the 2-sex model for passerine birds (Legendre
et al. 1999). Stages 1 and 2 are juvenile and adult females; stages
3 and 4 are juvenile and adult males. Parameters are stage specific
survival probabilities o;, stage-specific fertilities F;, and primary
sex ratio (proportion female) p

where A, v, and the derivatives of A are all evaluated at the equilibrium p, and dp/d6"
is given by (94).

Note that A is the invasion exponent for this model, and thus the sensitivity of A to
a parameter gives the selection gradient on that parameter. Tuljapurkar et al. (2007)
used this fact to explore the effect of male fertility patterns on the evolution of aging; the
sensitivity (97) could be used to generalize such results.

Although two-sex models are an important case of homogeneous models, they are not
the only case. Keyfitz’s (1972a) interpretation of the Easterlin hypothesis describes fer-
tility as dependent on only the relative, not absolute, size of a cohort. A model based on
this premise would be frequency-dependent (homogeneous) and would lead to an expo-
nentially growing population to which (97) would be applicable.

Example 6 (A two-sex model for passerine birds) Legendre et al. (1999) used a frequency-
dependent two-sex model to study the introductions of passerine birds to New Zealand.
The life cycle includes two age classes (first year and older) for females and for males.
The life cycle graph is shown in Figure 7. The numbers of females and males are
Ny = nq + ng and N,,, = n3 + ny, respectively.

Because passerines are typically monogamous within a breeding season, and assum-
ing that mating is indiscriminate with respect to age, Legendre et al. (1999) used as a
mating function

B(n) = min (Ny, N,,) , (98)
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giving the number of matings as a function of the number of males and females. The per-
capita fertility of a female of age-class i is the number of matings divided by the number
of females and multiplied by the number of surviving offspring per mating.

o0¢;B(n)

Fn) = 2%\
(n) N, 99)
_ 00Pi ]Xf} Ny > Np, (100)
God Ny < N

where o is the probability of survival from fledging to age 1 and ¢; is the clutch size of
age class . When males are the scarcer sex (the avian equivalent of a marriage squeeze)
fertility is proportional to the ratio of males to females. When females are the scarcer sex,
all females are mated and fertility depends only on fecundity and neonatal survival.

Births are allocated to females and males according to a primary sex ratio p which
gives the proportion female. The resulting two-sex projection matrix is

pFi(n) pFym) |0 0
01 g9 0 0

A=\ T Rm T-pBEm |0 0 (101)
0 0 o3 04

Legendre et al. (1999) considered typical values for passerine birds of o9 = 0.2,
¢; = 7, and p = 0.5. They set male and female survival equal (o7 = o3 = 0.35, 09 =
o4 = 0.4), but this is a pathological special case in this model, so instead I consider two
cases, one in which male mortality is higher than female mortality, and one in which the
difference is reversed.'* The survival probabilities and equilibrium population structures
are

0.35 0.320
0.5 .| 022

0.25 P= 70320 (102)
0.4 0.134
0.25 0.320
0.4 X 0.134

i 0.35 P= 170320 (103)
0.5 0.226

(104)

141n a survey of the literature, adult mortality for female passerines exceeded that for males in 21 out of 28
cases (Promislow et al. 1992). Birds differ from mammals in this respect.
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Table 1: Elasticity of p to parameters in two-sex model for passerine birds,
under two mortality scenarios. When male mortality is greater than
female mortality, males are rarer than females and fertility at equi-
librium is limited by the mating function. When male mortality is
less than female mortality, females are rare and fertility is not af-
fected by the mating function

Males rare
Stage o) P o1 lop) o3 04 o1 o2
P1 0.455 0.453 —0.226 —0.229 0.000 0.000 0.266 0.189
Do —0.890 1.799 0.774 0.783 —0.398 —0.268 —0.521 —0.369
D3 0.455 —1.547 —0.226 —0.229 0.000 0.000 0.266 0.189
D4 —0.664 —0.428 —-0.226 —0.229 0.669 0.450 —0.389 —0.275
Females rare
Stage 00 p o1 o2 o3 04 ?1 o2
P1 0.455 1.547 0.000 0.000 —-0.226 —0.229 0.320 0.135
Do —0.664 0.428 0.669 0.450 —-0.226 —0.229 —0.467 —0.197
D3 0.455 —0.453 0.000 0.000 —0.226 —0.229 0.320 0.135
P4 —0.890 —-1.799 —-0.398 —0.268 0.774 0.783 —0.627 —0.264

The elasticities of p to each of the parameters, calculated from (94), are shown in
Table 1. Regardless of which sex is scarcer, increasing neonatal survival increases the
proportion of young, at the expense of the proportion of adults, in both sexes. Increasing
the sex ratio p increases the proportion of females at the expense of males. Increasing
female survival (o1 or 02) increases the proportion of adult females at the expense of all
other stages; increasing male survival has the opposite effect. However, when females
are rare, increasing female survival has no effect on the proportion of juveniles. When
males are rare, increases in male survival have no effect on the proportion of juveniles.
Increasing fecundity increases the proportion of juveniles, at the expense of adults, in
both sexes and for either mortality pattern.

The elasticity of the population growth rate A at equilibrium is shown in Table 2,
and is compared to the naive calculation that treats A[0,p| as a fixed matrix. When
males are rare, so that fertility is limited by the mating function, the naive calculations
are dramatically wrong. When calculated correctly, increases in the primary sex ratio p
reduce ), because they reduce the availability of males. Increases in female survival have
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no effect on A, because the extra females produced have no opportunity to reproduce.
Increases in male survival increase A because they increase female fertility. In each case,
the naive calculation leads, incorrectly, to the opposite conclusion.

When females are rare (which renders the model linear and female-dominant at equi-
librium), the correct and the naive calculations agree. This is a consequence of using the
minimum as a birth function. Some preliminary calculations using the harmonic mean
birth function,

B(n) = 2N¢N,,

= 105
Ny + Ny, ( )

in which both males and females influence fertility at all population structures, suggest
that the naive elasticity calculations are always wrong.

Table 2: The elasticity of \ to parameters in the two-sex model for passer-
ine birds, under two mortality scenarios. The correct calculation is
based on (97). The naive calculation incorrectly treats A[p, 0] as a
fixed matrix, ignoring the effect of parameters on the equilibrium
population structure p

Males rare Females rare

Correct Naive || Correct Naive
) 0.669 0.545 0.669 0.669
p | —0.669 0.545 0.669 0.669
o1 0 0.226 0.198 0.198
1) 0 0.229 0.133 0.133
o3 0.198 0 0 0
04 0.133 0 0 0
P1 0.392 0.319 0.471 0.471
b2 0.277 0.226 0.198 0.198 O

8. Sensitivity of population cycles

Equilibria are not the only attractors relevant in nature (e.g., Clutton-Brock et al. 1997)
or the laboratory (e.g., Cushing et al. 2003). Cycles, invariant loops, and strange attrac-
tors also occur, and are sensitive to changes in parameters. This section examines the
sensitivity of cycles.
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8.1 Sensitivity of the population vector

A k-cycle is a sequence of population vectors Ay, . . ., i, satisfying
i = A[0,n;]n; i=1,...,k—1
n, = A0, 0] ng. (106)

A change in parameters will modify each point in the cycle; the first goal of perturbation
analysis is thus to find the sensitivities
diny diy
ae’’ "’ de
The following is the derivation of these sensitivities for a 2-cycle. The extension cycles
of arbitrary length will follow. To simplify notation, define

(107)

A, =A0,1,]. (108)
The 2-cycle satisfies

n, = Ajny (109)

n, = An (110)

Differentiating both equations, applying the vec operator, and expanding dvec A;/d6"
yields a system of equations

dfll AT ovec A2 AT Ovec A2 dfl2 dflg

= I,)) ————— — ) (111
deT (n2 ® S) aeT + (1'12 ® IS) an-|2- d0T + A2 dHT ( )
dn . Ovec A R Ovec A dn dn
dé)? = (f ®Is)8701’1+(n11-®15) ot - <d01) + Ay <d01>(112)

This system can be written in block matrix form. Defiine H; = ] ® I,. Then

Ovec A
d (0 \ 0 | Hy 90T
M<fl2) N <H1 0 > Ovec A,
00"
Ovec A 0
N <0H2> on] +<OA2)
H, ‘ 0 0 ovec A, A ‘ 0
onj
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d [ iy
Xt ( & ) (113)

Solving for the sensitivities gives

Ovec A 0
i 0, — I — 0 ‘ H, onj
do" \ ny - 2s H, | 0 0 Ovec A,
onj
-1
Ovec A
O A2 0 H2 80T
— 114
( A | O ) ( H, | 0 ) Ovec Aoy (114

06"

where the matrices A; and the derivatives of A; are all evaluated at nn;. The analogy with
(23) is apparent.

This calculation can be extended to cycles of any period, in terms of block matrices as
in (114). The pattern of the block matrices is clear from a 3-cycle. Define the following
matrices:

n;
N = [ f (115)
ng
0 0 Ag
A=A 0 o (116)
0 Ay O
0 0 Hj;
H = H, 0 0 (117)
0 Hy O
ovec A
0 0
Onj
Ovec A
C = 0 i 0 (118)
onj
0 0 Ovec Aj
onj
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ovec A
00"
Ovec A
00"
Ovec A4
00"
In terms of these matrices, the sensitivity of each point in the 3-cycle is given by

%:[I3S—A—HC]’1HD (120)

(119)

8.2 Sensitivity of weighted densities and time averages

The matrix dN/d@" contains the sensitivity of every stage to every parameter at every
point in the cycle. This potential overload of information can be simplified by calculating
the sensitivities of weighted densities and/or time averages over the cycle. To do this, it is
convenient to write the points in the cycle as an array (of dimension s X k)

G=(n ny -+ My ). (121)

The block vector N is
N = vec G. (122)

Weighted densities. Let c be a vector of weights, and let N; = c'h; be the (scalar)
weighted density at the sth point on the cycle. Then write

N
N = : (123)
Ny,
The vector N can be calculated from N as
N = ( c'n; - c'ng )T

= vec (c'G)

= (Iz®c)vecG

= (Izy®c)N dimension = k x 1. (124)

Time-averaged population vector. Let b be a probability vector (b; > 0, e"b = 1) and
define the time-averaged population vector as

k
= an (125)
=1
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Then
n = Gb
= (b'"®I;)vecG
= (b"®I)N dimension = s x 1 (126)

Time-averaged weighted density. Taking the time average of the N; gives

N = ZbiCTﬁi
= c¢'Gb
= (b®c)N (127)

Thus the sensitivities of the weighted densities, the time-averaged population, and the
time-averaged weighted density are obtained by differentiating (124), (126), and (127) as

AN o dN
dn . dN
w0 (b ®Is)ﬁ (129)
dN . AN
o (b"®c’) 20 (130

where dN/0" is given by (120).

Example 7 (A 2-cycle in the Tribolium model.) A series of experiments on Tribolium
reported by Dennis et al. (1995) produced stable 2-cycles by experimentally manipulating
the adult mortality j,. Using the model in Example 2 and the estimated parameters

b = 11.677

Cea = 1.100 x 1072

Ca = 93x1073

cpa = 178x1072

pe = 1.108x 107!

W= 5129 x107¢

(Dennis et al. 1995, Table 1) leads to a 2-cycle
325.3 18.2
n; = 8.9 ny = | 1584 |, (131)

118.5 106.4
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in which the population oscillates between a state dominated by larvae and adults and a
state dominated by pupae and adults.

As an example of the rich sensitivity analyses possible for even such a simple model,
I examine the elasticity of the population vector 1, of the total population N; = €"ny, of
the total population respiration R; = ¢™; (with ¢ the vector of stage-specific respiration
rates from Example 2), and of the time averages n, N, and R. The results are collected in
Figure 8.

First, the elasticities of the n; differ from stage to stage and from one point on the
cycle to another (Figure 8a). Increases in fecundity, for example, increase the density of
larvae and reduce the density of pupae in nj, but have the opposite effects in n,. The
elasticities to b, c.,, and c¢; are much larger than those to the other parameters (cf. the
elasticities of the equilibrium 7 in Figure 1).

The elasticities of total population are similar at the two points in the cycle (Figure 8b),
except that larval mortality 1 has a large negative effect on Ns, but only a small effect on
Nj. The elasticities of total respiration R;, however, are different at the two points in the
cycle (Figure 8c).

The elasticities of the time-averaged population vector n (Figure 8d) are similar to
those of the equilibrium vector in Figure 1 (although they need not be). This pattern is
not predictable from the patterns of the elasticities of the population vectors ni; and ns
(Figure 8a).

Finally, the elasticities of the time averages, N and R, of the weighted densities are
similar to each other tnd to the elasticities of the time-averaged population n.

The sensitivity analysis of cycles thus depends very much on the dependent variables
of interest. The matrix dN/d@" (Figure 8a) contains 36 pieces of information: the effects
of 6 parameters on 3 stages at 2 points in the cycle. A focus on weighted density reduces
this to 12 (Figures 8b,c), but the results may depend very much on the particular weighting
vector chosen. A focus on time averages reduces the information from 36 to 18 numbers
(Figure 8d), and the response of the time-averaged weighted densities finally are described
by just 6 numbers. The good news is that equations (120), (124), (126), and (127) make
it easy to compute all these sensitivities.

8.3 Sensitivity of temporal variance in density

The variance over a cycle in a weighted density N can be written

V(N) = B(N?) — [E(N)r (132)
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Figure 8: Analysis of a 2-cycle in the Tribolium model. (a) Elasticity of the
density of each stage, with respect to each parameter, at n; and n,.
(b) Elasticity of the total population N at each point in the cycle.
(c) Elasticity of the total respiration R at each point in the cycle.
(d) Elasticity of the time-averaged population n. (e) Elasticity of
the time-averaged total population N and the time-averaged total
respiration R
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where E(N) = N = c"Gb and

k
E(N?) = > bi(chy)? (133)
=1
= (coc)T(Go G)b (134)

Taking the differential of (]\7 2) and applying the vec operator gives
dE(N?) =2[b" ® (c o ¢)"] diag (N) dN. (135)
Combining this with the differential of F(N)? gives the sensitivity of V (N ):

dV(N) dN

do’ de’

where dN/d@" is given by (120). The extension to higher moments, should one want to
know, say, the sensitivity of the skewness of population size over a cycle, is possible.

=2{[b"® (coc)diag(N) — N (b"®c") (136)

8.4 Dynamic environmental feedback models

The static environmental feedback model of Section 4 assumed that the environmental
variable g(¢) had no inherent dynamics of its own. A more general, dynamic environ-
mental feedback model can be written
n(t+1) = A[f,n(t),g(t)n(t)
gt+1) = BI6,n(t),g()]g(t) (137)
allowing for n(t) to depend on both the environment and on its own density, and likewise
for the environmental factor.
The sensitivity of the equilibrium of (137) can be found using an approach similar to
that applied above to cycles. At equilibrium,
A= A[0h,g] (138)
g = B[6,nglg (139)

>
>
>

Differentiating both sides of each equation, expanding dvec A and dvec B, and applying
the vec operator gives

. . . Ovec A 0A . O0A |
OvecB 0B 0B
g = N &7 —_— —dn+ —dg | . 141
dg B (dn) + (g ®Iq)( 50" ae + aann+ agng) (141)
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Applying the identification theorem and the chain rule gives

dn dn Ovec A Ovec A dn
AT = A— i Is i Is a7
6" o7 T (L) e+ (e L) 5o
R dvec A dg
+(H®IS)TgTW (142)

with a similar expression for dg/d@". All matrices and their derivatives are evaluated at
the equilibrium (11, §). This system can be written in block matrix form by defining

H = ®'ol) (143)
J = (gol) (144)

AlO

A = (0 B) (145)
0 H

H = (J 0) (146)

Then define

Ovec B ‘ Ovec B
on’ og’
= 14
C ( Ovec A | Ovec A (147)
on’ og’
Ovec A
00"
D = 148
Ovec B (148)
00"
n
N = - 149
(%) (149)
In terms of these matrices,
dN dN

Solving for dN/d@"r gives the sensitivity of both the population and the environmental

factor,
dN

257 = (Tstg — A —HC) 'HD. (151)
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9. Sensitivity of life expectancy

Life expectancy is traditionally calculated from linear age-classified models. It can also
be calculated from linear stage-classified models (Caswell 2001, 2006). Here, I extend
the caculation to the equilibria of nonlinear age- or stage-classified models. Write the
density-dependent projection matrix as

Al6,n] =U[0,n] + F[0,n] (152)

where U contains the transition probabilities for individuals already present in the pop-
ulation and F describes the production of new individuals by reproduction (this decom-
position dates back to Feichtinger 1971; see Caswell 2001 Chapter 5, Caswell 2006,
Tuljapurkar and Horvitz 2006 for recent developments). The matrix U is the transient
matrix of an absorbing Markov chain, with death as an absorbing state. The fundamental
matrix of this chain at equilibrium is

N[0, 1] = (I, — U[0,0n]) " (153)

where the inverse is guaranteed to exist if the spectral radius of U is less than 1 (Iosifescu
1980). The (i, j) element of N is the expected time spent in stage ¢, before death, by an
individual in stage j. Suppose that stage 1 represents newborn individuals. Then the life
expectancy at birth is the mean time to absorbtion (i.e., death) for an individual in stage
1. This is 7, the first entry of the vector obtained by summing the columns of Nj i.e.,

n = e Ne; (154)

where e; has 1 in the first entry and 0 elsewhere.'> Differentiating 77; and applying the
vec operator gives
dm = (e] ® ") dvec N, (155)

but dvec N = (N" ® N) dvec U (Caswell 2006), and in the nonlinear model

Ovec U ovecU |
+ dn.

dvecU = 20" de G (156)
Thus
dm T T . OvecU T Ovec U dn
W:(el(@e) (N ®N)W+(N ®N) ST (157)

15 The usual demographic notation for life expectancy at age x is €z, but the letter e is already doing heavy
lifting in this paper, so I have adopted a notation (Caswell 2006) used in the Markov chain literature (e.g.,
Tosifescu 1980) for the mean time to absorbtion.
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Table 3: Summary of models and main sensitivity results of the paper. Ex-
tending sensitivities to additional dependent variables (ratios, av-
erages, rates, etc.) is described in Section 3. The extension from
sensitivities to elasticities is given in Section 3.
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(continued)

Table 4
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where U, N, and the derivatives of U are evaluated at equilibrium and dn/ de" is given
by (23). In a linear model, U is independent of n and (157) reduces to the sensitivity of
life expectancy given in Caswell (2006).

10. Summary and discussion

The results obtained in this paper (Table 3) comprise a fairly complete perturbation analy-
sis of nonlinear demographic models. The nonlinearities may arise from density-dependence,
frequency-dependence, environmental feedback, proportional population structure calcu-
lations, or recruitment subsidy. The sensitivity calculations accommodate a wide range of
dependent variables and the calculation of both sensitivity and elasticity with respect to
any kind of demographic parameters.
Most of the results in this paper follow a straightforward method:
1. Write the model, carefully specifying the dependence of the vital rates on 8 and n.
2. Write an expression for the equilibrium.
3. Take the differential of the equilibrium; this usually includes matrix differentials of
the form dA.
4. Use the vec operator and Roth’s theorem to obtain an expression that involves only
the differentials of vectors.
5. If necessary, use the chain rule for total differentials to expand dvecA as in (21).
6. Solve for dn and use the first identification theorem (10) to get the derivative
dn/do".
7. If desired, use the chain rule to develop sensitivities of a different dependent vari-
able (call it m), to a different set of parameters (call it &):

N )
d€ ~ dnT dO" d¢’

Obtain elasticities using (43).

The extension of perturbation analysis from linear to nonlinear models has many ap-
plications. Grant and Benton (2003), for example, emphasized the distinction between
applications in evolutionary demography and applications in population policy, manage-
ment, and conservation. Evolutionary questions depend on the selection gradients on
traits. A selection gradient is the sensitivity of the rate of increase of a phenotype, when
introduced at low density into a population with some other phenotype. This rate of
increase is called an invasion exponent; the sensitivity analysis of these exponents in
nonlinear models is now well understood (Caswell 2001, Section 16.11, Caswell et al.
2004, Caswell 2007b). On the other hand, population management (protecting endan-
gered species, controlling invasive pests, or maintaining sustainable harvests) focuses
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more on equilibrium population size than on growth rates. The methods of this paper
solve these problems.

This approach could be applied to many other demographic problems. Of particular
interest are stage-classified epidemic models (Klepac et al. 2007), transient amplifica-
tion of perturbations in reactive ecological systems (Verdy and Caswell 2008), and the
decomposition of rates into components due to changes in the vital rates and to changes
in population structure (a problem independently investigated by ecologists and human
demographers (Vaupel and Romo 2002, Bullock et al. 1996).

11. Acknowledgments

This research was supported by grants from the National Science Foundation, the National
Oceanic and Atmospheric Administration, a Fellowship from the Ocean Life Institute at
WHOI, and the Robert W. Morse Chair for Excellence in Oceanography. I am particulary
grateful for the hospitality of the Max Planck Institute for Demographic Research, where
some of the research was conducted. I thank the students at WHOI and at MPIDR, Chris-
tine Hunter, Stephanie Jenouvrier, Michael Neubert, Ariane Verdy, and two anonymous
reviewers for helpful discussions and comments.

http://www.demographic-research.org 75



Caswell: Perturbation analysis of nonlinear models

Literature cited

Almany, G.R., M.L. Berumen, S.R. Thorrold, S. Planes, and G.P. Jones. 2007. Local
replenishment of coral reef fish populations in a marine reserve. Science 316:742—
744.

Bartholomew, D.J. 1982. Stochastic models for social processes. Wiley, New York, New
York, USA.

Baudisch, A. 2005. Hamilton’s indicators of the force of selection. Proceedings of the
National Academy of Sciences USA 102:8263-8268.

Bonneuil, N. 1994. Special issue: nonlinear models in demography. Mathematical Popu-
lation Studies 5(1).

Bullock, J.M., J. Silvertown, and B.C. Hill. 1996. Plant demographic responses to envi-
ronmental variation: distinguishing between effects on age structure and effects on
age-specific vital rates. Journal of Ecology 84:733-743.

Carey, J.R. 2003. Longevity: The Biology and Demography of Life Span. Princeton
University Press, Princeton, New Jersey, USA.

Carey, J.R. and J.W. Vaupel. 2005. Biodemography. pp. 625-658 in D.L. Poston and M.
Micklin (editors) Handbook of population. Springer, New York, New York, USA.

Carey, J.R., P. Liedo, and J.W. Vaupel. 1995. Mortality dynamics of density in the
Mediterranean fruit fly. Experimental gerontology 30:605-629.

Caswell, H. 1978. A general formula for the sensitivity of population growth rate to
changes in life history parameters. Theoretical Population Biology 14:215-230.

Caswell, H. 1982. Optimal life histories and the maximization of reproductive value: a
general theorem for complex life cycles. Ecology 63:1218-1222.

Caswell, H. 2001. Matrix population models: construction, analysis, and interpretation.
Second edition. Sinauer Associates, Sunderland, Massachusetts, USA.

Caswell, H. 2006. Applications of Markov chains in demography. pp. 319-334 in A.N.
Langville and W.J. Stewart (editors), MAM2006: Markov Anniversary Meeting.
Boson Books, Raleigh, North Carolina, USA.

Caswell, H. 2007a. Sensitivity analysis of transient population dynamics. Ecology Letters
10:1-15.

Caswell, H. 2007b. Evolutionary demography: the invasion exponent and the effective
population density in nonlinear matrix models. pp. 237-256 in N. Rooney, K.S.
McCann and D. L.G. Noakes (editors) From energetics to ecosystems: the dynam-
ics and structure of ecological systems. Springer, Dortrecht, Netherlands.

76 http://www.demographic-research.org



Demographic Research: Volume 18, Article 2

Caswell, H. and D.E. Weeks. 1986. Two-sex models: chaos, extinction and other dynamic
consequences of sex. American Naturalist 128:707-735.

Caswell, H., T. Takada, and C.M. Hunter. 2004. Sensitivity analysis of equilibrium in
density-dependent matrix population models. Ecology Letters 7:380-387.

Chu, C.Y.C. 1998. Population dynamics: a new economic approach. Oxford University
Press, New York, New York, USA.

Chung, R. 1994. Cycles in he two-sex problem: an investigation of a nonlinear demo-
graphic model. Mathematical Population Studies 5:45-74.

Clutton-Brock, J.H., A.W. Illius, K. Wilson, B.T. Grenfell, A.D.C. MacColl, and S.D. Al-
bon. 1997. Stability and instability in ungulate populations: an empirical analysis.
American Naturalist 149:195-219.

Coale, A.J. 1957. How the age distribution of a human population is determined. Cold
Spring Harbor Symposia on Quantitative Biology 22:83-90.

Coale, A.J. 1972. The growth and structure of human populations. Princeton University
Press, Princeton, New Jersey, USA.

Cohen, J.E. 1995. How many people can the earth support? W.W. Norton, New York,
New York, USA.

Costantino, R. F., and R. A. Desharnais. 1991. Population dynamics and the Tribolium
model: genetics and demography. Springer-Verlag. New York, New York, USA.

Cushing, J.M. 1998. An introduction to structured population dynamics. SIAM, Philadel-
phia, Pennsylvania, USA.

Cushing, J.M., R.F. Costantino, B. Dennis, R.A. Desharnais, and S.M. Henson. 2003.
Chaos in ecology: experimental nonlinear dynamics. Academic Press, San Diego,
California, USA.

Dennis, B., R.A. Desharnais, J.M. Cushing, and R.F. Costantino. 1995. Nonlinear demo-
graphic dynamics: mathematical models, statistical methods, and biological exper-
iments. Ecological Monographs 65:261-281.

Easterlin, R. 1961. The American baby boom in historical perspective. American Eco-
nomic Review 51:860-911.

Ekamper, P. and N. Keilman. 1993. Sensitivity analysis in a multidimensional demo-
graphic projection model with a two-sex algorithm. Mathematical Population Stud-
ies 4:21-36.

Emecki, M., S. Navarro, J.E. Donahaye, M. Rindner, and A. Azrieli. 2001. Respiration
of stored product pests in hermetic conditions. pp. 26-35 in E.J. Donahaye, S.
Navarro, and J.G. Leesch (editors) Proceedings of the International Conference on

http://www.demographic-research.org 77



Caswell: Perturbation analysis of nonlinear models

Controlled Atmosphere and Fumigation in Stored Products. Executive Printing
Services, Clovis, California, USA.

Feichtinger, G. 1971. Stochastische modelle demographischer prozesse. Lecture notes in
operations research and mathematical systems. Springer-Verlag, Berlin.

Fennel, W. and T. Neumann. 2004. Introduction to the modelling of marine ecosystems.
Elsevier, Amsterdam, Netherlands.

Frank, PW., C.D. Boll, and R.W. Kelly. 1957. Vital statistics of laboratory cultures of
Daphnia pulex DeGeer as related to density. Physiological Zoology 30:287-305.

Frauenthal, J. and K. Swick. 1983. Limit cycle oscillations of the human population.
Demography 20:285-298.

Gaines, S. and J. Roughgarden. 1985. Larval settlement rate: a leading determinant of
structure in an ecological community of the marine intertidal zone. Proceedings of
the National Academy of Sciences USA 82:3707-3711.

Gani, J. 1963. Formulae for projecting enrolments and degrees awarded in universities.
Journal of the Royal Statistical Society A 126:400-409.

Gillman, M., J.M. Bullock, J. Silvertown, and B.C. Hill. 1993. A density-dependent
model of Cirsium vulgare population dynamics using field-estimated parameter val-
ues. Oecologia 96:282-289.

Grant, A. and T.G. Benton. 2000. Elasticity analysis for density dependent populations
in stochastic environments. Ecology 81: 680-693.

Grant, A. and T.G. Benton. 2003. Density-dependent populations require density-dependent
elasticity analysis: an illustration using the LPA model of Tribolium. Journal of An-
imal Ecology 72:94-105.

Hamilton, W.D. 1966. The moulding of senescence by natural selection. Journal of The-
oretical Biology 12:12-45.

Hauser, C.E., E.G. Cooch, and J.-D. Lebreton. 2006. Control of structured populations
by harvest. Ecological Modelling 196:462-470.

Hinde, A. 1998. Demographic methods. Arnold, London, United Kingdom.

Hsu, S.B., S.P. Hubbell, and P. Waltman. 1977. A mathematical theory for single-nutrient
competition in continuous cultures of microorganisms. SIAM Journal of Applied
Mathematics 32:366-383.

Iannelli, M., M. Martcheva, and F.A. Milner. 2005. Gender-structured population model-
ing: mathematical methods, numerics, and simulations. SIAM, Philadelphia, Penn-
sylvania, USA.

Tosifescu, M. 1980. Finite Markov processes and their applications. Wiley, New York,
USA.

78 http://www.demographic-research.org



Demographic Research: Volume 18, Article 2

Keyfitz, N. 1971. Linkages of intrinsic to age-specific rates. Journal of the American
Statistical Association 66:275-281.

Keyfitz, N. 1972a. Population waves. pp. 1-38 in T.N.E. Greville (editor) Population
dynamics. Academic Press, New York, New York, USA.

Keyfitz, N. 1972b. The mathematics of sex and marriage. Proceedings of the 6th Berkeley
Symposium on Mathematical Statistics and Probability 4:89—108.

Keyfitz, N. 1977. Applied mathematical demography. Wiley, New York, New York, USA.

Keyfitz, N. and H. Caswell. 2005. Applied mathematical demography. Third edition.
Springer-Verlag, New York, New York, USA.

Keyfitz, N. and W. Flieger. 1968. World population: an analysis of vital data. The
University of Chicago Press, Chicago, Illinois, USA.

Keyfitz, N. and W. Flieger. 1990. World population growth and aging: demographic
trends in the late twentieth century. University of Chicago Press, Chicago, Illinois,
USA.

Kirkland, S.J. and M. Neumann. 1994. Convexity and concavity of the Perron root and
vector of Leslie matrices with applications to a population model. STAM Journal of
Matrix Analysis and Applications 15:1092-1107.

Klepac, P., H. Caswell, and M.G. Neubert. 2007. Matrix models for stage-classified
epidemics. Contributed paper, Ecological Society of America Annual Meeting,
San Jose, CA, August 2007.

Kokko, H. and D.J. Rankin. 2006. Lonely hearts or sex in the city? Density-dependent
effects in mating systems. Philosophical Transactions of the Royal Society B
361:319-334.

Lee, C.T. and S. Tuljapurkar. 2007. Population and prehistory I: Food-limited population
growth in constant environments. Submitted.

Lee, R.D. 1974. The formal dynamics of controlled populations and the echo, the boom,
and the bust. Demography 11:563-585.

Lee, R.D. 1976. Demographic forecasting and the Easterlin hypothesis. Population and
Development Review 2:459-468.

Lee, R.D. 1986. Malthus and Boserup: a dynamic synthesis. pp. 96—130 in d. Coleman
and R. Schofield (editors) The state of population theory: forward from Malthus.
Blackwell, Oxford, United Kingdom.

Lee, R.D. 1987. Population dynamics of humans and other animals. Demography 24:443-
465.

http://www.demographic-research.org 79



Caswell: Perturbation analysis of nonlinear models

Legendre, S., J. Clobert, A.P. Mgller, and G. Sorci. 1999. Demographic stochasticity and
social mating system in the process of extinction of small populations: the case of
passerines introduced to New Zealand. American Naturalist 153:449-463.

Lenz, T.L., A. Jacob, and C. Wedekind. 2007. Manipulating sex ratio to increase popula-
tion growth: the example of the Lesser Kestrel. Animal Conservation 10:236-244.

Li, N. and S. Tuljapurkar. Dependency ratios: past, future, and optimal. Unpublished
manuscript.

Lindstrém, J. and H. Kokko. 1998. Sexual reproduction and population dynamics: the
role of polygyny and demographic sex differences. Proceedings of the Royal Soci-
ety London B 265:483-488.

MacArthur, R.H. 1972. Geographical ecology: patterns in the distribution of species.
Harper and Row, New York, New York, USA.

Magnus, J.R. and H. Neudecker. 1985. Matrix differential calculus with applications to
simple, Hadamard, and Kronecker products. Journal of Mathematical Psychology
29:474-492.

Magnus, J.R. and H. Neudecker. 1988. Matrix differential calculus with applications in
statistics and econometrics. John Wiley & Sons, New York, New York, USA.

McFarland, D.D. 1972. Comparison of alternative marriage models. in T.N.E. Greville
(editor) Population dynamics. Academic Press, New York, New York, USA.
Mueller, L.D. and A. Joshi. 2000. Stability in model populations. Princeton University

Press, Princeton, New Jersey, USA.

Murdoch, W.W., C.J. Briggs, and R.M. Nisbet. 2003. Consumer-resource dynamics.
Princeton University Press, Princeton, New Jersey, USA.

Nel, D.G. 1980. On matrix differentiation in statistics. South African Statistical Journal
14:137-193.

Neubert, M.G. and H. Caswell. 2000. Density-dependent vital rates and their population
dynamic consequences. Journal of Mathematical Biology 43:103-121.

Neudecker, H. 1969. Some theorems on matrix differentiation with special reference
to Kronecker matrix products. Journal of the American Statistical Association
64:953-963.

Nussbaum, R.D. 1988. Iterated nonlinear maps and Hilbert’s projective metric. Memoirs
of the American Mathematical Society 75, number 391, Providence, Rhode Island,
USA.

Nussbaum, R.D. 1989. Iterated nonlinear maps and Hilbert’s projective metric, II. Mem-

oirs of the American Mathematical Society 79, number 401, Providence, Rhode
Island, USA.

80 http://www.demographic-research.org



Demographic Research: Volume 18, Article 2

Pascual, M. and H. Caswell. 1991. The dynamics of a size-classified benthic population
with reproductive subsidy. Theoretical Population Biology 39: 129-147.

Pearl, R., J.R. Miner, and S. L. Parker. 1927. Experimental studies on the duration of life.
XI. Density of population and life duration in Drosophila. American Naturalist
61:289-318.

Pennycuick, L. 1969. A computer model of the Oxford Great Tit population. Journal of
Theoretical Biology 22:381-400.

Pollak, R.A. 1987. The two-sex problem with persistent unions: a generalization of the
birth matrix-mating rule model. Theoretical Population Biology 32:176-187.

Pollak, R.A. 1990. Two-sex demographic models. Journal of Political Economy 98:399—
420.

Pollard, J.H. 1968. A note on the age structures of learned societies. Journal of the Royal
Statistical Society A 131:569-578.

Pollard, J.H. 1977. The continuing attempt to incorporate both sexes into marriage anal-
ysis. International Population Conference, International Union for the Scientific
Study of Population, pp. 291-308.

Pollard, J.H. 1982. The expectation of life and its relationship to mortality. Journal of the
Institute of Actuaries 109:225-240.

Preston, S.H., P. Heuveline, and M. Guillot. 2001. Demography: measuring and modeling
population processes. Blackwell, Oxford, United Kingdom.

Promislow, D.E.L., R. Montgomerie, and T.E. Martin. 1992. Mortality costs of sexual
dimorphism in birds. Proceedings of the Royal Society of London B 250:143-150.

Roth, W.E. 1934. On direct product matrices. Bulletin of the American Mathematical
Society 40:461-468.

Roughgarden, J., Y. Iwasa, and C. Baxter. 1985. Demographic theory for an open marine
population with space-limited recruitment. Ecology 66:54—-67.

Sarrazin, F. and S. Legendre. 2000. Demographic approach to releasing adults versus
young in reintroductions. Conservation Biology 14:488-500.

Scheltema, R.S. 1971. Larval dispersal as a means of genetic exchange between geo-
graphically separated populations of shallow-water benthic marine gastropods. Bi-
ological Bulletin 140:284-322.

Scott, S. and C.J. Duncan. 1998. Human demography and disease. Cambridge University
Press, Cambridge, United Kingdom.

Silva Matos, D.M., R.P. Freckleton, and A.R. Watkinson. 1999. The role of density
dependence in the population dynamics of a tropical palm. Ecology 80:2635-2650.

http://www.demographic-research.org 81



Caswell: Perturbation analysis of nonlinear models

Skalski, J.R., K.E. Ryding, and J. Millspaugh. 2005. Wildlife demography: analysis of
sex, age, and count data. Academic Press, San Diego, California, USA.

Solbrig, O.T., R. Sarandon, and W. Bossert. 1988. A density-dependent growth model of
a perennial herb, Viola fimbriatula. American Naturalist 131:385-400.

Takada, T. and Nakajima, H. 1992. An analysis of life history evolution in terms of the
density-dependent Lefkovitch Matrix model. Mathematical Biosciences 112:155-
176.

Takada, T. and Nakajima, H. 1998. Theorems on the invasion process in stage-structured
populations with density-dependent dynamics. Journal of Mathematical Biology
36:497-514.

Tanner, J.E. 1999. Density-dependent population dynamics in clonal organisms: a mod-
elling approach. Journal of Animal Ecology 68:390-399.

Tilman, D. 1982. Resource competition and community structure. Princeton University
Press, Princeton, New Jersey, USA.

Tuljapurkar, S. 1997. Stochastic matrix models. Pages 59-87 in S. Tuljapurkar and H.
Caswell, editors. Structured-population models in marine, terrestrial, and freshwa-
ter systems. Chapman and Hall, New York, New York, USA.

Tuljapurkar, S. and C.C. Horvitz. 2006. From stage to age in variable environments: life
expectancy and survivorship. Ecology. 87:1497-1509

Tuljapurkar, S., C.O. Puleston, and M.D. Gurven. 2007. Why men matter: mating pat-
terns drive evolution of human lifespan. PLoS ONE 2(8):e785:doi:10.1371/jounal.-
pone.0000785

Vaupel, J.W. 1986. How change in age-specific mortality affects life expectancy. Popula-
tion Studies 40:147-157.

Vaupel, J.W. and V.C. Romo. 2002. Decomposing demographic change into direct vs.
compositional components. Demographic Research 7:1-14.

Vaupel, J.W. and V.C. Romo. 2003. Decomposing change in life expectancy: a bouquet
of formulas in honor of Nathan Keyfitz’s 90th birthday. Demography 40:201-216.

Verdy, A. and H. Caswell. 2008. Sensitivity analysis of reactive ecological dynamics.
Bulletin of Mathematical Biology (in press).

Wachter, K.W. and C.E. Finch. 1997. Between Zeus and the salmon: the biodemography
of longevity. National Academy Press, Washington DC, USA.

Wachter, K.W. and R.A. Bulatao. 2003. Offspring: human fertility behavior in biodemo-
graphic perspective. National Academies Press, Washington, DC, USA.

Wachter, K.W. and R.D. Lee. 1989. U.S. births and limit cycle models. Demography
26:99-115.

82 http://www.demographic-research.org



Demographic Research: Volume 18, Article 2

Weiss, K.M. and P.E. Smouse. 1976. The demographic stability of small human popula-
tions. Journal of Human Evolution 5:59-73.

Willekens, F.J. 1977. Sensitivity analysis in multiregional demographic models. Environ-
ment and Planning A9:653-674.

Wilson, C. 2004. Fertility below replacement level. Science 304:207-209.

Wood, J.W. and PE. Smouse. 1982. A method of analyzing density-dependent vital
rates with an applicaion to the Gainj of Papua New Guinea. American Journal of
Physical Anthropology 58:403—411.

Yearsley, J.M., D. Fletcher, and C.M. Hunter. 2003. Sensitivity analysis of equilibrium
population size in a density-dependent model for short-tailed shearwaters. Ecolog-
ical Modelling 163:119-129.

http://www.demographic-research.org 83



Caswell: Perturbation analysis of nonlinear models

84 http://www.demographic-research.org



