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Abstract

Population models are often used to guide conservation management decisions. Sensitivity analysis of such models can be
useful in setting research priorities, by highlighting those parameters that have the mostinfluence on population growth rate. Much
of the work on sensitivity analysis in this context has been for density-independent models. We present a sensitivity analysis of a
density-dependent model for a population of Short-tailed Shearw&afm(stenuirostris), in which the output of interest is the
equilibrium population size\.. We calculate the sensitivity and elasticityMyfto both the equilibrium parameter value and the
strength of density-dependence associated with each input parameter. The rankings of the sensitivities and elasticities associatec
with the strength of density-dependence are of particular interest, as they cannot be predicted from a sensitivity analysis for the
corresponding density-independent model. In calculating sensitivities we make use of the characteristic equation of the model,
rather than the left and right eigenvectors of the projection matrix. In order to check the robustness of our conclusions to the strength
of density-dependence specified for each input parameter, we consider a range of relative strengths. Within this range there are
no major effects on the rankings. The largest sensitivitid,db the strength of density-dependence were for breeder survival,
emigration and immigration; the largest corresponding elasticities were for emigration, immigration and breeder skipping rate.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction and elasticities, or numerically by analysing simu-
lation output Burgman et al., 1993; Caswell, 2001,
In using a population model to guide management Hamby, 1994; Slooten et al., 2000; Swartzman and
of a species, perturbation analysis is a valuable tool for Kaluzny, 1987. Perturbation analysis is particularly
evaluating the relative effectiveness of conservation valuable when our knowledge of a species life-history
management decisions and highlighting those param-and the potential costs and benefits of various man-
eters that have the greatest influence on model outputs,agement alternatives is limited, when research budgets
such as population growth rate. This type of analysis are constrained and when decisions must be made
can be carried out mathematically using sensitivities quickly.
Linear deterministic models are relatively easy to
"+ Corresponding author. Tekt 44-1224-498200; con;truct, analyse and interpret, apd much qf the
fax: +44-1224-311556. published work that uses perturbation analysis for
E-mail address: j.yearsley@macaulay.ac.uk (J.M. Yearsley). population management involves models that are
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density-independentCaswell, 2001; Russell, 1999; ranging in size from a few hundred to several mil-
Slooten et al., 2000 However, these models forego lion pairs Serventy, 1967; Serventy and Curry, 1984;
much of the complexity that we know exists in Marchant and Higgins, 1990; Wooller and Bradley,
the real world. Populations do not increase with- 1999.
out limit, abundance being determined by a number  The deterministic population model we consider is
of factors and processes, including those that are based on the one described Htunter et al. (200Q)
density-dependent. Density-dependent processes maywhich also provides background to the study. The
play an important role in population regulation, al- modelis for females only, and is stage-structured. Pre-
though there is still debate on this issue. The fact breeders are classified by age (1-15) and postbreeding
that density-dependence can be difficult to detect in females by “breeding age” (0-25), which is the num-
natural populations has prolonged this debate. ber of yearsincean individual's first breeding attempt
Given that density-dependence can be difficult to (Fig. 1). In each year following the initial breeding
estimate, it is important to explore how our assess- attempt, fecund females are classified as breeders and
ment of the form and strength of density-dependence non-breeders. Each breeding female is assumed to lay
will affect our interpretation of population models. one egg. The number of eggs that survive to fledging
This will help us decide whether we need to include is determined by a parameter for breeding success.
density-dependence in a model, and how accurately it Survival from fledging to 1 year is determined by a
needs to be specified. The probability of extinction has parameter for juvenile re-appearance rate. Immigrants
been shown to be sensitive to the presence and formenter the model at prebreeder age 3. Prebreeders are
of density-dependence chosdnirfzburg et al., 1990;  allowed to begin breeding between the ages of 2 and
Beissinger and Westphal, 1998leubert and Caswell 15 and are also subject to emigration from age 3. A
(2000) explored the effects of density-dependence parameter for “probability of first breeding” controls
on population dynamics in terms of model equilibria the rate of flow of females from each prebreeder age
and bifurcationsGrant and Benton (200@pnsidered cohort into the breeding part of the population. Breed-
the extent to which a standard density-independent ers and non-breeders that reach breeding age 25 and
sensitivity analysis would provide reliable conclu- survive another year are cycled back into the year-25
sions for a population that is density-dependent and breeding and non-breeding age classes. We assume
experiencing environmental stochasticity. here that skipping rate, breeding success, breeder
The purpose of this paper is to show how sensitiv- survival and non-breeder survival do not depend
ities and elasticities can be used to help set researchon age.
priorities for management of a species when the pop- If the number of females of breeding agehat
ulation model is density-dependent. In particular, we can potentially breed at timieis written asN;(t), the
aim to determine for which parameters it may be im- projection equations for the model are

portant to measure density-dependence. We focus on 15 25

the same population as that was consideredtinter No(t+1) =m Ni(t — a 1

et al. (2000) namely the Short-tailed Shearwaters 0 ) g“a; i€ ) @)

(Puffinus tenuirostris) on Fisher Island, in the Bass .

Strait, Australia. Nip1(t+1) =sNi(»), i=0,1,...,23 (2
Nas(t + 1) = s{N2a(t) + Nas(1)}, 3)

2. Density-independent model wherem is fecundity (female chicks per femalg)y

is the probability that a fledged chick will survive
The Short-tailed Shearwaters is a medium-sized, years as a prebreeder before entering the breeding pop-
burrow-nesting procellariiform seabird. They breed ulation, andsis the annual survival rate for a breeding
annually in south-eastern Australia, mainly on islands female.
around Tasmania, and migrate to northern Pacific  For consistency, we use the same notation for the
waters for the Australian winter. They are the most input parameters as iklunter et al. (200Q)and as
abundant seabird in Australia, with individual colonies shown inTable 1 The parametemns), sandu, can be
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Fig. 1. Life-cycle graph for the Short-tailed Shearwater model,:RBebreeder of agg and A.: adult of breeding age.

Table 1
Notation for the model parameters, together with their estimated vatiest¢r et al., 2000
Name Parameter Estimate
PFB Scaling factor for the probability of first breeding 1.000
PST Probability prebreeders stay at colony each year after prebreeding age class 3 0.755
IMM Ratio of immigrants to year 2 natal prebreeders entering prebreeder age class 3 1.222
BRK Probability that a breeding bird skips a breeding season 0.314
BS Breeding success 0.306
JR Juvenile reappearance rate from fledging to year 1 0.583
BRS Breeder survival 0.912
NBRS Non-breeder survival 0.912
PBR1 Prebreeder reappearance probability from year 1-2 0.867
PBR2 Prebreeder reappearance probability from year 2-3 0.923
PBR3 Prebreeder reappearance probability from year 3 onwards 0.912

The mean of the estimated population size was approximately 150.
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written in terms of the input parameters as follows  assess this dependence. In a review of seven possible
functional forms for density-dependence in survival,

m=BS(1-BRK)JR () Bellows (1981)recommended one that has a flexi-
s = BRS (1 — BRK) + NBRS BRK (5) ble form and involves only two parameters (Model 5
therein; sedvlaynard Smith and Slatkin, 19Y.3Jsing
no = PFB Py, (6) a slightly different notation fronBellows (1981) we
1-p write this function as
u1 = po PBR1 ( X ) Py, (7) X(N)
m(l_xm&>_a+mme (11)

1-P
2 = PBR2(1+IMM)< - 2) Ps, 8)

) whereX(N) is the value of the paramet®rat popula-

tion sizeN (from hereon we do not explicitly show the
13 = pz PBR3 (1 - P3> Pa. 9) dependence dfl upon time). Note that use of rather
Ps3 than In(N) in this equation would lead to a function that
is less flexible Bellows, 1981; Usher, 1972Eq. (11)
1-P, is a reparametrisation of the generalised Beverton and
) Po+1, Holt function Beverton and Holt, 1957; Maynard
Smith and Slatkin, 1993 and can be rewritten to
explicitly show the form of density-dependence as
whereP,, is the probability that a prebreeder of age 1
a—1 enters the breeding population the following year. X(N) = 15 eanb
The model we use differs slightly from the “av-
erage breeder” model dfunter et al. (2000)n two Eqg. (11) can be used directly for those parame-
ways. First, non-breeders are not explicitly modelled: ters that vary between zero and one. The parameters
they are allowed for by assuming that a fraction of IMM, BS and PFB do not satisfy these constraints,
each breeding age class does not breed Espd4). so we rewrite them in terms of parameters that do, as
Second, the manner in which we calculate the sensi- follows

He = Hg—1 PBR3 PST(

o

a=4,5,...,15 (10

(12)

tivity coefficient for the parameter PFB differs from Pivm Pas

the approach adopted yunter et al. (2000)Hunter IMM = 1T P’ BS= -

et al. (2000)varied the parameter PFB whilst keeping PPFBIMM

the expected age of first breeding constant. We vary PFB= max Py’ (13)
o

the parameter PFB and make no attempt to control
the expected age of first breeding: this leads to fewer Density-dependence for each of these parameters is
constraints on the model dynamics, at the expense ofthen achieved by applying the relationshiggg. (11)
not matching the data so closely. to the parameterBvm , Pes and Ppgg.
For each parametet, we can specify a value fa
in Eq. (11) by substituting the estimates &f and N

3. density-dependent model that have been obtained for the study population on
Fisher Island. This leads to
Suppose the value of each input parameter at time X (Ng1)
is a function of the number of female breedeys:) = a=| {T(NH)} — bIn(Nfy), (14)

Y%, N;(1). Specifying the form of this dependence
for each parameter will to some extent be arbitrary, whereNg, is the population size on Fisher Island. Es-
due to the lack of data. Indeed, one of the key motiva- timates ofX(Ng) are given inTable 1 and we chose
tions for carrying out this analysis is to assess which the value olNg to be the mean of the annual estimates
of the density-dependent relationships are the most of population size, which was approximately 150.
important to quantify. Even if such data are difficult The value ofb in Eqg. (11)determines the strength
or impossible to collect, it might still be important to  of the density-dependence in the regionN: the
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low, moderate or high. Moderate density-dependence
was arbitrarily defined as havingg| = 1. In or-

der to allow the difference between low and high
density-dependence to vary, they were specified as
having |b| = 1/8 and|b| = & respectively, fors = 2,

5 and 10 Fig. 3). Note that the form oEq. (11)does

not allow us to include the Allee-type effects thought
plausible for PFB, IMM, JR, BRS and PBR. For these
parameters, density-dependence has been assumed to
be negative.

0 100 200 300

Number of female breeders, N

Fig. 2. An illustration of the form of the relationship between an 4. Sensitivities and elasticities
input parameteX(N) and the number of female breedéds The

parameteb takes the values-0.2 (dashed line)-1.0 (dotted line) When vital rates are influenced by density, popula-
and —5.0 (solid line). The parametex is specified byEq. (14) tion dynamics become non-linear. The population is
using N = 150 andX (Nf) = 0.5. characterised not by a growth rate but by the existence
and stability of equilibria, the bifurcations that may
greater the value ob|, the stronger the dependence in occur when stability is lost, and the patterns (cycles,
this region, as illustrated iRigs. 2 and 3In order to quasicycles, chaos) that follow bifurcationdeubert
specifyb, we summarised the likely form and strength and Caswell, 2000 Assessment of the sensitivity
that density-dependence might take for each param-and elasticity of several different types of model out-
eter (Table 2, with the strength being specified as put has been suggested for density-dependent models
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Fig. 3. The input parameters as a function of the number of female breeders, for different relative strengths of density-deggndence (
The parameters PBR1 and PBR2 have the same behaviour as PBR3, and NBRS has the same behaviour as BRS. Where a graph has thre
lines, solid, dotted and dashed lines corresponéi402, 5, 10 respectively. Parameters with intermediate density-dependence (JR and BS)
haves = 1.
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Table 2

Estimates for the functional forms of density-dependence

Parameter Form Importance Possible mechanism

PFB + > — High Younger birds are less likely to secure burrows as density increases

PST — High As density increases prebreeders are less likely to secure a burrow, and so are
more likely to prospect and breed elsewhere

IMM + - — High A minimum density is needed to provide stimuli to attract immigrants to a colony,
but as density increases immigrants are less likely to secure a burrow and stay at a
colony

BRK + High Increased disturbance as density increases results in failed breeding attempts,
increased divorce rates and higher probability of skipping breeding

BS — Moderate Increased disturbance as density increases can result in an increase in failed
breeding attempts

JR + - — Moderate Protection from predation at low densities, but lower survival as density increases
due to competition for food

BRS + > — Low Benefits from group foraging at low densities but increased competition for food at
high densities

NBRS — Low Increased competition for food at high densities

PBR1 + - — Low Protection from predation at low densities, but lower survival as density increases
due to competition for food

PBR2 + = — Low Protection from predation at low densities, but lower survival as density increases
due to competition for food

PBR3 + = — Low Protection from predation at low densities, but lower survival as density increases

due to competition for food

+ indicates purely positive density-dependenedndicates purely negative density-dependence,-anrg — indicates an Allee-type effect
where density-dependence is positive at lsvand becomes negative at highér

(Caswell, 2001; Grant and Benton, 200W/e focus model is

on the effect of changes in parameter values on the 15 25
equilibrium population sizeN,. Previous work has ZMQ(N)Zm,-(N) li(N) = Ro(N) =1, (15)
either used the concept of an invasion exponBiaingd =0 i—0

et al., 1994; Grant, 1997; Grant and Benton, 2000 )
extended the standard density-independent sensitivitywherel; = [T/_gs; andRo(N) is the net reproductive
analysis, which involves eigenvalues of the projec- rate atN (Caswell, 200). Note thatm;, u,, andl; are
tion matrix, to the density-dependent casakada all functions ofN. We can differentiate this equation
and Nakajima, 1992, 1998; Takada and Nakashizuka, With respect to any paramet¥rand rearrange terms
1996. Here we show how the characteristic equation 10 give the sensitivitysx, of N, to the parameteX as
of the mod_el Caswell, _200). can be use_c_zl to provide N, dRo/0X
an alternative expression for the sensitivityNyf. A SX = 5% = TR AN : (16)

. . . . . 0/ON |y—p,
disadvantage is that it can be complicated to derive and ¢
difficult to use. However, if the life-cycle is such that The corresponding elasticity is given by
all individuals must share a common life-history stage aIN(N,) X

. . . . . e

(e.g. ajuvenile stage), then the characteristic equationex = m = st. a7
is particularly simple Caswell, 2001 This approach ¢
has been used by others in the context of density- An example of the calculation of sensitivity (for breed-
independent modelKeyfitz, 1971; Lebreton, 1996 ing success) is provided in tigpendix A The sensi-
and may provide some advantages by simplifying the tivity of N, to a change ieX(N.) will be proportional to
derivation of analytical expressions for the sensitivi- the sensitivity of population growth to a changexim
ties and elasticities of the equilibrium population size. the corresponding density-independent modiekada

When equilibrium is reached, the population growth and Nakashizuka, 1996; Caswell, 2Q0lhe key addi-
rate is zero and the characteristic equation for the tional information provided here is the sensitivity and
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Table 3
Values ofb used for calculation of the sensitivities and elasticities,
where§ was chosen to have the values 2, 5 and 10

Parameter Value ob
PFB -9
PST -3
IMM -9
BRK +3
BS -1
JR -1
BRS -1
NBRS -1
PBR1 -1
PBR2 -1/
PBR3 -1/

125

of N, to changes inX(N,) for the casel = 2 are
given in Table 4 We distinguish between two types
of sensitivity/elasticity: those which we label “equi-
librium parameter value” refer to the response when
a parameter’s value at the equilibrium population
size, X(N,), is varied, whilst those labelled “value of
b” refer to the response when a parameter’s density-
dependenceb, is varied. The sensitivities and elas-
ticities of N, to the equilibrium parameter values
are proportional to what we would obtain from the
equivalent density-independent model, i.e. witket

to zero for each parametefgkada and Nakajima,
1998. As Takada and Nakajima (1998uggest,
changing the equilibrium value of breeder survival
has by far the largest effect dd,, a common find-

elasticity for the strength of the density-dependence ing with density-independent models for long-lived

(b) associated with each input parameter.
Note that sensitivity analysis with respect
is only relevant when an equilibrium population size

species Goodman, 1980; Brault and Caswell, 1993;
Weimerskirsch et al., 1996; Crook et al., 1998;
Heppell, 1998; Russell, 1999; Heppell et al., 2000;

exists: if density-dependence is too strong population Slooten et al., 2000 The largest sensitivities dfl,
size may become unstable, leading to stable oscilla- to the value ot are for breeder survival (BRS), em-

tions or chaos.

5. Results

Using the values ob in Table 3leads to equilib-
rium population sizes of breeding females of 146,
143 and 137 fos = 10, 5 and 2 respectively. The

igration (PST) and immigration (IMM), whereas the
largest corresponding elasticities are for emigration
(PST), followed by those for the immigration (IMM)
and breeder skipping rate (BRK)able 5shows the
absolute relative values of the sensitivities, for the
three values af, for both the equilibrium value and the
strength of density-dependence. These suggest that the
rankings of the sensitivities are almost independent of

absolute values for the sensitivities and elasticities the quantification of low and high density-dependence.

Table 4

The absolute values for the sensitivities and elasticities, and their rankings, of the equilibrium populatidy, size the equilibrium
parameter value and the strength of density-dependence associated with each pabymetieig¢ = 2 in Table 3(N, = 137)

Parameter Equilibrium parameter value Valuebof

|Sensitivity| |Elasticity| |Sensitivity| |Elasticity|
BRS 239 1 1.60 1 1.70 1 0.00623 7
PBR3 122 2 0.820 2 0.873 6 0.00319 8
PST 107 3 0.617 3 1.65 2 0.0242 1
BS 87.8 4 0.204 6 0.941 5 0.00688 6
NBRS 80.7 5 0.540 4 0.575 9 0.00210 9
JR 46.0 6 0.204 5 1.01 4 0.00742 5
BRK 34.1 7 0.0687 11 0.628 7 0.00919 3
PBR1 31.9 8 0.204 7 0.114 10 0.000416 10
PBR2 30.1 9 0.204 8 0.0657 11 0.000240 11
PFB 13.9 10 0.111 10 0.603 8 0.00882 4
IMM 11.3 11 0.121 9 1.53 3 0.0224 2

Rankings are based on the absolute values of the coefficients. Sensitivities and elasticities are shown to three significant figures.
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Table 5
The absolute values for the relative sensitivities, and their rankings, of equilibrium populatioNgize the equilibrium parameter value
and strength of density-dependence associated with each parab)eter the three values of in Table 3

Equilibrium parameter value Value &f

3 )
Parameter 10 5 2 10 5 2
BRS 1 1 1 1 1 1 1 1 1 1 1 1
PBR3 0.525 2 0.523 2 0.512 2 0.525 6 0.523 6 0.512 6
PST 0.451 3 0.452 3 0.448 3 0.905 3 0.921 2 0.971 2
BS 0.385 4 0.381 4 0.368 4 0.568 5 0.562 5 0.552 5
NBRS 0.315 5 0.32 5 0.338 5 0.315 9 0.32 9 0.338 9
JR 0.202 6 0.2 6 0.192 6 0.611 4 0.605 4 0.595 4
BRK 0.143 7 0.143 7 0.143 7 0.345 7 0.35 7 0.369 7
PBR1 0.137 8 0.137 8 0.134 8 0.0793 10 0.0761 10 0.0667 10
PBR2 0.129 9 0.129 9 0.126 9 0.0459 11 0.044 11 0.0385 11
PFB 0.0573 10 0.0577 10 0.0581 10 0.324 8 0.332 8 0.354 8
IMM 0.0463 11 0.0466 11 0.0472 11 0.908 2 0.906 3 0.897 3

The scaling is relative to the sensitivity &, to breeder survival probability (BRSWV, = 146, 143 and 137 fos = 10, 5 and 2
respectively. Rankings are based on the absolute values of the sensitivities. The relative sensitivities are shown to three significant figures.

It is also of interest to consider which parameters forest. Both our analysis, and that dakada and

are relatively unimportant in terms of the strength Nakashizuka (19963how that the sensitivity oN,
of their density-dependence. Overall, the sensitivities to changes in the equilibrium parameter values is di-
and elasticities of\,, both to the parameters and to rectly proportional to the results of a sensitivity anal-
the strength of density-dependence associated withysis of a density-independent model evaluatetNat
each parameter, suggest that we can effectively ignore (Caswell, 200). This implies that the rankings of the
the possibility of density-dependence in the proba- sensitivities will be identical for density-dependent
bility of first breeding, prebreeder reappearance rate and density-independent models.
from both year 1-2 (PBR1) and year 2-3 (PBR2),  Our focus here is clearly on the sensitivity of the
and non-breeder survival (NBRS)gbles 4 and b equilibrium population size to changes in the strength

of density-dependence, which has received far less

attention in the literature. The only application which
6. Discussion we are aware of is byanner (1999)who developed

a model of clonal zoanthids, and numerically inves-

There are a number of possible measures of modeltigated its sensitivity to changes in the strength of

output for which the sensitivity to changes in param- density-dependence. Uncertainty in the strength of
eters can be calculated for density-dependent mod- density-dependence associated with a parameter may
els Grant and Benton, 2000We have considered have a large effect upoN,, even when the equilib-
the sensitivity of the equilibrium population size to rium value for that parameter is relatively unimpor-
changes in both the equilibrium value and the strength tant. Thus, in the model of Short-tailed Shearwaters
of the density-dependence for each parameter. Thethe strength of density-dependence in both breeder
former of these two sensitivities is commonly calcu- skipping rate and immigration had a relatively large
lated, in some form, for density-dependent models. effect upon the predicted equilibrium population size,
For exampleGrant (1998)uses this type of sensitiv- even though their equilibrium values were unimpor-
ity to investigate the effect of density-dependence in tant (seeTable 4.
a model of a toxicant's effect upon a population, and  In this paper we have shown how the characteristic
Takada and Nakashizuka (199&lculate this sensi- equation for a density-dependent model of a biolog-
tivity for a density-dependent model of a broad-leaved ical population can be used to perform a sensitivity
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analysis. The characteristic equation can be derived and assess whether the values usedbf@over the
from the life-cycle graph for a broad range of species. possible range of strengths of density-dependence
This derivation is particularly simple for large verte- likely to be observed in real populations.
brates, for which models tend to be age-structured, Alternative functional forms for density-depen-
but is likely to be more involved for plants. Unlike dence, such as the Ricker, generalised Ricker, or
other methods, it allows us to use explicit formulae Hassell functions could have been used h&sett,
for the sensitivities Appendix A). Previous work in 1996. The form of the density-dependence function
this area has mainly focussed on the use of the left may affect some model conclusions, such as extinc-
and right eigenvectors of the Lefkovitch matrix, and tion probability estimatesBeissinger and Westphal,
its extensionsakada and Nakajima, 1998; Caswell, 1998, but its impact upon our analysis has not been
2001). Such an approach can be applied to quite gen- investigated. Our choice of function constrains the
eral life-cycles and benefits from the power of matrix density-dependence to be monotonic, which may not
algebra, but the link between the eigenvectors of the always be realistic. This could be overcome by adding
matrix and the parameters of the model is not always one or more parameters to the function, at the cost
clear. A recent development has been the use of inva- of making the analysis more complicaté&luinge and
sion exponents to study the stability and sensitivity of Johnson (2002have recently highlighted the impor-
density-dependent and stochastic mod®lst¢ et al., tance of functional form in population models, and
1992; Rand et al., 1994; Ferriére and Gatto, 3995 shown that the functional forms used in a model can
For a model at equilibrium, this approach is equiv- have a significant impact on a models results, such as
alent to the analysis of left and right eigenvectors. predictions of optimal harvest rates.
However, invasion exponents can be calculated for The importance of considering alternative func-
cyclic, quasi-periodic and chaotic attractors, making tional forms for density-dependence will depend on
their use more general. the robustness of our analysis to changes in this form.
Inclusion of density-dependence in a population The robustness of our sensitivity analysis is likely to
model brings with it both increased reality and in- boil down to the robustness of our estimate iy
creased uncertainty. Although few ecologists would because the sensitivity analysis is local, it would be
argue against the idea that density-dependence is likelyexpected to be fairly insensitive to the functional form
to be important in regulating some populations, quan- of the density-dependence at the equilibrium. On the
tifying this density-dependence is fraught with diffi- other hand, the equilibrium population size will de-
culties. We need to specify both the form and strength pend to a certain extent on the form and strength of
of density-dependence. Several functional forms for density-dependence (as can be seen from the compo-
density-dependence have been suggesBalows, nents of the characteristic equation), and may show
1981), different measures of density may be appropri- sensitivity in certain situations: here, we attempted to
ate Charlesworth, 1994 and both the strength and di- address this problem by considering different relative
rection of density-dependence for a parameter may be strengths for the density-dependence.
open to debate. These uncertainties emphasise the im- If density-dependent models are to usefully inform
portance of sensitivity analyses for density-dependent conservation and wildlife management decisions then
models. In our approach a particular functional form of the conclusions drawn from a model should be robust
density-dependence has been assumed, and sensitiviand relevant. RobustnessNf, to both parameters and
ties and elasticities dfl, to changes in the strength of the strength of density-dependence in parameters, can
density-dependence were calculated for a broad rangebe addressed using sensitivity analysis and rankings
of possible strengths of density-dependeniables 2 of the sensitivities are often sufficient to guide man-
and 3. Our approach has also assumed that female agement. Sensitivity analysis of density-independent
breeding population is the relevant density, but our models has served as a useful tool, even though such
approach can be extended to different definitions of models involve the unrealistic assumption of expo-
density (e.g. the density of a particular stage). A more nential population growthGaswell, 2001 The rele-
complete analysis would assess the robustness of ourvance of the use of a density-dependent model may be
conclusions to different forms of density-dependence diminished if the population is not at equilibrium, but
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it might be hoped that sensitivity rankings are robust
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In order to illustrate the use of this approach,

to this problem. Our analysis suggests that sensitivity consider the sensitivity ofN, to the strength of
analysis of density-dependent models will be robust density-dependence in breeding success. The depen-
to the strength of density-dependence associated withdence of BS orN is specified as

the parameters.
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Appendix A. Calculation of sensitivities and
elasticities using the characteristic equation

To calculate the sensitivity and elasticity Nf to
the parametexX(N, ), we differentiate the characteristic
equation Eq. (14) with respect toX, giving
0Ro dN 0Rgp _
X  dX N
which can be rearranged and evaluatetNato give
Eq. (16) for the sensitivity ofN, to any parameter.
EvaluatingEq. (A.1) at N, for our model gives,

0, (A.1)
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where sy is the sensitivity ofN, to parameterX
(Eq. (16). Rearrangind=q. (A.2) gives,
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whereD=3"1%(>"2% & (11 (N) mi(N) li(N)) [ y_y.

sion for fecunditym;, giving
15 25

_ i Ha(Ne) mi(Ne) I;(Ne)
BS = Dgg BS(N,) (A5)
and
15 25
1 «(No) mi(N,) ;(N,) 9BS
sz_BZZ/L( )Bn;( ) Li(Ne) (N)
a=0i=0 (Ne) obes
1 15 25
= 5D Ha(Ne) mi(Ne) Li(Ne)
a=0 i=0
BS(N,) 0.5 — BSr N, \test
X BS 05 b (NF|> . (A.6)
References

Bellows, T.S., 1981. The descriptive properties of some models
for density dependence. J. Anim. Ecol. 50, 139-156.

Beissinger, S.R., Westphal, M.l.,, 1998. On the use of
demographic models of population viability in endangered
species management. J. Wildl. Manag. 62, 821-841.

Beverton, R.J.H., Holt, S.J., 1957. On the dynamics of exploited
fish populations. In: Fisheries Investigation Series, vol. 2(19),
Ministry of Agriculture Fisheries and Food, London, UK.

Brault, S., Caswell, H., 1993. Pod-specific demography of killer
whales Qrcinus orca). Ecology 74, 1444-1454.

Burgman, M.A., Ferson, S., Akcakaya, H.R., 1993. Risk
Assessment in Conservation Biology. Chapman and Hall,
London, p. 314.

Caswell, H., 2001. Matrix Population Models, 2nd ed. Sinauer
Associates, Massachusetts.

has no effect upon the relative values of the charlesworth, B., 1994. Evolution in Age-Structured Populations,

sensitivities.

2nd ed. Cambridge University Press, Cambridge.



J.M. Yearsley et al./Ecological Modelling 163 (2003) 119-129 129

Crook, K.R., Sanjayan, M.A., Doak, D.F., 1998. New insights Neubert, M.G., Caswell, H., 2000. density-dependent vital rates
on cheetah conservation through demographic modeling. Cons.  and their population dynamic consequences. J. Math. Biol. 41,

Biol. 12, 889-895. 103-121.

Ferriére, R., Gatto, M., 1995. Lyapunov exponents and the Rand, D.A., Wilson, H.B., McGlade, J.M., 1994. Dynamics and
mathematics of invasion in oscillatory or chaotic populations. evolution: evolutionary stable attractors invasion exponents
Theor. Popul. Biol. 48, 126-171. and phenotypic dynamics. Philos. Trans. R. Soc. B. 343,

Getz, W.A., 1996. A hypothesis regarding the abruptness of density =~ 261-283.
dependence and the growth rate of populations. Ecology 77, Runge, M.C., Johnson, F.A., 2002. The importance of functional
2014-2026. form in optimal control solutions of problems in population
Ginzburg, L.R., Ferson, S., Akcakaya, H.R., 1990. Reconstruct- dynamics. Ecology 83, 1357-1371.
ability of density-dependence and the conservation assessmentRussell, R.W., 1999. Comparative demography and life history

of extinction risk. Conservation Biol. 4, 63—70. tactics of seabirds: implications for conservation and marine

Goodman, D., 1980. Demographic intervention for closely monitoring. Am. Fisheries Soc. Symp. 23, 51-76.
managed populations. In: Soule, M.E., Wilcox, B.A. (Eds.), Serventy, D.L., 1967. Aspects of the population ecology of the
Conservation Biology: An Evolutionary-Ecological Perspective. Short-tailed ShearwatePuffinus tenuirostris. Proc. 14th Int.
Sinauer Associates Inc., Sunderland, Massachusetts. Orn. Congr., pp. 165-190.

Grant, A., 1997. Selection pressures on vital rates on density- Serventy, D.L., Curry, P.J., 1984. Observations on the colony
dependent populations. Proc. R. Soc. B. 264, 303-306. size, breeding success, recruitment inter-colony dispersal in

Grant, A., 1998. Population consequences of chronic toxicity: a Tasmanian colony of Short-tailed Shearwatétsffinus
incorporating density dependence into the analysis of life table tenuirostris over a 30-year period. Emu 84, 71-79.
response experiments. Ecol. Model. 105, 325-335. Slooten, E., Fletcher, D., Taylor, B., 2000. Accounting for

Grant, A., Benton, B., 2000. Elasticity analysis for density- uncertainty in risk assessment: case study of Hector’'s dolphin
dependent populations in stochastic environments. Ecology 81,  mortality due to gillnet entanglement. Cons. Biol. 14, 1264—
680-693. 1270.

Hamby, D.M., 1994. A review of techniques for parameter Swartzman, G.L., Kaluzny, S.P., 1987. Ecological Simulation
sensitivity analysis of environmental models. Environ. Monit. Primer. Macmillan, New York, p. 370.

Assess. 32, 135-154. Takada, T., Nakajima, H., 1992. An analysis of life history

Heppell, S.S., 1998. Application of life-history theory and evolution in terms of the density-dependent Lefkovich matrix
population model analysis to turtle conservation. Copeia 2, model. Math. Biosci. 112, 155-176.

367-375. Takada, T., Nakajima, H., 1998. Theorems on the invasion

Heppell, S.S., Crowder, L.B., Caswell, H., 2000. Life histories process in stage-structured populations with density-dependent
and elasticity patterns: perturbation analysis for species with dynamics. J. Math. Biol. 36, 497-514.
minimal demographic data. Ecology 81, 654-665. Takada, T., Nakashizuka, T., 1996. density-dependent demography

Hunter, C.M., Moller, H., Fletcher, D., 2000. Parameter uncertainty in a Japanese temperate broad-leaved forest. Vegetatio 124,
and elasticity analyses of a population model: setting research  211-221.
priorities for Shearwaters. Ecol. Model. 134, 299-324. Tanner, J.E., 1999. density-dependent population dynamics in

Keyfitz, N., 1971. Linkages of intrinsic to age-specific rates. J. clonal organisms: a modelling approach. J. Anim. Ecol. 68,
Am. Stat. Assoc. 66, 275-281. 390-399.

Lebreton, J.-D., 1996. Demographic models for subdivided Usher, M.B., 1972. Developments in the Leslie Matrix Model.
populations: the renewal equation approach. Theor. Popul. Biol. In: Jeffers, J.N.R. (Ed.), Mathematical Models in Ecology.
49, 291-313. Blackwell Scientific Publications, Oxford, pp. 29-60.

Marchant, S., Higgins, P.J. (Eds.), 1990. Handbook of Australian, Weimerskirsch, H., Brothers, N., Jouventin, P., 1996. Population
New Zealand and Antarctic Birds: Vol. 1 Part A, Ratites to dynamics of Wandering Albatros®iomedia exulans and
Petrels, Oxford University Press, Melbourne. Amsterdam Albatros®iomedia amsterdamensis in the Indian

Maynard Smith, J., Slatkin, M., 1973. The stability of Ocean and their relationships with long-line fisheries:
predator—prey systems. Ecology 54, 384-391. conservation implications. Biol. Cons. 79, 257-270.

Metz, J.A.J., Nisbet, R.M., Geritz, S.A.H., 1992. How should we Wooller, R.D., Bradley, J.S., 1999. Causes and consequences of
define fitness for general ecological scenarios? Trends Ecol.  some reproductive choices by Short-tailed Shearwakes§ifus

Evol. 7, 198-202. tenuirostris). Acta Xix Congr. Int. Orn. 1, 848-856.



	Sensitivity analysis of equilibrium population size in a density-dependent model for Short-tailed Shearwaters
	Introduction
	Density-independent model
	Density-dependent model
	Sensitivities and elasticities
	Results
	Discussion
	Acknowledgements
	Calculation of sensitivities and elasticities using the characteristic equation
	References


