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Summary

1. Small population dynamics depend importantly on the strength and shape of density

dependence. Unfortunately, the lack of reliable life-history data often prevents to make accu-

rate demographic predictions for populations regulated by density dependence.

2. We created a gradient from low to high densities in small experimental populations of

common lizards (Zootoca vivipara) and investigated the shape and strength of the density

dependence of life-history traits during a yearly cycle. We then analysed stochastic population

dynamics using one-sex and two-sex age-structured matrix models.

3. Body growth and reproductive performances decreased with density, yearling and adult

survival and body size at birth were density-independent, and juvenile survival increased with

density. The density dependence of reproduction was partly explained by positive effects of

body size on age at first reproduction and clutch size.

4. Parturition date decreased with density in sparse populations and then increased, providing

one of the first empirical evidence of a component Allee effect in the phenology of reproduc-

tion.

5. Population growth rate (k) was most affected by variations in juvenile and yearling sur-

vival. However, density at equilibrium was most affected by juvenile access to reproduction

and yearling clutch size.

6. Stochastic simulations revealed that negative density dependence buffers the effects of

initial density on extinction probability, has positive effects on the persistence of sparse popu-

lations and interacts with sex ratio fluctuations to shape extinction dynamics.

7. This study demonstrates that negative density dependence modifies the dynamics of small

populations and should be investigated together with Allee effects to predict extinction

risks.

Key-words: age-structured population models, Allee effects, life-history variation, negative

density dependence, population dynamics, small populations

Introduction

Density-dependent mechanisms are important drivers of

population dynamics (Brook & Bradshaw 2006;

Courchamp, Berec & Gascoigne 2008). Negative density

dependence arises from intraspecific competition for lim-

ited resources and can affect individuals through con-

sumptive (i.e. resources-based) and nonconsumptive (i.e.

social-based) effects (White 2001; Edeline et al. 2010). On

the other hand, positive density dependence or Allee

effects can arise from a reduced cooperation between

conspecifics at low densities, from inbreeding depression

or from a sex ratio bias (Courchamp, Berec & Gascoigne

2008). Population models demonstrate that negative

density dependence can stabilize a population at low den-

sities where the risk of extinction remains high (Morris &

Doak 2002; Lande, Engen & Saether 2003), while the

demographic Allee effect implies an unstable equilibrium

below which deterministic extinction occurs (Courchamp,*Correspondence author. E-mail: m.mugabo@leeds.ac.uk
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Berec & Gascoigne 2008). Unfortunately, density depen-

dence is often ignored in models used to predict small

population dynamics and is difficult to estimate in natu-

ral populations (but see Grant & Benton 2000; Henle,

Sarre & Wiegand 2004; Zabel et al. 2006). Yet, even in

small populations, density can be locally high and limit

population growth (Grant & Benton 2000 and references

therein). In addition, small populations are more prone

to Allee effects caused by demographic stochasticity and

sex ratio fluctuations (Legendre et al. 1999; Engen, Lande

& Saether 2003; Bessa-Gomez, Legendre & Clobert

2004).

A wide range of functions has been proposed to

describe the shape of density dependence (reviewed in

Henle, Sarre & Wiegand 2004 and Courchamp, Berec &

Gascoigne 2008). For instance, the h-logistic model allows

to model linear, concave or convex shapes of negative

density dependence by changing the parameter h (e.g.

Saether, Engen & Matthysen 2002; Sibly et al. 2005).

Different shapes of density dependence can either increase

or decrease the extinction probability of populations (e.g.

Morris & Doak 2002; Runge & Johnson 2002; Henle,

Sarre & Wiegand 2004). However, in reality, the relation-

ship between density and population growth is determined

by the sensitivity of life-history traits to population den-

sity (Gilpin & Ayala 1973; Fowler 1981; Saether, Engen

& Matthysen 2002; Courchamp, Berec & Gascoigne

2008). Therefore, a full understanding of density depen-

dence and population dynamics requires a good knowl-

edge of life-history responses to population density

(Runge & Johnson 2002; Henle, Sarre & Wiegand 2004;

Bassar et al. 2010). In general, demographic rates affect-

ing the most the population growth rate should be the

least affected by an increase in density (Eberhardt 1977,

2002). Yet, the most influential demographic rates for

population growth rate in density-independent models are

not necessarily those that influence the most density at

equilibrium in density-dependent models (Grant & Benton

2000, 2003). Moreover, patterns of density dependence

can be complicated by differences between sexes and

stages in their sensitivity to density (e.g. Massot et al.

1992; Grant & Benton 2000; Coulson et al. 2001). Stage-

specific and sex-specific life-history data are therefore

often needed to produce realistic dynamics of structured

populations regulated by density dependence (Coulson

et al. 2001; Zabel et al. 2006).

Here, we used a realistic field experiment to investigate

the relationship between density, life-history traits (includ-

ing body growth, survival and reproductive traits), popu-

lation growth and predicted extinction dynamics of the

common lizard (Zootoca vivipara, Jacquin 1787). The

common lizard is currently not endangered but popula-

tions at warm margins of the range are put at higher risks

of extinction by climate warming (Massot, Clobert &

Ferriere 2008). In order to characterize the shape and

strength of the density dependence, we seeded outdoor

enclosures with small populations of common lizards

following a gradient from low to high densities and we

monitored experimental populations during a yearly cycle.

Negative density dependence is an important regulatory

mechanism in natural populations of common lizards

because several components of population growth

decrease with density (e.g. individual growth rate, body

size, reproduction and dispersal, Massot et al. 1992;

Lecomte et al. 1994, 2004; Le Galliard et al. 2006; Mey-

lan, Clobert & Sinervo 2007). Adult survival is lower in

males than in females, and the adult sex ratio is in aver-

age female-biased with significant spatial and temporal

variation (Le Galliard et al. 2005). Therefore, a shortage

of mates could also impact population growth in small

populations.

We developed one-sex and two-sex age-structured pop-

ulation models parameterized with estimates of demo-

graphic rates obtained from experimental data. Two-sex

models incorporated a mating function to investigate the

potential interactions between density dependence and

stochastic fluctuations in sex ratios and mating pair for-

mation. Such stochastic fluctuations can arise from the

interplay between demographic stochasticity, sex-specific

survival rates and mating system and are crucial to con-

sider in small populations but rarely accounted for

(Legendre et al. 1999; Engen, Lande & Saether 2003;

Bessa-Gomez, Legendre & Clobert 2004). This study

advances our understanding of the density-dependent reg-

ulations of small populations. First, we provided a com-

plete description of the sex- and age-specific patterns of

the density dependence of life history, allowing us to

detect for the first time in this species a component Allee

effect in reproduction and juvenile survival. In addition,

our models highlight the importance of negative density

dependence in stochastic population dynamics and dem-

onstrate that density dependence can interact with sex

ratio fluctuations to give rise to a demographic Allee

effect.

Material and methods

model species

The common lizard is a small (adult snout-vent length, SVL:

50–75 mm) ovoviviparous species from humid habitats across

northern Eurasia. It is characterized by a short life expectancy

(3–4 years), a continuous growth and a polygynandrous mating

system. Females produce one clutch per year with one to six

genetic mates whereas males can successfully mate with up to

fourteen females (Fitze et al. 2005). Natural populations can be

divided into three age classes: juveniles (<1 year old), yearlings

and adults (≥2 years old). In our study site (CEREEP, Saint-

Pierre-l�es-Nemours, France), age at first reproduction varies

between 1 and 3 years old (see Mugabo et al. 2010) and individu-

als reach about 85% of their asymptotic size by the age of

2 years (Fitze & Le Galliard 2008). SVL strongly influences age

at first reproduction and clutch size in this species (Le Galliard,

Marquis & Massot 2010; Mugabo et al. 2010). In natural popula-

tions from where individuals originate (Mont Loz�ere, southern
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France), mean density ranges from 200 to 2000 adults and year-

lings per ha (Massot et al. 1992). In our experimental system, the

prebreeding equilibrium density is estimated around 2000 year-

lings + adults per ha (Lecomte et al. 2004).

manipulation of population density

We manipulated the initial density of 24 experimental popula-

tions maintained in outdoor enclosures (see Lecomte et al. 2004

for a description of outdoor enclosures). Populations were estab-

lished postbreeding following five density levels. The density level

1 had 1 adult male, 2 adult females, 2 yearling males, 2 yearling

females, and 5–6 and 4–5 juvenile males and females, respectively

(i.e. initial density N0 equivalent to 700 adults + yearlings per

ha). Density levels 2–5 differed from density level 1 by a multipli-

cative factor of 2–5, respectively, and had similar age- and sex-

structures (i.e. density gradient from N0 to 5N0). Initial age- and

sex-structures fall within the range seen in the natural popula-

tions from where the lizards originated (proportion of adults

range = 0�35–0�57, mean = 0�47 � 0�09 SD Massot et al. 1992;

adult sex ratio (ASR) range = 0�20–1, mean = 0�18 � 0�18 SD,

Le Galliard et al. 2005). The number of enclosures per treatment

was adjusted to reach a similar sample size per treatment (density

level 1: N = 10, level 2: N = 5, level 3: N = 4, level 4: N = 3,

level 5: N = 2). Enclosures were randomly assigned to

treatments.

Adults and yearlings were captured in May 2008, and all new-

borns were obtained from the captured gravid females. Individu-

als were marked by toe clipping, sexed, measured for SVL to the

nearest mm and weighted to the nearest 0�01 g. Adults (n = 162)

and yearlings (n = 216) were randomly assigned to experimental

populations. Juveniles (n = 549) were released according to a

split-clutch design such that juveniles from the same clutch were

equally distributed among treatments and enclosures. At the

start, treatment groups did not differ in SVL and body condition

(estimated from an analysis of covariance of the log-transformed

body mass including log-transformed SVL as a covariate; ANOVA,

all P > 0�34). Adult and yearling males and nonreproductive

females were released in outdoor enclosures on the 12th and 13th

of June whereas postreproductive females and their juveniles were

released right after parturition (from the 11th of June to the 23rd

of July). Experimental populations were then monitored during

1 year.

measurements of life-history traits

Life-history data were collected during two successive capture ses-

sions carried out in ‘August 2008’ (from the 25th of August to

the 11th of September, n = 763) and in ‘May 2009’ (from to the

11th of May to the 14th of June, n = 321). Growth rates were

calculated as the change in SVL divided by the time interval as

defined in Mugabo et al. (2010). Annual survival probabilities

were estimated from recapture data in May 2009, after the mat-

ing period, when the catchability is close to one. In May 2009, all

reproductive females (n = 104) were kept in the laboratory until

parturition to assess clutch size (total number of eggs), date of

parturition, body condition after parturition and the SVL at birth

of their viable offspring. Contrary to older females, not all

females born in 2008 were sexually mature in late spring 2009.

We therefore estimated the proportion of breeders within the

group of released juveniles.

statist ical analyses

We investigated the relationship between population density and

life-history traits using three alternative shapes of density depen-

dence. For each trait we ran three sets of statistical models

including a step function (density level as a factor), a linear

regression or a quadratic regression. The best supported shape of

density dependence was assessed using an information-theoretic

approach based on Akaike Information Criterion (Burnham &

Anderson 2002) as described below.

Density dependence in growth rates, body size, parturition date

and postpartum body condition was assessed with hierarchical

mixed-effects linear models in R 2.15.2 (http://cran.r-project.org/)

following Pinheiro & Bates (2000) and Fox (2002). Density

dependence in survival, proportion of breeding females among

juveniles and clutch size was assessed with mixed-effects general-

ized linear models including a logit link function and binomial

error terms for the two former and a log link function and Pois-

son’s error terms for the latter following Bolker et al. (2009). All

models included a random effect of enclosure identity and models

of SVL at birth included a clutch identity effect nested in the

enclosure effect. In addition, models describing juveniles’ traits

included a random effect of clutch identity to test for differences

among families. Family reaction norms of annual growth rates

and survival in response to density were quantified by including

an interaction between the clutch identity random effect and the

density effect following Nussey et al. (2005). The significance of

random effects was tested with likelihood ratio tests (LRT).

The fixed part of all models included a treatment effect (i.e. a

step, linear or quadratic function), a sex effect and their first-

order interaction and the additive effect of release date. When-

ever necessary, models also included an additive effect of age

class and its first-order interaction with treatment effect. Addi-

tional fixed effects were (i) a linear effect of initial SVL when

analysing growth rates to control for decelerating growth curves,

(ii) a linear effect of recapture date when analysing SVL at recap-

ture, and (iii) a clutch size effect corrected for female SVL (resid-

uals of a linear regression) and a date of birth effect when

analysing SVL at birth of offspring. These covariates were

included because we already demonstrated that they can explain

significantly life-history variation among individuals (Mugabo

et al. 2010, 2011). All covariates were centred.

All models with normally distributed responses and nested ran-

dom effects were fitted using a maximum likelihood (ML)

approach in the lme procedure. Otherwise, models were fitted

using a Laplace approximation of the ML in the lmer procedure.

Assumptions of normality were fulfilled but Bartlett tests revealed

significant variance heterogeneity between groups that we

accounted for with a varIdent function in lme (not shown). For

non-normally distributed responses, data did not show evidence

of under or over dispersion (see Appendix S1, Supporting infor-

mation).

For each studied trait, the best supported models were selected

using an information-theoretic approach (Burnham & Anderson

2002) based on Akaike Information Criterion corrected for small

sample size [(Q)AICc]. We calculated D(Q)AICc [difference with

(Q)AICc of the best model] and (Q)AICc weight (wi, a measure of

the degree of support relative to the set of alternative models

tested). First, we used a backward selection process starting from

the full models to select the best supported model with the small-

est number of parameters. Second, the total support of each
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scenario of density dependence (linear, quadratic, step function

or density independence) was calculated as the sum of (Q)AICc

weights of all models based on this scenario (see Table 1). The

scenario with the highest sum of (Q)AICc weights was considered

as best supported. Model averaging was used whenever possible

to obtain estimates of fixed effects from the set of models includ-

ing the best supported scenario (modavg procedure, see Appendix

S1, Supporting information for more details). For normally dis-

tributed responses, estimates were obtained by model averaging

using a restricted maximum likelihood approach (REML).

Since age at first reproduction and clutch size are influenced by

SVL in this species (Le Galliard, Marquis & Massot 2010; Mug-

abo et al. 2010), we further estimated the direct effects of density

on juvenile access to reproduction and clutch size and indirect

effects through density dependence of body growth using path

analyses in the sem procedure. Path analyses also included all the

explanatory variables accounted for in model averaging (Appen-

dix S2, Supporting information).

population model

Population dynamics were investigated using an age-classified

matrix projection model with three age classes (juveniles, year-

lings and adults). The model assumed a postbreeding census and

a birth pulse reproduction (Caswell 2001). We analysed eight ver-

sions of this model (see Appendix S3, Supporting information for

further details). First, we parameterized deterministic one-sex

models with and without density dependence of demographic

rates, and estimated the elasticity for each demographic rate

(Grant & Benton 2000). Second, we developed a deterministic

density-dependent two-sex model to predict the sex-structures at

equilibrium and a deterministic density-independent two-sex

model. Third, we developed four stochastic versions of the deter-

ministic models listed above by including demographic stochastic-

ity on all demographic rates and running individual-based

simulations during 50 years (Appendix S3, Supporting

information). Stochastic simulations were used to investigate the

consequences of initial population density for the extinction risk

(Legendre et al. 1999). Two-sex models assumed a male and

female coupled life cycle and a polygynous mating system with

an unrestricted harem size (i.e. a single breeding male can insemi-

nate all breeding females from the same population) or a harem

size of 4 (i.e. a single male mates on average with four females).

Model parameters and density dependence were estimated from

our data (Appendix S3; Table C1, Supporting information), and

initial age- and sex-structures were similar to the ones in our

experiment. Calculations and simulations were carried out using

ULM (Legendre & Clobert 1995).

Results

growth rate and body size

Density had negative short-term and long-term effects on

body growth and body size (SVL) in all age classes

(Appendix S1, Supporting information). During the sum-

mer, juvenile growth rate and SVL decreased quadrati-

cally with density (quadratic function best supported,

Table 1), and density dependence was similar in males

and females (total support of models without an interac-

tion between density and sex = 0�73 and 0�87 for growth

rate and SVL in 2008, respectively, Appendix S1; Tables

A1–2, Supporting information). On the long-term, annual

growth rate and SVL in May 2009 of juveniles also

decreased quadratically with density (Table 1), but density

effects were stronger in females than in males (total

wi = 0�99 and 1 for growth rate and SVL in 2008, respec-

tively; Appendix S1; Tables A3–4, Supporting informa-

tion, Fig. 1). Summer and annual growth rates and SVL

varied between clutches (LRT, all P < 0�02). The analysis

of reaction norms of annual growth rate revealed no

significant differences in plasticity among families (clutch

slope on density and correlation clutch intercept – clutch

slope on density: LRT, all P > 0�73).
In adults and yearlings, short-term and long-term

density dependence in growth and SVL differed between

Table 1. Total support [sum of (Q)AICc weights, ranging between 0 and 1] of the three scenarios of density dependence (DD, i.e. linear,

quadratic or step function shape) and a density-independent scenario in the statistical models fitted for each life-history trait. Statistical

models tested for each life-history trait are listed in Appendix S1 (Supporting information). The scenario with the best total support is

bolded

Life-history trait

Linear

DD

Quadratic

DD

Step

function

No

DD

Summer growth in juveniles 0�39 0�50 0�11 0

Juvenile body size in August 2008 0�39 0�52 0�09 0

Annual growth in juveniles 0�03 0�90 0�07 0

Juvenile body size in May 2009 0�04 0�82 0�14 0

Summer growth in yearlings and adults 0�17 0�83 0 0

Yearling and adult body size in August 2008 0�59 0�41 0 0

Annual growth in yearlings and adults 0�75 0�25 0 0

Yearling and adult body size in May 2009 0�85 0�15 0 0

Juvenile annual survival 0�43 0�37 0�01 0�19
Yearling and adult annual survival 0�37 0�23 0�01 0�39
Juvenile access to reproduction 0�55 0�40 0�05 0

Parturition date 0�02 0�84 0�12 0�02
Clutch size 0�64 0�26 0�10 0

Postpartum body condition 0�69 0�14 0�06 0�11
Body size at birth 0�34 0�04 0�02 0�60
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sexes and age classes (all total wi > 0�91 except for SVL

2008 where total wi = 0�35 for models including an inter-

action between density and age class; Appendix S1;

Tables A5–8, Supporting information). Body growth and

SVL in males were not significantly affected by density

(post hoc F tests, all P > 0�09), but our sample size at the

end of the experiment was small (n = 30). In females,

growth rate during the summer decreased quadratically

with density, whereas annual growth rate and SVL

decreased linearly with density (Table 1 and Appendix

S1; Tables A5–8, Supporting information). Density

dependence was stronger in yearlings than in adults. On

the short-term, growth rate decreased slightly more line-

arly with density in yearlings than in adults (Appendix

S1; Table A5, Supporting information; quadratic slope

for yearlings = 0�0038 � 0�0003, adults = 0�0046 �
0�0024). On the long-term, the linear decrease of growth

rate and SVL was much stronger in yearlings than in

adults (growth rate: Appendix S1; Table A7, Supporting

information, slope for yearlings =�0�0070 � 0�0014,
adults = 0�0020 � 0�0018; SVL: Appendix S1; Table A8,

Supporting information: slope for yearlings = �1�22 �
0�23, adults = �0�46 � 0�26).

annual survival

In juveniles, the linear scenario of density dependence was

slightly more supported than the quadratic scenario

(Table 1 and Appendix S1; Table A9, Supporting infor-

mation, Fig. 2). Juvenile survival tended to increase line-

arly with density, and males and females were similarly

affected (total wi = 0�53 for models not including an inter-

action between density and sex, Appendix S1; Table A9,

Supporting information). Clutches of juveniles had similar

annual survival (LRT < 0�01, P = 0�99) and did not differ

in their response to density (clutch slope on density and

correlation clutch intercept – clutch slope on density:

LRT, all P > 0�90). Yearling and adult annual survival

was little influenced by density as the density-independent

scenario received slightly more total support than the lin-

ear and quadratic scenarii (Table 1, Fig. 2). Annual sur-

vival was lower in males than in females in all age classes

and was lower in adults than in yearlings (Appendix S1;

Tables A9–10, Supporting information, Fig. 2).

reproduction

The proportion of breeding females among released juve-

niles decreased linearly with density on the logit scale

(Table 1 and Appendix S1; Table A11, Supporting infor-

mation; Fig. 3a). Path analysis revealed significant ‘direct’

density dependence for breeding (61% of total effect) and

significant ‘indirect’ density dependence caused by body

growth (39%; Appendix S2, Supporting information). Par-

turition dates varied quadratically with density (Table 1),

but in different ways according to age class (total wi = 0�55
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Fig. 1. Density dependence of annual body growth (a) and of snout-vent length (SVL) after 1 year (b) in juveniles. Estimates of regres-

sion lines were obtained by model averaging (Appendix S1, Supporting information). Data are given as mean � SE. F: females, M:

males. Numbers indicate sample size in each treatment. Total numbers of individuals released per population ranged from 17, 34, 51, 68

and 85. Piecewise regression models in the segmented procedure showed that the significant quadratic effect for body growth was due to

the existence of an inflection point at intermediate density levels. For body growth, inflection point was at a density level of 2�0 [(1�5,
2�6) 95% CI] in females and 2�1 [(1�3, 2�8) 95% CI] in males. For SVL, inflection points was at 2�0 [(1�1, 2�9) 95% CI] in females and
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for models including an interaction between density and

age class, Appendix S1; Table A12 (Supporting informa-

tion); Fig. 3). In juveniles and yearlings, parturition date

was lowest at an intermediate level of density and highest

in dense populations (Fig. 3c). In adults, parturition date

decreased more linearly with density and was lowest at

high density (Fig. 3d). Clutch size decreased linearly with

density (Table 1, Fig. 3b, log slope = �0�13 � 0�03). Age

classes responded similarly to density (total wi = 0�43 for

models including an interaction between density and age

class) but juveniles produced fewer eggs than yearlings and

adults (total wi = 1 for models including age effects,

Appendix S1; Table A13, Supporting information;

Fig. 3b). Path analysis revealed that 27% of total density

dependence of clutch size could be attributed to ‘indirect’

effects through body growth (Appendix S2, Supporting

information). Postpartum body condition also decreased

linearly with density (Table 1). Density dependence was

similar in all age classes (total wi = 0�93 for models without

an interaction between density and age class, Appendix S1;

Table A14, Supporting information). The size at birth of

viable offspring was not affected by density (Table 1 and

Appendix S1; Table A15, Supporting information).

population dynamics and extinction risk

The density-dependent deterministic model predicted a

stable equilibrium (Neq) of 43 lizards including 28 juve-

niles, six yearling females, four yearling males, four adult

females and one adult male. Elasticity analyses indicated

that the asymptotic growth rate k was most affected by a

change in juvenile survival, followed by yearling survival

(Table 2). Contrary to k, Neq was highly affected by a

change in fecundity at 1 year old (fec1) followed by fecun-

dity at 2 years old (fec2). High elasticities for fecundity

were due to a high elasticity of the proportion of breeders

at 1 year old (c1) and of clutch size at 2 years old (f2,

Table 2). Neq was less affected by changes in juvenile and

yearling survival and was weakly affected by a change in

the slopes of density dependence (Table 2).

The observed population growth rate after a yearly

cycle decreased nonlinearly with density. Density depen-

dence was steepest at an intermediate density and shallow-

est at low and high densities (Appendix S4; Fig. D1,

Supporting information). Stochastic simulations demon-

strated that density-independent models provided a poor

fit of the relationship between observed population

growth rate and density. The density-dependent one-sex

model provided a very good fit of the observed popula-

tion growth rates at high densities (density levels 4–5) but

overestimated population growth at the lowest density

(Appendix S4; Fig. D1, Supporting information). The

density-dependent two-sex models provided the best fit of

the shape of the relationship between the observed popu-

lation growth and density but underestimated population

growth, especially with a harem size of 4 (Appendix S4;

Fig. D1, Supporting information).

Stochastic simulations further demonstrated that nega-

tive density dependence buffers differences in extinction

probabilities among populations starting at different

densities. In the one-sex density-independent model, the

extinction probability gradually decreased with initial

population density (Fig. 4a). In the density-dependent

model, extinction probabilities were lower for all initial
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densities and more similar among populations except for

the populations starting at low densities (Fig. 4b). As

expected, accounting for sex ratio fluctuations and mating

pair formation increased importantly the extinction

probability, though this effect was much stronger in

density-dependent models and interacted with density

dependence (Fig. 4c,d, for an unrestricted harem size).

Accounting for density dependence decreased the pre-

dicted extinction probability of initially sparse populations

(levels 1–2) but increased it importantly in initially dense

populations (levels 4–5). Restricting the harem size to 4

(Appendix S4; Fig. D2, Supporting information)

produced similar patterns but further increased extinction

probabilities. To understand this interaction between

density dependence and sex ratio fluctuations, we ran sim-

ulations of two-sex models with a harem size of 4 but no

sex bias in yearling and adult mortality. Increasing male

survival produced patterns similar to those predicted by
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one-sex models (Appendix S4; Fig. D2(C,D), Supporting

information).

Discussion

patterns and mechanisms of negative density
dependence

Growth rate, body size and reproductive rates decreased

linearly or weakly quadratically with density depending on

the season, sex and age class. In a previous study, we dem-

onstrated that effects of food availability on life history

were strongly influenced by age class, sex and asymmetric

social interactions between birth cohorts (Mugabo et al.

2010, 2011). Adult male common lizards are socially domi-

nant over conspecifics and asymmetric competition for

food between age and sex classes has been observed in the

wild (Massot et al. 1992; Lecomte et al. 1994; Mugabo

et al. 2010, 2011). Here, we found that negative density

dependence was stronger in juveniles than in yearlings and

adults and was stronger in females than in males, with

adult males being little affected by density. These results

are in accordance with previous observations and point to

asymmetric trophic and/or social interactions.

Negative density dependence can be triggered by con-

sumptive (resource-based) and nonconsumptive (social-

based) effects (White 2001; Edeline et al. 2010). In

crowded environments, competition for food can reduce

the amount of energy available for structural growth and

reproduction (White 2001; Amundsen, Knudsen &

Klemetsen 2007). In addition, a decelerating density

dependence on body growth is classically explained by a

curvilinear density dependence of feeding rates (e.g. Jen-

kins et al. 1999; Grant & Imre 2005; Amundsen,

Knudsen & Klemetsen 2007). Our growth and reproduc-

tion data thus suggest that population density decreased

feeding rates in juveniles over the year, as well as sum-

mer feeding rates in yearling and adult females. A previ-

ous analysis of prey consumption indeed showed that

feeding rates are weakly affected by prey density and

that lizard abundance has a negative effect on the bio-

mass of preferred preys (Gonz�alez-Su�arez et al. 2011). In

addition, social stress due to crowding can induce direct

physiological responses that reduce the amount of energy

allocated into body growth or reproduction (Edeline

et al. 2010 and references therein). These effects are med-

iated by the activation of the hypothalamic-pitutary-

adrenal (HPA) axis in response to aggressive social inter-

actions and may also occur in the common lizard (Mey-

lan, Clobert & Sinervo 2007). Therefore, trophic and

social interactions may both contribute to the observed

density dependence for growth and reproduction.

Access to reproduction at the age of 1 year, clutch size

and postparturition body condition decreased linearly

Table 2. Elasticities of the asymptotic growth rate (k) and density at equilibrium (Neq) for each demographic rate. Estimates of elastici-

ties of k and of Neq are, respectively, from the density-independent one-sex model and the density-dependent one-sex model. For den-

sity-dependent demographic rates, elasticity of Neq was also estimated for the strength of density dependence (see Appendix S3,

Supporting information). Values between brackets give the ratio of the elasticity of demographic rates to the highest elasticity

Demographic rates

Elasticity

of k
Elasticity

of Neq

Annual juvenile survival 0�47 (1) 1�58 (0�20)
Slope of the density dependence of s1 – 0�99 (0�12)
Annual yearling survival 0�38 (0�80) 2�57 (0�32)
Annual adult survival 0�16 (0�34) 1�08 (0�13)
Juvenile fecundity (fec1 = c1 9 f1 9 hs1 9 sr1) 0�09 (0�19) 8�07 (1)

Proportion of breeders (c1) 0�09 (0�19) 6�27 (0�78)
Slope of the density dependence of c1 – �0�91 (0�11)
Total clutch size (f1) 0�09 (0�19) 0�73 (0�09)
Slope of the density dependence of f1 – �0�20 (0�02)
Hatching success (hs1) 0�09 (0�19) 0�58 (0�07)
Primary sex ratio (sr1) 0�09 (0�19) 0�58 (0�07)
Yearling fecundity (fec2 = c2 9 f2 9 hs2 9 sr2) 0�26 (0�55) 4�69 (0�58)
Proportion of breeders (c2) 0�26 (0�55) 1�79 (0�22)
Total clutch size (f2) 0�26 (0�55) 4�68 (0�58)
Slope of the density dependence of f2 – �0�62 (0�08)
Hatching success (hs2) 0�26 (0�55) 1�79 (0�22)
Primary sex ratio (sr2) 0�26 (0�55) 1�79 (0�22)
Adult fecundity (fec3 = c3 9 f3 9 hs3 9 sr3) 0�11 (0�23) 1�06 (0�13)
Proportion of breeders (c3) 0�11 (0�23) 0�78 (0�10)
Total clutch size (f3) 0�11 (0�23) 1�07 (0�13)
Slope of the density dependence of f3 – �0�27 (0�03)
Hatching success (hs3) 0�11 (0�23) 0�78 (0�10)
Primary sex ratio (sr3) 0�11 (0�23) 0�78 (0�10)
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with density. The reduced energy storage (body condition)

at high densities could further diminish future female

survival and reproduction. Female common lizards indeed

fuel future survival and reproduction by a mixture of

long-term energy stores and energy acquired during

vitellogenesis (i.e. income breeding, Mugabo et al. 2011).

Altogether, these results are expected life-history

responses in species with a plastic age at sexual matura-

tion and a plastic reproductive effort, such as the

common lizard (see review by Bassar et al. 2010). Density

dependence of reproduction was partly driven by positive

effects of body size on age at first reproduction and clutch

size. These results contrast with those of a field experi-

ment by Massot et al. (1992) where increased density had

little effects on body size of breeding females but strong

effects on their fecundity. At high altitude (as in Massot

et al. 1992), structural growth is more constrained by

climate conditions and seasonality than at our low

altitude study site. Females therefore reach maturity at an

older age and adult body growth is much lower and less

sensitive to a change in the competitive environment

(Massot et al. 1992; Sorci & Clobert 1999 and references
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Fig. 4. Cumulated extinction probability over time according to initial density level predicted by stochastic simulations of (a) a density-

independent one-sex model, (b) a density-dependent one-sex model, (c) a density-independent two-sex model and (d) a density-dependent

two-sex model. Two-sex models assumed an unrestricted harem size. Results are from Monte Carlo simulations of 1000 trajectories (see

Appendix S3, Supporting information).
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therein). Thus, density in altitude populations may influ-

ence primarily reproduction through energy allocation

into body reserves and physiological trade-offs rather

than through body growth.

patterns and mechanisms of posit ive density
dependence

Parturition dates showed evidences of an Allee effect at

low density and of negative density dependence from

moderate to high densities in juveniles and yearlings. To

our knowledge, only one other study in a colonial seabird

reported positive density dependence in breeding dates

(Votier et al. 2009). The delayed breeding in small colo-

nies was explained by a social stimulation of reproduction

and a social facilitation of foraging (Votier et al. 2009).

Common lizards are not cooperative breeders or foragers,

but a limited access to sexually receptive males at low

densities could delay the onset of reproduction in females.

At high densities, the timing of reproduction may be fur-

ther constrained by food intake (Gonz�alez-Su�arez et al.

2011) and aggressive social interactions (see e.g., Le

Galliard et al. 2005). Adult female common lizards are

socially dominant over young females (Lecomte et al.

1994), which could explain why juveniles and yearlings

but not adults displayed delayed parturition dates at

higher densities. In addition, variation in survival proba-

bilities could also have contributed to the pattern of par-

turition dates by affecting density during the breeding

season (Fig. 2b). In the common lizard, hatching dates

are negatively correlated with body growth during the

first year of life (Le Galliard, Marquis & Massot 2010),

but also with juvenile survival and clutch size at first

reproduction (M. Mugabo, O. Marquis, S. Perret & J.-F.

Le Galliard, unpublished data; respectively Wald-

Z = �3�17, P = 0�001 and F1,25 = 9,28, P = 0�005). There-
fore, the density dependence of parturition dates could

substantially affect offspring fitness.

Juvenile survival was also positively affected by density.

A linear response to density was best supported. How-

ever, uncertainties remained about the shape of density

dependence since the quadratic scenario also received sub-

stantial support (Table 2). Inconsistent effects of density

are seen for juvenile survival in natural populations of

common lizards. In a first study, juvenile survival was

lower in a population with experimentally increased den-

sity than in a population with decreased density (Massot

et al. 1992), while in a second study, female juvenile sur-

vival was lower in two populations with experimentally

decreased density than in two control populations (males

were unaffected, Meylan, Clobert & Sinervo 2007). These

and our results suggest that density-dependent juvenile

survival interacts with environmental factors and individ-

ual characteristics, such as climate conditions, habitat

quality or individual behaviour, that remain to be identi-

fied (Coulson et al. 2001; Zabel et al. 2006; Meylan,

Clobert & Sinervo 2007). Here, positive density depen-

dence of juvenile survival could be due to a dilution of

predation from avian predators (e.g. Foster & Treherne

1981) or changes in activity behaviour of juveniles associ-

ated with faster growth but more predation risks (e.g.

Sorci & Clobert 1999).

density- independent life history

Yearling and adult survival probabilities were little

affected by population density (Fig. 2). However, uncer-

tainties remained about the shape of density dependence,

as demonstrated by the similar support received by the

density-independent, the linear and, to a lesser extent, the

quadratic scenarii (Table 2). A weak density dependence

of survival rates could reflect an environmental canaliza-

tion of the most influential demographic rates for popula-

tion growth (here juvenile and yearling survival,

Eberhardt 1977, 2002; Gaillard & Yoccoz 2003). Low var-

iation in adult survival could also result from selective

mortality of juveniles leading to less phenotypic variation

in adults (Gaillard & Yoccoz 2003). In addition, the

absence of response of the body size at birth of the first

generation of offspring to density observed in our study is

consistent with previous studies where the ‘quality’ at

birth of offspring common lizards was density-indepen-

dent (Massot et al. 1992; Meylan, Clobert & Sinervo

2007). Thus, female common lizards compromised the

quantity but not the ‘quality’ of offspring at high density.

This allocation strategy is expected in species with a vari-

able clutch size, a trade-off between offspring numbers

and size at birth, and a positive directional selection on

body size at birth.

In addition, we found a substantial interindividual vari-

ation independent of variation in population density, age

or sex. Genetic, parental and environmental factors could

have all contributed to generate individual heterogeneity

in our study. Heterogeneity among individuals plays a

central role in evolutionary and ecological dynamics,

including extinction dynamics of small populations

(Lande, Engen & Saether 2003). For example, heterogene-

ity in resource partitioning between competing individuals

influences density-dependent population dynamics and

population stability (omnicki 1978, 1980). In general,

however, the demographic consequences of individual dif-

ferences arising from genetic, parental or environmental

effects are difficult to predict (Vindenes, Engen & Saether

2008).

dynamical consequences of density
dependence

The deterministic two-sex density-dependent model

produced smooth dynamics towards a stable equilibrium

and predicted a stable density that agrees with previous

long-term observations in the same experimental set-up

(Lecomte et al. 2004). The (ASR = proportion of females)

shifted from 0�67 in initial populations to 0�81 at equilib-
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rium and the proportion of adults changed from 0�43 to

0�34. This equilibrium age- and sex-structure also falls

within the range of variations observed in natural popula-

tions from where lizards originated (Massot et al. 1992; Le

Galliard et al. 2005; Meylan, Clobert & Sinervo 2007).

These results suggest that following populations during a

yearly cycle was enough to produce realistic predictions of

the deterministic dynamics. A replication of the experiment

over several years would further allow testing for the

effects of climate factors that might interact with density

dependence (Coulson et al. 2001; Zabel et al. 2006).

We combined elasticity analyses with stochastic simula-

tions to investigate the consequences of density depen-

dence for small population dynamics. Elasticity analyses

of density-independent models are often used to determine

the most influential life stages of a species and manage

small populations (Caswell 2001). Elasticity analyses

revealed that the asymptotic growth rate k was influenced

most by juvenile and yearling survival, while the density

at equilibrium Neq was influenced most by juvenile and

yearling fecundity. Thus, elasticities of k and Neq pin-

pointed the same most influential life stages but different

critical demographic rates. In addition, Neq was little

affected by the strength of density dependence. Therefore,

uncertainties on the form of the density dependence of

demographic rates should have limited effects on the pre-

dictions drawn from population models. These results

confirm the need to account for density dependence to

draw accurate conclusions about the most influential life

stages and demographic rates for population dynamics

(Grant & Benton 2000, 2003).

Density-dependent stochastic models provided a better

fit to the observed relationship between population growth

rates during a yearly cycle and population density than

density-independent models. The density-dependent one-

sex model provided the best fit at high densities but over-

estimated population growth rates at the lowest densities,

whereas the density-dependent two-sex models provided

the best fit of the shape of density dependence but under-

estimated population growth rates. These results suggest

that population growth was influenced by a shortage of

reproductive males at low densities and by the negative

density dependence acting on reproduction at high densi-

ties. The underestimation of population growth by two-sex

density-dependent models suggests that access to repro-

duction of 1-year old males and/or male survival were

higher than estimated and that males were able to fertilize

more than four females in average (Fitze et al. 2005).

Long-term stochastic simulations yielded three other

major results. First, accounting for density dependence

buffered the effects of initial density on predicted extinction

probabilities. Second, accounting for density dependence

alone had positive effects on predicted extinction probabili-

ties. In general, the influence of demographic stochasticity

on the time to extinction in density-dependent populations

depends on (i) the upper limit on population density caus-

ing the negative density dependence, (ii) the long-term

stochastic population growth rate, and (iii) the shape of

density dependence (Lande 1993; Lande, Engen & Saether

2003). The linear negative density dependence acting on

maturation and fecundity included here implies that repro-

ductive rates increase in declining populations and thus act

as a rescue effect allowing sparse populations to rapidly

move away from a zone of high extinction risks (Morris &

Doak 2002; Henle, Sarre & Wiegand 2004). Third, density

dependence interacted with sex ratio fluctuations to shape

the extinction dynamics of populations. In accordance with

previous studies (e.g., Legendre et al. 1999; Engen, Lande

& Saether 2003; Bessa-Gomez, Legendre & Clobert 2004),

demographic stochasticity raised substantially the risk of

extinction of small populations by increasing the probabil-

ity of a shortage of males. More interestingly, the compari-

son of one-sex and two-sex models showed that negative

density dependence acting on reproduction combines with

sex ratio fluctuations to generate higher extinction risk in

initially dense populations, while initially sparse popula-

tions are less at risks of extinction from density dependence

compared with unregulated populations. This unexpected

result is the consequence of a higher probability that no

breeding male survived to inseminate breeding females in

initially dense populations regulated by negative density

dependence around a stable equilibrium than in unregu-

lated populations. In initially sparse populations, increased

reproductive rates allowed regulated populations to reach

densities with lower risks of extinction due to a shortage of

males faster than unregulated populations (Appendix S4;

Fig. D1, Supporting information).

Conclusions

Our combination of experimental and modelling data

demonstrates the importance of the density dependence of

life history for the dynamics of small populations influ-

enced by demographic stochasticity. In addition to the

patterns reported here, it is known that density depen-

dence can also interact with the mating system and sex

ratio fluctuations through density-dependent effects on in-

trasexual and intersexual competition (Kokko & Rankin

2006 and references therein). Interactions between popula-

tion density, the mating system and small population

dynamics are therefore likely to be more general than

those found in this study and should be considered when

attempting to predict the probability of extinction of

endangered populations.
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R�egion Île-de-France (file p3/2008/008).

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 1227–1239

Density dependence and extinction 1237



References

Amundsen, P.A., Knudsen, R. & Klemetsen, A. (2007) Intraspecific

competition and density dependence of food consumption and growth

in Arctic charr. Journal of Animal Ecology, 76, 149–158.
Bassar, R.D., Lopez-Sepulcre, A., Walsh, M.R., Turcotte, M.M.,

Torres-Mejia, M. & Reznick, D.N. (2010) Bridging the gap between

ecology and evolution: integrating density regulation and life-history

evolution. Year in Evolutionary Biology (eds C.D. Schlichting & T.A.

Mousseau), pp. 17–34. Wiley-Blackwell, Malden.

Bessa-Gomez, C., Legendre, S. & Clobert, J. (2004) Allee effects, mating

systems and the extinction risk in populations with two sexes. Ecology

Letters, 7, 802–812.
Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R.,

Stevens, M.H.H. et al. (2009) Generalized linear mixed models: a practi-

cal guide for ecology and evolution. Trends in Ecology & Evolution, 24,

127–135.
Brook, B.W. & Bradshaw, C.J.A. (2006) Strength of evidence for density

dependence in abundance time series of 1198 species. Ecology, 87, 1445–
1451.

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel

Inference. A Practical Information-Theoretic Approach. Springer, New

York.

Caswell, H. (2001) Matrix Population Models, 2nd edn. Sinauer Associ-

ates, Sunderland.

Coulson, T., Catchpole, E.A., Albon, S.D., Morgan, B.J.T., Pemberton,

J.M., Clutton-Brock, T.H. et al. (2001) Age, sex, density, winter

weather, and population crashes in soap sheep. Science, 292, 1528–
1531.

Courchamp, F., Berec, L. & Gascoigne, J. (2008) Allee Effects in Ecology

and Conservation. Oxford University Press, Oxford.

Eberhardt, L.L. (1977) Optimal policies for conservation of large mam-

mals with special reference to marine ecosystems. Environmental Conser-

vation, 4, 205–212.
Eberhardt, L.L. (2002) A paradigm for population analysis of long-lived

vertebrates. Ecology, 83, 2841–2854.
Edeline, E., Haugen, T.O., Weltzien, F.A., Claessen, D., Winfield, I.J.,

Stenseth, N.C. et al. (2010) Body downsizing caused by non-consumptive

social stress severely depresses population growth rate. Proceedings.

Biological sciences/The Royal Society, 277, 843–851.
Engen, S., Lande, R. & Saether, B.-E. (2003) Demographic stochasticity

and Allee effects in populations with two sexes. Ecology, 84, 2378–
2386.

Fitze, P.S. & Le Galliard, J.-F. (2008) Operational sex ratio, sexual

conflict and the intensity of sexual selection. Ecology Letters, 11,

432–439.
Fitze, P.S., Le Galliard, J.-F., Federici, P., Richard, M. & Clobert, J.

(2005) Conflict over multiple-partner mating between males and females

of the polygynandrous common lizards. Evolution, 59, 2451–2459.
Foster, W.A. & Treherne, J.E. (1981) Evidence for the dilution effect in

the selfish herd from fish predation on a marine insect. Nature, 293,

466–467.
Fowler, C.W. (1981) Density dependence as related to life history strategy.

Ecology, 62, 602–610.
Fox, J. (2002) Linear mixed models: appendix to an R and S-PLUS

companion to applied regression. Available at: http://cran.r-project.org/

doc/contrib/Fox-Companion/appendix.html.

Gaillard, J.M. & Yoccoz, N.G. (2003) Temporal variation in survival of

mammals: a case of environmental canalization? Ecology, 84, 3294–
3306.

Gilpin, M.E. & Ayala, F.J. (1973) Global models of growth and competi-

tion. Proceedings of the National Academy of Sciences of the United

States of America, 70, 3590–3593.
Gonz�alez-Su�arez, M., Mugabo, M., Decenci�ere, B., Perret, S., Claessen,

D. & Le Galliard, J.-F. (2011) Disentangling the effects of predator

body size and prey density on prey consumption in a lizard. Functional

Ecology, 25, 158–165.
Grant, A. & Benton, T.G. (2000) Elasticity analysis for density-dependent

populations in stochastic environments. Ecology, 81, 680–693.
Grant, A. & Benton, T.G. (2003) Density-dependent populations require

density-dependent elasticity analysis: an illustration using the LPA

model of Tribolium. Journal of Animal Ecology, 72, 94–105.
Grant, J.W.A. & Imre, I. (2005) Patterns of density-dependent growth in

juvenile stream-dwelling salmonids. Journal of Fish Biology, 67, 100–
110.

Henle, K., Sarre, S. & Wiegand, K. (2004) The role of density regulation

in extinction processes and population viability analysis. Biodiversity

and Conservation, 13, 9–52.
Jenkins, T.M., Diehl, S., Kratz, K.W. & Cooper, S.D. (1999) Effects of

population density on individual growth of brown trout in streams.

Ecology, 80, 941–956.
Kokko, H. & Rankin, D.J. (2006) Lonely hearts or sex in the city?

Density-dependent effects in mating systems. Philosophical Transactions

of the Royal Society B-Biological Sciences, 361, 319–334.
Lande, R. (1993) Risks of population extinction from demographic and

environmental stochasticity and random catastrophes. American

Naturalist, 142, 911–927.
Lande, R., Engen, S. & Saether, B.E. (2003) Stochastic Population Dynam-

ics in Ecology and Conservation. Oxford University Press, Oxford.

Le Galliard, J.-F., Marquis, O. & Massot, M. (2010) Cohort variation,

climate effects and population dynamics in a short-lived lizard. Journal

of Animal Ecology, 79, 1296–1307.
Le Galliard, J.-F., Fitze, P.S., Ferri�ere, R. & Clobert, J. (2005) Sex ratio

bias, male aggression, and population collapse in lizards. Proceedings of

the National Academy of Sciences of the United States of America, 102,

18231–18236.
Le Galliard, J.-F., Massot, M., Landys, M.M., Meylan, S. & Clobert,

J. (2006) Ontogenic sources of variation in sexual size dimorphism in a

viviparous lizard. Journal of Evolutionary Biology, 19, 690–704.
Lecomte, J., Clobert, J., Massot, M. & Barbault, R. (1994) Spatial and

behavioural consequences of a density manipulation in the common

lizard. Ecoscience, 1, 300–310.
Lecomte, J., Boudjemadi, K., Sarrazin, F., Cally, K. & Clobert, J. (2004)

Connectivity and homogenisation of population sizes: an experimental

approach in Lacerta vivipara. Journal of Animal Ecology, 73, 179–189.
Legendre, S. & Clobert, J. (1995) ULM, a software for conservation and

evolutionary biologists. Journal of Applied Statistics, 22, 817–834.
Legendre, S., Clobert, J., Moller, A.P. & Sorci, G. (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.
omnicki, A. (1978) Individual differences between animals and natural

regulation of their numbers. Journal of Animal Ecology, 47, 461–475.
omnicki, A. (1980) Regulation of population density due to individual

differences and patchy environment. Oikos, 35, 185–193.
Massot, M., Clobert, J. & Ferriere, R. (2008) Climate warming, dispersal

inhibition and extinction risk. Global Change Biology, 14, 461–469.
Massot, M., Clobert, J., Pilorge, T., Lecomte, J. & Barbault, R. (1992)

Density dependence in the common lizard: demographic consequences

of a density manipulation. Ecology, 73, 1742–1756.
Meylan, S., Clobert, J. & Sinervo, B. (2007) Adaptive significance of

maternal induction of density-dependent phenotypes. Oikos, 116, 650–
661.

Morris, D.L. & Doak, D.F. (2002) Quantitative Conservation Biology:

Theory and Practice of Population Viability Analysis. Sinauer Associates

Inc., Sunderland.

Mugabo, M., Marquis, O., Perret, S. & Le Galliard, J.-F. (2010) Immedi-

ate and delayed life history effects caused by food deprivation early in

life in a short-lived lizard. Journal of Evolutionary Biology, 23, 1886–
1898.

Mugabo, M., Marquis, O., Perret, S. & Le Galliard, J.-F. (2011) Direct

and socially-mediated effects of food availability late in life on life-

history variation in a short-lived lizard. Oecologia, 166, 949–960.
Nussey, D.H., Clutton-Brock, T.H., Elston, D.A., Albon, S.D. & Kruuk,

L.E.B. (2005) Phenotypic plasticity in a maternal trait in red deer.

Journal of Animal Ecology, 74, 387–396.
Pinheiro, J.C. & Bates, D.M. (2000) Mixed-Effects Models in S and

S-PLUS. Springer Verlag, New York.

Runge, M.C. & Johnson, F.A. (2002) The importance of functional form

in optimal control solutions of problems in population dynamics.

Ecology, 83, 1357–1371.
Saether, B.E., Engen, S. & Matthysen, E. (2002) Demographic characteris-

tics and population dynamical patterns of solitary birds. Science, 295,

2070–2073.
Sibly, R.M., Barker, D., Denham, M.C., Hone, J. & Pagel, M. (2005) On

the regulation of populations of mammals, birds, fish, and insects.

Science, 309, 607–610.
Sorci, G. & Clobert, J. (1999) Natural selection on hatchling body size

and mass in two environments in the common lizard (Lacerta vivipara).

Evolutionary Ecology Research, 1, 303–316.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 1227–1239

1238 M. Mugabo et al.



Vindenes, Y., Engen, S. & Saether, B.E. (2008) Individual heterogeneity in

vital parameters and demographic stochasticity. American Naturalist,

171, 455–467.
Votier, S.C., Hatchwell, B.J., Mears, M. & Birkhead, T.R. (2009) Changes

in the timing of egg-laying of a colonial seabird in relation to popula-

tion size and environmental conditions. Marine Ecology Progress Series,

393, 225–233.
White, T.C.R. (2001) Opposing paradigms: regulation or limitation of

populations? Oikos, 93, 148–152.
Zabel, R.W., Scheuerell, M.D., McClure, M.M. & Williams, J.G. (2006)

The interplay between climate variability and density dependence in the

population viability of Chinook salmon. Conservation Biology, 20, 190–
200.

Received 31 August 2012; accepted 3 June 2013

Handling Editor: Tim Coulson

Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Appendix S1. Selection results of models exploring each studied

trait based on Akaike Information Criteria [(Q)AICC].

Appendix S2. Path analyses.

Appendix S3. Age-structured projection matrix model.

Appendix S4. Consequences of density for the persistence of

populations.

© 2013 The Authors. Journal of Animal Ecology © 2013 British Ecological Society, Journal of Animal Ecology, 82, 1227–1239

Density dependence and extinction 1239


