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Abstract

Population dynamics methodology now powerfully combines discrete time models (with constant parameters, density de-
pendence, random environment, and/or demographic stochasticity) and capture–recapture models for estimating demographic
parameters. Vertebrate population dynamics has strongly benefited from this progress: survival estimates have been revised up-
wards, trade-offs between life history traits have been demonstrated, analyses of population viability and management are more
and more realistic. Promising developments concern random effects, multistate and integrated models. Some biological questions
(density dependence, links between individual and population levels, and diversification of life histories) can now be efficiently
attacked. To cite this article: J.-D. Lebreton, C. R. Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Modèles dynamiques et statistiques et dynamique des populations de Vertébrés. En dynamique des populations, une métho-
dologie puissante combine désormais modèles en temps discret (à paramètres constants, densité-dépendants, avec environnement
aléatoire ou stochasticité démographique...) et modèles de capture–recapture d’estimation des paramètres démographiques. La bio-
logie des populations de Vertébrés a fortement bénéficié de ces progrès : estimations de survie révisées à la hausse, mise en évidence
de compensations entre traits démographiques, analyses de viabilité ou de gestion des populations de plus en plus réalistes. Des dé-
veloppements prometteurs (effets aléatoires, modèles intégrés et multi-états) permettent d’aborder diverses questions biologiques
ouvertes (densité-dépendance, liens entre niveaux individuel et populationnel, diversification des histoires de vie). Pour citer cet
article : J.-D. Lebreton, C. R. Biologies 329 (2006).
© 2006 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

Population dynamics studies aim at understanding
variation in the size and structure of populations. This
variation results from flows of individuals, which, to-
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gether with flows of matter and energy and flows of
genes are one of the three dominant dynamics of the
living world. In population dynamics, the effects of
births, deaths and dispersal, affected by various sources
of variation [1], accumulate over time in a multiplicative
process. As a consequence, population dynamics is of-
ten counter-intuitive [2] and mathematical models have
been early and widely used [3,4].

With the development of computers, population dy-
namics modelling has developed explosively for the
last 40 years. Vertebrate population studies have played
a major role in this development, for at least three rea-
sons: a wide diversity of life cycles (generation time
ranges from a few weeks in small rodents to decades
in whales or elephants), the fact that vertebrates can
be counted, observed and marked relatively easily, and
concerns on the impact of human activities on vertebrate
populations [5,6]. Moreover, as discussed later, because
of their sensitivity to demographic changes, vertebrates
are good indicators of the impact of human activities on
ecological systems.

I review here progress in population dynamics mod-
els, and how it has improved our understanding of ver-
tebrate population ecology. I consider statistical and
dynamical models, with an emphasis on empirical ap-
proaches. Mixing modelling and biological ideas, this
text is intended for a wide audience, while keeping ref-
erences to a minimum and not pretending to exhaustive-
ness in such a rapidly evolving field. In particular, little
mention will be made of population dynamics studies
of marine resources [7], despite strikingly parallel de-
velopments.

Studies of vertebrate populations have paid atten-
tion for a long time to survival [8], fecundity [9] and
dispersal [10], broadly called ‘vital rates’, as life his-
tory traits of particular interest. In the 1950s and 1960s,
density dependence in vital rates, acting as a negative
feedback on population growth [11], was opposed to
density-independent variation [11,12] in a long con-
troversy [13]: the impossibility of long-term exponen-
tial growth requires density dependence, while density-
independent environmental variation in vital rates is of-
ten prominent in empirical studies.

I will review progress since this period in dynamical
models (Section 2) and in statistical ones (Section 3),
which changed markedly our knowledge of vital rates
and in turn our understanding of vertebrate population
dynamics (Section 4), to conclude by a general discus-
sion (Section 5).

2. The development of discrete time models

Dynamical population models consider changes in
population size and structure over time. At one ex-
treme, population size can be reduced to a scalar, ne-
glecting any structure. At the other, population size can
be viewed as a function of several real variables, such
as age, body weight, or spatial coordinates. The time
scale can be continuous or discrete. A wide and con-
venient type of models considers a discrete time scale
and a discrete structure based on classes of individuals
(age or size classes, sites or ‘patches’). Population at
time t is then represented as a non-negative vector Nt .
Age-structured models with age class length equal to
the time step are particularly straightforward [14], al-
though developmental stages, sites or general states can
be also considered and possibly combined with age
[15–17].

A deterministic discrete time model consists then of
a recurrence equation Nt+1 = M(Nt)Nt , where M(Nt)

is a square matrix. Matrix models sensu lato, excellently
reviewed by Caswell [15], have several advantages:

– they are computationally practical [18], easily stud-
ied and communicated to biologists;

– they are easily generalized (Table 1), similar gen-
eralizations for other types of models [19] being
generally more involved;

– they are biologically relevant for a seasonal en-
vironment, as common for vertebrates, and easily
built from life cycle graphs, with vital rates as nat-
Table 1
Various types of discrete time population models

Feature Recurrence equation Type of model Mathematical tools Recent key
reference

Constant parameters Nt+1 = MNt Matrix models stricto sensu Linear algebra [15]

Density dependence Nt+1 = M(Nt )Nt Density-dependent matrix models,
Discrete time logistic growth

Nonlinear dynamics [15]

Random environment Nt+1 = MtNt Random environment models Products of random
matrices

[29]

Demographic stochasticity E(Nt+1/Nt ) = MNt Branching processes Applied probability [31]
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ural parameters (Figs. 1 and 2, about the White
Stork C. ciconia [20]).

The asymptotic behaviour of constant parameter ma-
trix models Nt+1 = MNt is well known [15]: under
mild assumptions, the matrix M has a real positive dom-
inant eigenvalue ρ(M) associated to a positive right
eigenvector, which give the asymptotic growth rate and
structure of the population, respectively. The left eigen-
vector, also positive, consists of ‘reproductive values’,
interpretable as relative age or stage specific contri-
butions to growth. Constant parameter matrix models,
albeit restrictive, are extremely useful for population
‘projections’, i.e., predictions valid under the current pa-
rameter values [15]. The asymptotic growth rate ρ(M)

is a nonlinear and non-explicit function of demographic
parameters: sensitivity analysis helps understanding its

Fig. 1. Typical seasonal life-cycle graph for a vertebrate in a seasonal
environment: the Alsace population of White Stork C. ciconia. The
cycle goes from a pre-breeding season to the next. The females in the
population are grouped in four age classes (1, 2, 3, and 4 or more
years, respectively). First, one distinguishes the breeders, in propor-
tion U3, among the individuals of age 3; all individuals aged 4 or more
years breed. Reproduction takes place, producing f females aged 0
per breeding female. The survivors (in proportions s1 and sA , depend-
ing on age) move in the next age class during the internuptial season;
individuals aged 4 or more stay in that final age class.
variation with respect to the parameters. Generation
time (the mean age of mothers at birth in the asymptotic
population structure [21]) plays there a central role: for
instance, the relative sensitivity (or ‘elasticity’) of ρ(M)

to a change in all fecundity parameters is the inverse of
generation time [22,23]. In all long lived species, sur-
vival is thus the most sensitive parameter (White Stork:
Table 2).

One can distinguish between individuals just ap-
peared in the population, by birth or immigration,
as FNt , and other individuals, resulting from survival
or dispersal within the population, as T Nt [15]. The
resulting model equation Nt+1 = (F + T )Nt considers
growth and turnover, closely linking matrix models with
the stable population theory [3,24] and renewal the-
ory [16]. One may easily show that the asymptotic pro-
portion of new individuals, if counted in reproductive
value, is the inverse of generation time. Reproductive
value is also the relevant currency to compare flows of
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Fig. 2. Matrix model for the Alsace population of the White Stork Ci-
conia ciconia (after [20]), deduced from the life cycle in Fig. 1. The
matrix recurrence transforms the pre-breeding numbers of females at
time t into those at time t + 1. Newborn females enter the population
at age 1 in N1, based on fecundity per female multiplied by first year
survival, s1. Older individuals survive in proportion sA . The individ-
uals aged 4 years or more are grouped into N4. The fecundity f is
the product of a success probability R and a number of young raised
per successful pair, a (divided by 2 to obtain a fecundity in female per
female, assuming a balanced sex ratio at birth). A proportion U3 < 1
of females is supposed to reproduce at age 3, while all older individ-
uals breed. Under U3 = 0.475, R = 0.800, a = 3.000, s1 = 0.482,
sA = 0.750, the asymptotic population growth rate is λ = 1.0195 and
the generation time �T = 6.2309 yr.
Table 2
Sensitivity analysis of population growth rate as a function of demographic parameters for the Alsace White Stork (model and parameters in Fig. 2)
(after [20] modified). Baseline scenario is U3 = 0.475, R = 0.800, a = 3.000, s1 = 0.482, sA = 0.750, leading to asymptotic population growth
rate λ = 1.0195 and generation time �T = 6.2309 yr. Numerical results (last but one column) illustrate formal links between elasticity and generation
time (last column)

Parameter θ Asymptotic
growth rate λ

Elasticity, numerical
(�λ/λ)/(�θ/θ)

Elasticity, formal
(�λ/λ)/(�θ/θ)

Based on a 2% change
in parameter

Proportion of successful nests R 1.0228 0.1596 1/�T = 0.1605

Number of young per successful pair a 1.0228 0.1596 1/�T = 0.1605

First year survival s1 1.0228 0.1596 1/�T = 0.1605

After first year survival sA 1.0366 0.8386 1 − 1/�T = 0.8395

Overall survival, s1 and sA 1.0399 1.0000 1.0000
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individuals in dispersal [25] or optimal harvesting [26]
models. Generation time and reproductive value appear
thus besides growth rate and population structure as key
concepts and outputs of demographic models.

In density-dependent models Nt+1 = M(Nt)Nt , the
growth rate generally decreases when population in-
creases (see, however, [27]). The behaviour of nonlin-
ear dynamic systems has received a lot of mathematical
attention. Discrete time models exhibit successive bi-
furcations in asymptotic behaviour when the maximum
growth rate increases [28], often culminating in chaotic
behaviour. However, most realistic applications to ver-
tebrate populations lead to a stable equilibrium.

In random environment models, the demographic pa-
rameters, and hence the matrix Mt change randomly
over time t , as a stochastic process. The long-term
growth rate of the population differs from the growth
rate of expected population size (Fig. 3). It can be de-
rived from ergodic theorems on products of random
matrices, organised in a coherent theory of random envi-
ronment models by Tuljapurkar [29]. Remarkably, there
is little theory for the simultaneous presence and po-
tentially complex interplay of density dependence and
environmental stochasticity (see, however, [30]).

Another relevant generalisation concerns demogra-
phic stochasticity, which addresses the discrete and
probabilistic nature of demographic processes. Mortal-
ity is then, for instance, a binomial process. Branching
processes (BP) [31], in which integer population size
varies according to a Markov chain, are a canonical
tool. A particularly striking feature of BP is that, when

Fig. 3. A typical trajectory (logarithm of population size) of the model
Nt+1 = mtNt . The random variable mt takes values 2 and 0.3,
with probabilities 0.5. Expected population size grows according to
E(Nt ) = 1.15tN0, while, asymptotically, all trajectories are decreas-
ing with probability 1.
population size is prevented to diverge to infinity by
density dependence, extinction is certain: stabilization
can then only occur conditional on non-extinction [31],
as a ‘quasi-stationary’ distribution of population size.
Time to extinction follows then a geometric distribution,
as commonly observed in ad hoc extinction models used
in ‘Population Viability Analysis’ [32].

Discrete time models can be studied numerically,
with program ULM [18] standing out as a powerful and
user-friendly tool. Their empirical use directly depends
on demographic parameter estimation.

3. Statistical models: modern capture–recapture
methodology

Among demographic parameters, fecundity is rela-
tively easily estimated in vertebrates. Estimating sur-
vival probabilities is a challenge that has received con-
siderable attention over the last 20 years. In animal
populations, individuals are rarely, if ever, followed ex-
haustively long enough to efficiently estimate survival
(e.g., radio-tagging [33]). Even in plants, dormancy can
prevent from detecting individuals [34] and using mod-
els based on exhaustive follow-up. While early survival
studies based on marked individuals [8] were derived
from life table approaches, the entire topic of demo-
graphic parameter estimation in natural populations has
been recast in the comprehensive framework of capture-
mark-recapture (CMR) methodology. Marking individ-
uals, at birth or later, and sampling them through time
and space is indeed the closest counterpart that one may
reach of the exhaustive registration of births and deaths
in human populations.

CMR methods were first developed for closed popu-
lations, i.e., with no death or recruitment of individuals,
recruitment in a generic sense being the entry in the
part of the population amenable to capture. The assump-
tion of closure often appeared untenable: mortality and
recruitment were first viewed as nuisance parameters,
needed to remain able to estimate population size. Early
developments culminated in a fully stochastic model
[35,36]. However, realizing that survival probabilities
could be estimated based on successive sampling of
marked individuals, without reference to their dilution
among the unmarked ones [37], induced a move in em-
phasis from the estimation of population size to that
of survival probabilities [38]. The resulting Cormack–
Jolly–Seber (CJS) survival model generalises binomial
chains for follow-up data to CMR data. In its original
version, the survival and detection probabilities were
time dependent, to be able to obtain explicit estima-
tors. Soon, generalisations took into account variation in
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Table 3
An example of relation between survival and an environmental covari-
ate: Alsace White Stork adult survival and rain in Segou, in the Sahel
wintering zone (after [49], simplified and completed). In the CMR
survival models presented the probability of recapture is constant;
‘Experience’ corresponds to newly seen and already seen breeders;
Rain corresponds to a logistic-linear relationship between survival and
rain in Segou, by Experience class (2) or additively to Experience (3).
The minimal Akaike Information Criterion [50] points to model (3) in
which survival decreases with Sahel drought spells. Based on sensi-
tivity analysis (Table 2), the induced variation in survival is sufficient
to explain the strong decrease in the Alsace White Stork population

Survival model Number of
parameters

Relative
deviance

Akaike information
criterion

(1) Experience. Time 40 342.56 422.56
(2) Experience. Rain 5 375.50 385.50
(3) Experience + Rain 4 376.29 384.29
(4) Experience 3 385.75 391.75

parameters with age [39]. Optimal goodness-of-fit con-
tingency table tests partitioned into interpretable com-
ponents were developed [40,41].

In parallel, the 1970s saw the development of gener-
alized linear models (GLM), in which covariates or fac-
tors (as in Analysis of Variance) are considered to affect
counts, proportions... [42]. GLM ideas spread progres-
sively in CMR models, with constant parameter models,
models with covariates, etc. [43–45]. These develop-
ments were gathered, with an emphasis on flexibility
in answering biological questions, in a comprehensive
framework [46] with powerful and flexible software [47,
48]. As an example, Table 3 shows how survival of the
Alsace White Stork was related to drought in the Sa-
hel wintering grounds [49]. Flexibility was enhanced by
the development of model selection ideas [50], parame-
ter identifiability diagnostics [51], and models allevi-
ating the deleterious effect of heterogeneity of capture
[52,53].

Recent and promising developments concern ran-
dom effects. For instance, survival probabilities over
time can be modelled as St = f (a + εt ), with a sin-
gle variance parameter var(εt ) = σ . Random effects are
also useful to assess the effect of a covariate in the
presence of unexplained environmental variability, as
St = f (a + bxt + εt ). Bayesian methods provide suit-
able algorithms such as Monte-Carlo Markov Chains to
estimate parameters [54,55].

Multistate capture–recapture (MSCR) models are
a recent and powerful generalization: individuals move
among several sites or states, still with incomplete de-
tection over discrete occasions [56–58]. MSCR mod-
els encompass survival models based on live recap-
ture (CJS), dead recoveries of marked individuals [59],
and mixtures of such pieces of information [60]. They
cover also models to analyse and estimate recruitment
[61,62], natal and breeding dispersal [63,64]. Mul-
tievent models, a most promising generalization of
MSCR models, consider uncertainty in state determi-
nation [65]. MSCR and multievent models are CMR
counterparts of longitudinal models used in human be-
haviour and health studies [66].

In empirical population assessment, demographic
parameter estimates, denoted in a generic fashion θ̂ ,
are often fed into a matrix model Nt+1 = Mt(θ)Nt .
For instance, under constant parameters, the resulting
dominant eigenvalue ρ̂ = ρ(M(θ̂)) is an estimate of
the asymptotic population growth rate. Estimates of
its sampling uncertainty can be derived from sensitiv-
ity analysis [67]. When parameters vary over time, the
model trajectory and population counts can be graphi-
cally compared, in an ad hoc fashion. Recent promising
work [55,68,69] has proposed to formally link dynami-
cal and statistical models using state-space models. The
information from population counts is then combined
with that from CMR data to estimate demographic pa-
rameters and population numbers and structure over
time, based on Kalman filtering of Bayesian techniques.
Such integrated modelling also offers possibilities of
forecasting, of special interest for population manage-
ment [70].

4. Consequences on the understanding of
vertebrate population dynamics

Progress in capture–recapture methodology, includ-
ing software, has been rapidly transferred to biologists,
in a fashion similar to the transfer of progress in survival
models [71] in biomedical research. It induced a “revo-
lution, [...] still ongoing, and literally induced hundreds
of papers” [72]. Ad hoc and irrelevant techniques (re-
turn rates, life tables) were nearly abandoned, which re-
sulted in less biased estimates, often validated by using
dynamical models. Since most sources of bias tended to
underestimate survival, progress thus often resulted in
an upward trend in survival estimates for a same species
over time [23,73].

The linear model philosophy in CMR induced a
strong focus on biological questions, as in the White
Stork example. Evidence was obtained of the effects of
wide-scale climatic variables and climate change on an-
imal demography [74]. Accession to reproduction in an-
imal populations was proven to be progressive [63,75].
Unambiguous evidence for a cost of reproduction on
survival or future reproduction was obtained in observa-
tional [76] and experimental studies [77], demonstrat-
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ing some trade-offs predicted by evolutionary theory.
Similarly, senescence in survival [78,79] and life-long
differences in demographic performance between co-
horts [80] were shown to be common in ungulates.

Dispersal studies greatly benefited from the devel-
opment of multistate models, providing information
complementary to molecular marker estimates of gene
flow [81]. The greater site fidelity of adult birds com-
pared to immatures was largely confirmed, and dispersal
was shown to vary with the environment [64], distur-
bance [63], and social behaviour [82]. In parallel, reflec-
tions on subdivided populations, or ‘metapopulations’
sensu lato [83] and dispersal studies helped renewing
the concept of density dependence, emphasizing local
density dependence [84,85], according to which disper-
sal, fecundity and survival may vary with local density
through access to resource. Strong results were obtained
in mammals [78,86]. Surprisingly, density dependence
has been the subject of few manipulative experiments
since the 1950s [87], although bird species using nest
boxes seem an ideal material.

Changes in numbers are now currently interpreted
in terms of turnover of individuals and of influential
parameters, in a striking shift from pattern to process,
whether at the single species level [88] or in a com-
parative perspective [80]. The upward revisions of sur-
vival, and the downward revision of recruitment, breed-
ing propensity and reproductive output resulted in larger
estimates of generation time, a integrative index of
the position of a species or population on the ‘slow–
fast’ gradient [22]. This gradient ranks species from
slow, low reproduction, low maximum growth rate (K)
species to fast, high-reproduction, low-survival, high-
growth rate (r) species [89]. Generation time being in-
versely related to maximum growth rate [90], maximum
growth rates in Vertebrates are thus lower than pre-
viously thought, a conclusion critical for conservation
biology. For instance seabirds, with, commonly, gener-
ation times >20 years, stand out as species with a low
maximum growth rate (<5% per year). They are thus
extremely sensitive to man-induced mortality, e.g., in-
cidental fishery by-catch [90,91]. Longevity and body
size, strongly correlated with longevity [92,93] are in-
deed good predictors of extinction risk. Whether one
speaks of Albatross, Whales, California Condors, sea
turtles or Sequoias, there is thus a genuine “malediction
of long-lived species”. Progress in vertebrate population
modelling has played a major role in drawing the at-
tention to this problem. These concerns come close to
those on the overexploitation of marine resources [7],
for which progress in quantitative approaches has also
been decisive.
5. Discussion

The joint development of matrix models and capture-
mark-recapture methods has led to a comprehensive and
powerful theory and methodology for vertebrate pop-
ulation dynamic studies [94]. These studies have both
benefited from and been at the source of much of this
methodological development, in a fascinating pluridis-
ciplinary story. The data from many long-term programs
are being efficiently used to address a variety of bio-
logical questions, from evolutionary theory [95] to con-
servation ecology [96]. This revolution has definitely
moved the emphasis in population dynamics from pat-
tern to process.

Based on foreseeable developments, one can clearly
predict population modelling in the broad sense con-
sidered here will still develop and diversify, and go on
intimately influencing population biology as a whole.
Three most promising directions are mixed models
(random effects), integrated modelling and multievent
(‘uncertain-state’) models. Mixed models allow parti-
tioning variation in demographic rates, and their spread
will mostly depend on the availability of user-friendly
software. Integrated modelling is a natural way of an-
alyzing ‘integrated monitoring’ combining population
counts with CMR data. Continuing progress in in-
dividual marks and electronic devices providing ac-
cess to biological characteristics [97] will have sev-
eral consequences. First, it will require further devel-
opments of multistate and multi-event models. Sec-
ondly, population modelling will emphasize process
even more strongly by bridges with individual-based
and behaviour-based models [98]. These models focus
on optimal individual choice rules (for dispersal, re-
production...), at the expense of parameter estimation
procedures, while the demographic methods reviewed
here focus on estimation and population-level mecha-
nisms.

On the biological side, experiments on density de-
pendence are needed to progress on this still challenging
question. Continuing progress in the reliability of de-
mographic parameter estimates will also induce broad
revaluations in comparative demography, with strong
consequences on conservation biology and our under-
standing of the diversification of life histories. Popula-
tion modelling has become an integral part of popula-
tion biology.
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