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Abstract

The density dependence of survival and reproduction parameters can change

with age or stage, which is key to understand population regulation mechanisms.

However, the multiplication of parameters in structured demographic models makes

their estimation challenging. Integrated population models (IPMs) provide an in-

teresting solution to this issue by combining different data sources. IPM simulation

studies have so far shown reliable estimates of density dependence in two-stage

models, but little is known about estimation quality in more complex demographic

models. Here, we used simulations to assess the bias and precision of density de-

pendence estimates in three- and four-stage models, motivated by the life history

of the great tit (Parus major) and a 52-year population survey. Specifically, we

examined the effects of study duration (15, 30 or 50 years, on both simulated and

real data), strength of density dependence, number of density-dependent param-

eters, temporal trend, and model structure (three versus four stages). Overall,

IPMs estimated the strength of density dependence with no to little bias, but with

low precision, especially when some stages were density-independent. Estimation

performance improved naturally with increasing study duration, but reliable esti-

mates were obtained starting at 30-year monitoring despite the multiplicity of data

sources, suggesting simpler stage structures for shorter durations. We also showed

that density-dependence was easier to detect in stable and increasing populations

than in declining populations. These findings highlight the value of IPMs for as-

sessing density dependence in structured populations, while emphasizing the need

for careful model choice and interpretation given available data.
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1 Introduction

Estimating the effects of density dependence on demographic parameters (e.g., survival,

fecundity) or population growth rate provides essential information for modelling popu-

lation trajectories, assessing extinction risk and population viability, and understanding

the mechanisms underlying population persistence and recovery, making it particularly

important for informing management (e.g., Guthery & Shaw, 2013; Walters et al., 2026)

and conservation actions (e.g., Bretagnolle et al., 2008; Margalida et al., 2020). The

typically negative relationships between demographic parameters and population density

shape how population growth rate varies with density (Coulson et al., 2008), thereby un-

derpinning population regulation and providing insight into the demographic mechanisms

driving it.

However, ecological time series of abundance are relatively short from a statistical

standpoint, which limits the information available for inference and creates a great incen-

tive to capitalize on all available data (Lebreton & Gimenez, 2013), including capture-

recapture and reproduction data. Integrated population models (IPMs) are powerful

tools to realize such fusion (Schaub & Kéry, 2021). By incorporating multiple datasets

into a single framework, IPMs allow to jointly estimate density-dependent effects on

multiple demographic parameters and population size, while accounting for observation

errors, as well as environmental and demographic stochasticity. Several studies relied on

IPMs to quantify the strength of density dependence on demographic parameters (Abadi

et al., 2012; Schaub & Kéry, 2021), to investigate the demographic mechanisms under-

lying density-dependent population regulation (e.g., Lewis et al., 2024; Margalida et al.,

2020), intraspecific and interspecific density dependence (e.g., Paquet & Barraquand,

2023; Péron & Koons, 2012; Quéroué et al., 2021); or compensatory mechanisms, in

particular among harvested populations (e.g., Arnold et al., 2018; Riecke et al., 2022).

In most of these applications, density dependence was quantified directly within the

IPM framework by explicitly linking demographic parameters to the estimated popula-

tion size. However, this approach is increasingly challenging as model complexity rises,

because it can lead to overparameterization due to the multiple life stages and param-

eters likely to be density-dependent. For instance, recent work has shown that in mul-

tispecies two-stage competition models, density-dependence coefficients are difficult to

estimate (Paquet & Barraquand, 2025). Alternatively, density dependence effects on

demographic parameters have been assessed using a two-step, a posteriori approach by

first fitting an IPM with time-varying but density-independent demographic parameters

and then, regressing the estimated demographic parameters on estimated population size

(e.g., Brommer et al., 2017; Gamelon et al., 2016). This approach facilitates model fit-

ting, but is akin to use residuals for further modelling, which is statistically frowned

upon (Freckleton, 2002). It also assumes stochastic temporal variation but no temporal

2



autocorrelation during the IPM model fitting step, before making the opposite assump-

tion in the density-dependence estimation step: density-dependence invariably generates

temporal autocorrelation in demographic parameters because of the autocorrelation in

population sizes.

Only a few studies have evaluated the bias and precision of density-dependent esti-

mates using IPMs. While some estimates from IPMs with a simple population structure

including two stages (juveniles and adults) appear reliable (Abadi et al., 2012; Paquet

& Barraquand, 2023), much less is known about performance in more complex stage-

structured models. Inspired by the life history and long-term monitoring of a great tit

(Parus major) population in which density dependence has been detected at both de-

mographic parameter and population levels (Gamelon et al., 2016; Gamelon et al., 2023;

Reed, Grøtan, et al., 2013), we conducted a simulation study to assess accuracy and

precision in the estimates of the strength of density dependence on stage-specific sur-

vival and fecundity, when the population is structured in three or four age-related stages.

We built an IPM that combines different sources of demographic information, including

capture-recapture data, annual count of breeding females, and annual count of offspring

at ringing. In particular, we examined how the study duration, the value of the simulated

strength of density dependence, the number of stages affected by density dependence, the

temporal trend of the population (stable, increasing, or decreasing) and the stage struc-

ture of the population model (three or four) influence the bias and precision of the density

dependence estimates within the IPM framework. We then used the great tit population

monitored at the Hoge Veluwe National Park over 52 years as a case study to examine

the influence of the study duration on the precision of density dependence estimates in a

wild population.

2 Materials and methods

2.1 IPM with density dependence in demographic parameters: a common

structure for simulated and case-study populations

We fitted an integrated population model to jointly estimate the stage-specific, density-

dependent survival and fecundity, and the population size from three datasets: the annual

count of breeding females (referred to as population count, C), the annual number of off-

spring at ringing produced by breeding females (J) and the capture-recapture data. The

datasets and IPM structure were chosen to be consistent with the monitoring and cur-

rent demographic knowledge of the great tit population at Hoge Veluwe National Park

(Gamelon et al., 2016; Reed, Jenouvrier, et al., 2013). The model structure follows that

proposed by Gamelon et al. (2016), with some differences described in Appendix S1.

The core of the IPM is a female-based, stage-structured population model including four
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stages, with a pre-breeding survey. The four stages refer to breeding females of 1 year old

(yearlings, i.e. second calendar year of life), 2 year old (third calendar year), 3 year old

(fourth calendar year), and those aged at least 4 years (age 4+, fifth calendar year and

more). Due to the dearth of older individuals (max age = 7 years, females aged 5 years

or more represent less than 2% of breeding female captures), this model can reasonably

be considered age-structured. The fertility coefficient of stage a (or recruitment rate;

Fa,t) is the product of fecundity fa,t (average number of offspring produced per breeding

female of stage a across all broods in year t) considering a 50:50 sex-ratio and offspring

survival s0,t estimated from ringing to breeding at 1 year old. The stage-specific numbers

of individuals in year t + 1 (Na,t+1) are functions of the numbers in year t (Na,t), the

stage-specific demographic parameters (fa,t and sa,t) and the number of immigrants of

known and unknown ages (Aa,t and Ua,t, respectively; details are given in the subsection

Case study). Female immigrants are assumed to reproduce in the year they arrive. Im-

migrants of unknown age were assigned stages each year as the product of the annual

stage distribution of locally born females recruiting into the population and the total

number of female immigrants of unknown age that year (see computer codes). To ac-

count for demographic stochasticity, we modelled births using a Poisson distribution and

survival processes according to binomial distributions. The local dynamics are obtained

as follows:

Nl,1,t+1 ∼ Poisson(N1,ts0,t
f1,t
2

+ N2,ts0,t
f2,t
2

+ N3,ts0,t
f3,t
2

+ N4+,ts0,t
f4+,t

2
)

Nl,2,t+1 ∼ Binomial(N1,t, s1,t)

Nl,3,t+1 ∼ Binomial(N2,t, s2,t)

Nl,4,t+1 ∼ Binomial(N3,t, s3,t)

Nl,4+,t+1 ∼ Binomial(N4+,t, s4+,t)

(1)

where l stands for ‘locals’, and the total number of individuals at time t+ 1 can then

be obtained by adding immigrants:

N1,t+1 = Nl,1,t+1 + U1,t+1 + A1,t+1

N2,t+1 = Nl,2,t+1 + U2,t+1 + A2,t+1

N3,t+1 = Nl,3,t+1 + U3,t+1 + A3,t+1

N4+,t+1 = Nl,4,t+1 + Nl,4+,t+1 + U4+,t+1 + A4+,t+1.

(2)

We modelled the strength of density dependence on demographic parameters using

logit and log links for survival and fecundity:

logit(sa,t) = αs,a + βs,a(Nt − C̄) + εs,a,t, with εs,a,t ∼ N (0, σ2
s,a)

log(fa,t) = αf,a + βf,a(Nt − C̄) + εf,a,t, with εf,a,t ∼ N (0, σ2
f,a)

(3)
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with αs,a and αf,a the intercepts, and βs,a and βf,a the strengths of density dependence

on stage-specific survival and fecundity, respectively. εs,a,t and εf,a,t are the uncorrelated

residual errors with variance σ2
s,a and σ2

f,a (on logit scale). We subtract the mean observed

population count C̄ from the estimated population size Nt (breeding females only) to ease

convergence (Schaub & Kéry, 2021).

The population count Ct corresponds to the total number of local and immigrant

breeding females in the population in year t. These observed counts are related to true

population size as:

Ct ∼ Normal(N1,t + N2,t + N3,t + N4+,t, σ
2) (4)

truncated to positive values, with σ2 the observation error variance. The model for counts

is therefore a state-space (SS) model.

The annual number of ringed offspring produced by breeding females Ja,t was used in

a Poisson regression model to estimate the average annual fecundity per stage (fa,t) as:

Ja,t ∼ Poisson(fa,t ×Ba,t) (5)

with Ba,t the annual count of breeding females of known age.

For capture-recapture data, we adopted a Cormack-Jolly-Seber model with an an-

nual time step and summarized capture histories of locally ringed females as chicks and

immigrants of known age in five stage-specific m-arrays (m; Kéry and Schaub, 2012).

A multinomial likelihood was used to relate the data with the apparent survival and

recapture probability. Recapture probability is assumed to vary with time.

The likelihood of the IPM is defined as the joint likelihood composed of the likelihoods

of the three datasets as:

LIPM(α,β,σ, p, f , s,N|m,J,C) =

LCJS(αs,βs,σs, p, s|m) × Lrepro(αf ,βf ,σf , f |J) × LSS(α,β,σ, p, f , s,N|C)
. (6)

In some scenarios, we implemented a stage-structured population model with three

stages (1-year-old, 2-year-old breeding females and those aged at least 3 years) using the

same assumptions and parameterization (see code). We used the JagsUI package in R

(Kellner, 2024) and specified weakly informative priors for all parameters (Table 1 and

GitHub repository). We ran three Monte Carlo chains for 20,000 iterations, discarding

the first 10,000 as burn-in and keeping every 2nd value. To assess convergence of the

simulations, we used the Brooks and Gelman diagnostic R̂ (Brooks & Gelman, 1998) and

the effective size. Converged simulations were filtered by applying R̂ < 1.1 and effective

sample size > 50 for all αs,a, αf,a, βs,a and βf,a. Estimates are reported as posterior means

and 95% credible intervals (95% CI). For each parameter, the proportion of converged
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simulations in which the 95% CI contained the true parameter value was reported as the

coverage probability (Appendix S2).

2.2 Scenarios

We explored bias and precision in the estimated density dependence of stage-specific

demographic parameters under 21 scenarios, varying (1) the length of the time series; (2)

the strength of density dependence; (3) the number of stages with density dependence;

(4) the prior used for density dependence of fecundity parameters; and (5) the stage

structure of the population model (Table 2; Fig. 1). Starting with a four-stage model,

scenarios S1-S6 combined three lengths of time series (15, 30 and 50 years) with two

strengths of density dependence in survival and fecundity (-0.01 and -0.02; Fig. 1A-B).

The higher value corresponds to the strongest strength estimated among recruitment rates

and survival probabilities in Gamelon et al. (2016). In scenarios S7-S9 and S11 – based

on 50 years of data – the strength of density dependence in survival and fecundity was set

to 0 for the two oldest stages, while it was assigned -0.01 or -0.02 for the remaining stages

depending on the scenario. We applied the same combinations of density-dependence

strength, number of non-zero βs,a and βf,a, and time-series lengths using a three-stage

structured model in Scenarios S12-S17 and S18-S19, S21 (see additional scenarios with

density independence for the oldest stage only in Appendix S4, Fig. S6). In all scenarios,

we assumed that all stage-specific survival rates and fecundity shared the same β value (if

not set to zero). To test for prior sensitivity for βf,a, we applied a normal prior distribution

(S1-S9, S12-S19) or a negative exponential prior distribution (S10, S11, S20, S21). We

further analyzed six scenarios where the simulated populations displayed positive (SI1-

SI3) or negative temporal trends (SD1-SD3), using time series of 15 years, 30 years or

50 years, and a four-stage IPM. We hypothesized that directional trends may either

improve or degrade the quality of the estimates due to changed spans of density values

and, for declining populations, potential confounding between density dependent effects

and temporal trend. We considered two additional scenarios for increasing and decreasing

populations, based on 30 years or 50 years of monitoring, in which the strength of density

dependence was set to 0 for the two oldest stages (SI4-SI5 and SD4-SD5; Appendix S5).

From populations simulated over 50 years, we also examined precision and bias of density

dependence in a more complex model where each stage-specific abundance can contribute

to the density regulation of the stage-specific survival and fecundity (Appendix S3).
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Table 1: Initial values and default parameters to simulate each of the 100 populations per
scenario according to the stage structure of the population model (three or four stages).
σf,a and σs,a: temporal standard deviation of stage-specific survival and fecundity, re-
spectively; CR: capture-recapture data; maxAge: maximum number of age classes that
can be identified at first capture.

Parameters Four-stage model Three-stage model

Initial population vector (Ni) Ni = (30, 20, 20, 20) Ni = (30, 20, 20)
Maximum fecundity per stage (fmax) fmax = (14, 14, 14, 14) fmax = (14, 14, 14)
Maximum survival per stage (smax) smax = (0.4, 0.9, 0.9, 0.8, 0.8) smax = (0.4, 0.9, 0.9, 0.8)
σf,a and σs,a σf,a = 0.5, σs,a = 0.4
Breeding probability and sex-ratio pBreed = 0.9, sex-ratio = 0.5
Probability to find a brood 0.8
CR – Initial capture probability 0.7
CR – Annual recapture probability (p) p ∼ Uniform(0.7, 0.9)
CR – maxAge 5 4
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Figure 1: A-C. Examples of population trajectories (breeding females only) simulated for
Scenarios S3, S6 and S9. In Scenarios S3 and S6 (panels A and B), density-dependence
was simulated in all stage-specific demographic parameters with a strength of -0.01 and
-0.02, respectively. In scenario S9 (panel C), density dependence was set to zero for the
demographic parameters of the two last stages. The strength of density dependence was
simulated to -0.02 for the other stages. D. Annual fluctuation of the observed population
count (breeding females only) in the great tit population monitored at Hoge Veluwe
National Park in The Netherlands.
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Table 2: List of the 21 scenarios considered for the simulated populations. Scenarios
varied according to the structure of the population model (three or four stages), the time
series length (15, 30 or 50 years), the strength of density-dependence βs,a and βf,a (-0.02
or -0.01), the number of stages with density-dependence set to zero (0 or 2, for the two
oldest stages) and the prior used for βf,a. We assumed either βf,a ∼ N (0, 1) or βf,a = −θa,
with θa ∼ Exp(1) as priors. In scenarios S10 and S21 with density dependence set to 0
for two stages, βf,a = −θa + 0.05 was applied to include 0 in the prior distribution. DD:
density dependence.

Scenarios
Stage structure
of the model

Time series
length

(in years)

DD
strength

N. stages with
DD set to 0

Prior for
βf,a

S1 4 15 -0.01 0 N (0, 1)
S2 4 30 -0.01 0 N (0, 1)
S3 4 50 -0.01 0 N (0, 1)
S4 4 15 -0.02 0 N (0, 1)
S5 4 30 -0.02 0 N (0, 1)
S6 4 50 -0.02 0 N (0, 1)
S7 4 50 -0.01 2 N (0, 1)
S8 4 30 -0.02 2 N (0, 1)
S9 4 50 -0.02 2 N (0, 1)
S10 4 50 -0.02 0 Exp(1)
S11 4 50 -0.02 2 Exp(1)
S12 3 15 -0.01 0 N (0, 1)
S13 3 30 -0.01 0 N (0, 1)
S14 3 50 -0.01 0 N (0, 1)
S15 3 15 -0.02 0 N (0, 1)
S16 3 30 -0.02 0 N (0, 1)
S17 3 50 -0.02 0 N (0, 1)
S18 3 50 -0.01 2 N (0, 1)
S19 3 50 -0.02 2 N (0, 1)
S20 3 50 -0.02 0 Exp(1)
S21 3 50 -0.02 2 Exp(1)

2.3 Simulated populations

For each scenario, 100 populations were simulated using functions of the IPMbook pack-

age (Schaub et al., 2023) parameterized with scenario-specific parameters (Table 2) and

other initial parameter values chosen for their relevance to the monitoring of the great

tit population (Table 1). True annual population size, stage-dependent m-arrays, and

observed counts of chicks at ringing, breeding females of known age and immigrants were

produced for each simulated population. The simpop function was modified to simulate

populations using density-dependent, stage-specific survival and fecundity (equations 3).

The annual numbers of immigrants of known and unknown ages were simulated as ran-

dom draws from a Poisson distribution with means of 20 and 5 individuals, respectively.

Immigrants of known age were then assigned stages using a multinomial distribution,
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with probabilities given by the mean annual stage proportion observed among the local

great tits. Simulated populations were filtered based on | log λS |< 0.01 (from time step

3) to keep only those that reached a stable dynamic state. In scenarios with increasing

and decreasing populations, we adjusted the set of initial parameter values (Appendix

S5) and the simulated strength of density dependence (β = −0.005). Simulated popu-

lations were filtered according to log λS (> 0.02 or < 0.02 corresponding to increasing

or decreasing temporal trends, respectively), as well as whether the population size at

the final time step exceeded or felt below twice the initial population size (for increasing

or decreasing populations, respectively). Estimates were compared with those obtained

from 30-year stable population time series simulated with the same strength of density

dependence.

2.4 Case study: Additional information on data and scenarios

Breeding great tits and offspring have been monitored in nest boxes since 1955 at Hoge

Veluwe National Park in the Netherlands (52◦02′N , 5◦51′E), a mixed pine-deciduous

wood of 171 ha. We focused on the study period 1973-2024 when the study area remained

the same size and the number of nest boxes was approximately constant (Jantzen &

Visser, 2023; Fig. 1). The population count Ct includes breeding females that were

locally born as offspring (mean annual sample size n = 36.6±16.5 in the 52-year dataset),

immigrants of known and unknown ages (n = 71.5 ± 16.2 and 12.5 ± 8.9, respectively),

and females with an unknown status (not identified or aged; n = 29.9 ± 12.5). Offspring

were ringed 7-10 days after hatchling. On average, 802.5± 201.1 offspring were produced

annually by breeding females of known age. Among immigrants of known age, most

were yearlings (> 56%) and could be easily distinguished from older individuals based

on plumage characteristics (Svensson, 1992). Alternatively, individuals had previously

been ringed and aged at the time of capture in mist nets in the study site. Females with

“Unknown” status are those that deserted the nest before ringing, or could not be caught

for any other reason. Capture-recapture data were available for 3,377 breeding females

of known age and 22,150 offspring ringed in the nest. In this population, the annual

recapture probability is high and fluctuated between 0.87 [0.79–0.93] (95% CI) and 0.95

[0.90–0.98] during the study period. Mean annual stage-specific survival ranged from

0.23 [0.19–0.27] for females of age 4+ to 0.45 [0.42–0.48] for females of age 2, with a low

offspring survival of 0.05 [0.04–0.05]. Mean annual fecundity ranged from 7.18 [7.07–7.28]

to 8.10 [7.94–8.26] offspring per female of age classes 1 and 2, respectively (estimated

from an IPM with stage-specific survival and fecundity and temporal random variation

over 52 years).

We examined the effect of study duration (15, 30 and 52 years) and model structure

(three or four stages) on the precision of density dependence estimates under six sce-
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narios (SGT1-SGT3 and SGT4-SGT6 for the four- and three-stage model, respectively).

Because the study period may influence the estimates, we compared four-stage models

using 15-year and 30-year-long time series starting in 1973 and in 1983 (SGT1b and

SGT2b). In addition, we fitted two scenarios based on 52 years of monitoring and a

negative exponential prior for βf,a (SGT7 and SGT8 with a four- and three-stage model,

respectively).

3 Results

3.1 Density dependence across all stage-specific demographic parameters

Based on a four-stage model and a simulated strength value of -0.02, we found accurate

estimates of the strength of density dependence across all stages for both fecundity and

survival, with very low bias, while precision varied with the time series length (Fig. 2A;

see coverage probabilities for corresponding scenarios S4-S6 in Table S1). Most of the

simulations converged, regardless of the scenarios. A gain in precision started with a

30-year time series and improved only slightly when the series length increased to 50

years (e.g., βs,1 = -0.022 95%CI[-0.044; 0.001] and -0.022 [-0.037; -0.001] with a 30-year

and 50-year time series, respectively). In contrast, precision is strongly reduced when the

model is based on a 15-year time series and posterior means tended to be more negative

(e.g., βs,1 = -0.029 95%CI[-0.085; 0.038]; Fig. 2A). Under this short time-series scenario,

between 64.4 and 86.7% of the converged simulations produced credible intervals for the

posterior means of density dependence that overlapped zero, depending on the stage-

specific demographic parameters. Positive strength estimates were also more common

among the simulations (Fig. 2B). Precision and bias were not sensitive to the prior used

for βf,a (Fig. 2A). We found consistent results when the simulated strength of density

dependence was set to -0.01 (Fig. S1-S2 in Appendix S3). Simplifying the model structure

to three stages yielded an increase in precision of the estimates for short time-series (15

years), under weaker simulated strength of density dependence (-0.01). For example,

with a simulated value of -0.01 and 15-year time series, βs,1 and βf,1 were estimated at

-0.014 [-0.036, 0.002] and -0.011 [-0.028, 0.002], respectively, using the three-stage model,

compared with -0.013 [-0.038, 0.012] and -0.012 [-0.029 0.004] using the four-stage model

(Fig. S1 and S3).

3.2 Density dependence set to zero for the two oldest stages

Including both density-dependent and density-independent demographic parameters in

the simulations strongly reduced model convergence (<47% of the 100 simulated pop-

ulations converged for scenarios S8, S9 and S11 with 30 or 50-year time series; Fig.

3A). Among converged simulations, the average posterior mean of the strength of den-
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sity dependence was close to the true values (-0.02 or 0), with precision increasing for

50-year time series. However, at the level of individual converged simulation (light blue

lines in Fig. 3B), posterior mean estimates of demographic parameters with a true den-

sity independence (f3−4+, s3−4+) remained highly variable even with long time series,

highlighting the difficulty in estimating strength when the true signal is absent. For all

other parameters, individual posterior mean relationships were consistent with both the

average posterior mean and simulated relationships (Fig. S4). Similar patterns were ob-

served with a three-stage IPM model, with low convergence (<27% of the 100 simulated

populations converged for scenarios S19 and S21; Fig. S5).
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Figure 2: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1–βf,4+) and survival (βs,0–βs,4+) estimated based on 15-,
30- and 50-year time series and different priors for βf,a (Scenarios S4-S6 and S10 with
a four-stage model). Only converged simulations were included, with the numbers of
converged populations indicated in brackets (out of 100). The simulated β value for
all demographic parameters was set to -0.02 (orange dashed line). Stage classes 0-4+
correspond to offspring, yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥
4 years. B. Density-dependent relationships for a subset of four demographic parameters
(f2, f3, s2 and s3) estimated from 15-, 30- and 50-year time series (Scenarios S4-S6).
Orange line: simulated relationship; Bold blue line: mean of the posterior means across
all converged simulations; Light blue lines: posterior mean for each individual converged
simulation.
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Figure 3: A. Average posterior mean of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1–βf,4+) and survival (βs,0–βs,4+) estimated based on 30-
and 50-year time series when density dependence was set to 0 for the two oldest stages,
and different priors for βf,a (Scenarios S8, S9 and S11 with a four-stage model). Only con-
verged simulations were included, with the numbers of converged populations indicated
in brackets (out of 100). The simulated β value for the demographic parameters was
set to -0.02 or 0 depending on the stage (orange points). Stage classes 0-4+ correspond
to offspring, yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥ 4 years.
B-D. Density-dependent relationships for a subset of two demographic parameters, f3
and s3, for which density dependence was simulated at zero, from 30- and 50-year time
series (Scenarios S8, S9 and S11). Orange line: simulated relationship; Bold blue line:
mean of the posterior means across all converged simulations; Light blue lines: posterior
mean for each individual converged simulation.
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3.3 Increasing and decreasing populations

The temporal trend of the simulated populations influenced the precision of stage-specific

density-dependence estimates (Fig. 4; Appendix S5). Precision was substantially lower

when populations exhibit a decreasing trend than in those with stable or increasing trends

(e.g., with a simulated value of -0.005, the average posterior means were βs,1 = -0.006

[-0.035; 0.018] for declining populations; -0.006 [-0.012; -0.002] for stable populations;

-0.006 [-0.013; 0.000] for increasing populations, with time series lasting 30 years; Fig.

4). Individual posterior means also showed high variability among converged simula-

tions when populations declined over time (Fig. S8B-S9B and S11B-S12B), indicating

low robustness of the estimates. As observed in previous stable population scenarios,

longer time series improved estimate reliability (bias and precision) in both increasing

and decreasing population scenarios.
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Figure 4: A. Examples of population trajectories showing decreasing, stable and increas-
ing trends over 30 years, when the strength of density dependence for all stage-specific
demographic parameters was simulated to be -0.005. B. Average posterior mean of den-
sity dependence (± 95% credible intervals) for stage-specific fecundity (βf,1–βf,4+) and
survival (βs,0–βs,4+) estimated from 15-, 30-, and 50-year time series of populations with
increasing or decreasing trends. Estimates were compared with those obtained from
30-year time series of stable populations (in grey). Only converged simulations were con-
sidered, with the numbers of converged populations indicated in brackets (out of 100).
The simulated β value for all demographic parameters was set to -0.005 (orange dashed
line). Stage classes 0-4+ correspond to offspring, yearlings, 2-year-old adults, 3-year-old
adults, and adults aged ≥ 4 years.
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3.4 Density dependence in the actual great tit population

A higher number of breeding females in the great tit population at the Hoge Veluwe

National Park tends to reduce all stage-specific survival probabilities and fecundity (Fig.

5). However, the strength of density dependence varied among stages and demographic

parameters. Negative density dependence was generally weaker for fecundity than for

survival probabilities. Among survival probabilities, the strongest effect was observed for

offspring survival, followed by survival of one- and two-year-old adult females. Consis-

tent with the results from the simulated populations, we found that longer time series

positively affected precision, with lower uncertainty for 30- and 50-year datasets. As

the time series length increased, the estimated strength of density dependence in stage-

specific fecundity tended to be weaker, while the negative density dependence in survival

was strengthened. Similar patterns were observed with a different prior for βf,a and a

simplified model structure (Appendix S6, Fig. S13).
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Figure 5: Posterior means of the strength of density dependence (± 95% credible intervals)
in stage-specific survival probabilities (βs,0-βs,4+) and fecundity (βf,1-βf,4+) estimated in
the great tit population according to the study duration and study period (scenarios
SGT1-3, 1b-2b).

4 Discussion

Our simulation study shows that IPMs with log and logit links on fecundity and survival

parameters generally estimate the strength of density dependence in such demographic

parameters without bias. The absence of bias is evidenced by posterior means of the

strength of density dependence averaged across the converged simulations, which closely

match the true simulated values across all tested scenarios. However, we found that the

posterior means vary substantially among the converged simulated populations (for a
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given scenario), particularly (i) for density-dependent effects on survival for which het-

erogeneous posterior means (low precision) persist with long-term time series, and (ii)

for demographic parameters where the true density-dependent effect was set to zero,

with both negative and positive effects being detected. The coverage probabilities of

the estimators were good (close to 1 − α), meaning that the credible intervals contained

the true values for the converged fraction of the simulations: the credible intervals for

density-dependence are not wrong, just broad. Broad intervals, however, can be badly

interpreted in practice. One study where zero is in the credible or confidence interval may

erroneously decide that density-dependence is negligible, while another may conclude to

strong density-dependence while the effect is just uncertain. Such variation in the esti-

mated strength of density dependence was already mentioned, though more briefly, in a

previous simulation study using a simpler two-stage model over a 10-year study period

(Abadi et al., 2012). One contribution of the present paper is therefore to show how this

low precision can persist in much richer datasets with a demographic model for fast life

histories that looks a bit more complicated, but not unreasonably so. We also show how

study duration, population trend and the complexity of the population structure chosen

in the IPM influence the bias and/or the precision of density dependence estimates. Bias

decreased and precision increased with time series length, quite logically. However, the

important point conveyed by our numerical experiment is that reliable estimates were

obtained only starting from 30-year surveys, in spite of the large quantity of capture-

recapture data complementing the counts. Moreover, increasing the time series length

did not improve estimator precision when the simulated strength (density-dependence

coefficient) was truly set to zero. The temporal trend (increasing, decreasing or stable) of

the simulated populations also influenced the precision of the density-dependent estimates

(i.e., variability in individual posterior means). With declining populations, density de-

pendence estimates showed low precision and more bias, whereas the opposite pattern

was observed with increasing populations. This can be explained by an asymmetry in

logistic-like population dynamics patterns: increasing populations have first exponential

growth then change convexity and saturate, so they can have a fast initial increase and

still contain a lot of information about density-dependence, while decreasing populations

from the same distance to equilibrium decline exponentially in a shorter time span. Sur-

vival parameters had to be modified to have visually declining populations for some time

(Table S3), and the parameters compatible with such declines led to lower precision. In

our particular case, increasing populations did not improve the inference anyway, which

may be due to the fact that the populations already fluctuate wildly around the equi-

librium (different results on increasing vs stable populations can be found when there is

less “signal” in the dynamics, Barraquand and Gimenez, 2019). Precision also tended to

increase when the population structure was reduced to three adult stages, particularly

for short time series (15 years) and under weaker simulated density dependence (-0.01
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compared to -0.02; Fig S1), suggesting that simpler structures may be preferable when

data are limited. Another idea might be to use 90% credible or confidence intervals.

When the model was substantially complicated by allowing each stage to contribute

differently to stage-specific density-dependent effects (Appendix S3), the IPM either failed

to converge (four-stage model) or converged in only nine simulated populations (three-

stage model; by increasing the number of iterations to 60,000 with a 20,000 burn-in,

convergence was reached for 58 populations; see Appendix S3). In the latter case, accurate

estimates of density-dependent effects were obtained solely for the influence of 1-year-old

breeding females on demographic parameters. This suggests limitations in using density-

dependent IPMs with full stage-by-stage density dependence matrices (a total of 21 and 34

density dependent parameters with a three- and four-stage model, respectively, instead

of 7-9 in other scenarios), at least for populations with demographic features and life

history similar to those of the Dutch population of great tits (i.e., given the number of

ringed breeding females, population size and high recapture probability).

In the studied great tit population, we found evidence of negative density dependence

in all stage-specific demographic parameters, with stronger effects on survival probabili-

ties, especially for survival in the first year of life. These results are in line with previous

studies in this population (Both et al., 1999; Gamelon et al., 2016; Reed, Jenouvrier,

et al., 2013). Using either a two-step, a posteriori approach with an IPM (Gamelon et

al., 2016) or a general framework to quantify stage contributions to density dependence

in stage-structured populations (Lande et al., 2023), breeding females in their first year

of reproduction (yearlings) were identified as the stage having the greatest influence on

demographic parameters and population growth. Based on our simulation results, such

effects appear difficult to quantify using the integrative approach (i.e., estimating density

dependence directly within the IPM). In this context, comparing the integrative method

and the two-step, a posteriori approach (i.e., estimating density dependence using regres-

sions with estimates from a time-varying IPM) will be useful to identify the limitations of

each approach, and determine which, if any, is applicable when the time series are short

and/or when the number of density dependent parameters to estimate is high relative

to the study duration, the mean population size and data collected. Consistent with

statistical logic and the results on simulated populations, estimates and their precisions

in the great tit population tended to be improved with longer time-series. 95% credible

intervals excluded zero for all estimates of density dependence in stage-specific fecundity

(four-stage model) from 15-year time series onward. For survival, however, credible in-

tervals excluded zero only with time series of at least 30 years for the youngest adult

stages and 50 years at least for the oldest stages (Fig. 5). This suggests that substantial

monitoring is needed to parameterize stage-structured IPMs even for species with fast

life histories.

Overall, IPMs can be a useful tool for quantifying density dependence of stage-specific
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demographic parameters in fast-living species (e.g., small passerines and rodents). How-

ever, reliable and precise estimates require careful selection of the population structure

and a sufficiently long time series. Our simulations and analyses of great tit data indi-

cate that accurate quantification of density dependence in all stage-specific demographic

parameters is only possible when long time-series (more than 20 years) from a popula-

tion with stable (fluctuating) or increasing dynamics are available, and when the model

structure is adapted to both the data available and the life history of the studied species.

However, convergence issues and biased estimates may still arise when some stage-specific

demographic parameters are truly density-independent. In our simulation framework, no

individual or environmental covariate was included in the model. In the great tit popu-

lation, population dynamics is known to be influenced by the combined effects of density

dependence and environmental stochasticity due to annual variation in beech crops and

winter temperature (Grøtan et al., 2009; Perdeck et al., 2000). Including such covariates

into the model may be particularly important for quantifying both density-dependent and

density-independent drivers. However, increasing model complexity by adding such co-

variates may affect model outcomes, in particular by reducing precision in the estimates

of the strength of density dependence. At the same time, covariates may sometimes

improve parameter identifiability (Cole, 2020); making it difficult to predict in which

direction inserting covariates will change model performance.

In this long-term nest-box monitoring program, the annual recapture probability is

high (pt > 0.8), which may not be typical of other populations with similar life histories.

Decreasing it (pt simulated between 0.1 and 0.3) reduced the convergence rate and was

associated with lower precision, and to a lesser extent higher bias, of stage-specific density

dependence estimates for survival probabilities, while having little effect on fecundity

estimates (e.g., for a simulated value of -0.02, the average posterior means for 2-year-old

females were βs,2 = -0.027 [-0.101; 0.039] and βf,2 = -0.023 [-0.040; -0.001] in populations

with low recapture probability; and βs,2 = -0.021 [-0.043; 0.000] and βf,2 = -0.024 [-0.039; -

0.004] in populations with high recapture probability, considering 50-year time series; Fig.

S14, Appendix S7). Extending our simulation approach to a wider range of life histories,

particularly those with more complex stage structures or whose demographic processes

are best described by multi-state capture-recapture models (e.g., slower life histories),

and those with limited data (e.g., threatened or elusive species), could help provide a

more comprehensive view of the potential of IPMs for investigating density-dependent

effects at the demographic parameter and population levels.

Data and code availability

Code and data are available at: https://github.com/christielecoeur/Density-dependence-

in-IPMs-for-fast-living-species.git
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Supporting information

S1. Differences between the present Integrated Population Model (IPM) and

the model of Gamelon et al. (2016)

The IPM developed here builds upon the IPM presented by Gamelon et al. (2016) for

the same study population. Both models are female-based, structured into four stages

(breeding females of 1 year old, 2 year old, 3 year old, and those aged at least 4 years) with

a pre-breeding survey, and integrating the same demographic data sources. Nevertheless,

the current implementation includes several methodological modifications. The main dif-

ference between the two models lies in the analysis of density dependence of demographic

parameters. In the present study, density dependence was estimated directly within

the IPM framework using an integrated approach. In contrast, Gamelon et al. (2016)

adopted a two-step, a posteriori approach, by first fitting a density-independent IPM in

which demographic parameters varied through time, and then, regressing the estimated

demographic parameters against the estimated population size to infer density-dependent

coefficients.

Additional changes relative to the model of Gamelon et al. (2016) are outlined below:

• Juvenile capture–recapture data were incorporated into the IPM, allowing juvenile

survival and its density dependence to be estimated directly within the IPM;

• We modelled density dependence of fecundity rather than of fertility (i.e., recruit-

ment): this allows to separate effects on fecundity and juvenile survival;

• We did not include a residual variance–covariance matrix to account for correlated

temporal variation among demographic parameters.

Reference: Gamelon, M., Grøtan, V., Engen, S., Bjørkvoll, E., Visser, M. E., & Sæther,

B. E. (2016). Density dependence in an age-structured population of great tits: identify-

ing the critical age classes. Ecology, 97(9), 2479-2490.
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S2. Coverage probability

Table S1: Coverage probability of the density dependence estimates (βf,a and βs,a) for
the 21 scenarios (described in Table S2). Among the converged simulations, the coverage
probability for a parameter corresponds to the proportion of simulations in which the
95% credible interval (CI) contains the true parameter value.

Scenarios
N° of converged

simulations
βf,1 βf,2 βf,3 βf,4+ βs,0 βs,1 βs,2 βs,3 βs,4+

S1 81 0.93 0.99 0.98 0.93 0.96 0.94 0.95 0.99 0.94
S2 97 0.92 0.93 0.91 0.96 0.94 0.93 0.95 0.96 0.95
S3 99 0.96 0.95 0.92 0.95 0.93 0.97 0.98 0.99 0.95
S4 90 0.94 0.96 0.91 0.94 0.94 0.97 0.93 0.98 0.97
S5 100 0.95 0.96 0.95 0.96 0.94 0.94 0.93 0.93 0.97
S6 100 0.94 0.97 0.93 0.98 0.96 0.96 0.95 0.96 0.94
S7 22 0.95 0.95 0.95 0.95 0.95 0.91 0.91 0.91 1.00
S8 40 0.95 0.98 0.95 0.93 0.93 0.93 0.98 0.98 1.00
S9 46 0.96 1.00 0.93 0.89 0.93 0.93 0.96 0.91 0.96
S10 100 0.97 0.99 0.95 0.99 0.95 0.96 0.95 0.95 0.94
S11 43 0.95 0.95 0.95 0.95 0.95 0.95 0.93 0.95 0.95
S12 85 0.93 0.99 0.89 - 0.96 0.91 0.95 0.95 -
S13 89 0.97 0.97 0.93 - 0.90 0.97 0.99 0.98 -
S14 93 0.91 0.90 0.94 - 0.94 0.95 0.91 0.96 -
S15 88 0.94 0.96 0.90 - 0.92 0.96 0.98 0.95 -
S16 99 0.95 0.95 0.94 - 0.94 0.91 0.97 0.91 -
S17 100 0.92 0.96 0.92 - 0.94 0.98 0.91 0.95 -
S18 7 1.00 0.86 1.00 - 1.00 0.86 1.00 0.71 -
S19 24 1.00 0.92 0.92 - 0.92 0.92 0.92 1.00 -
S20 99 0.94 0.96 0.94 - 0.94 0.96 0.90 0.95 -
S21 26 0.96 0.92 0.96 - 0.96 0.85 0.96 0.96 -
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Table S2: List of the 21 scenarios. Scenarios varied according to the structure of the
population model (three or four stages), the time series length, the strength of density-
dependence βs,a and βf,a, the number of stages with density-dependence set to zero (0 or 2,
for the two oldest stages) and the prior used for βf,a. We assumed either βfa ∼ N (0, 1) or
βfa = −θa, with θa ∼ Exp(1) as priors. In scenarios S10 and S21 with density dependence
set to 0 for two stages, βfa = −θa+0.05 was applied to include 0 in the prior distribution.
DD: density dependence.

Scenarios
Stage structure
of the model

Time series
length

(in years)

DD
strength

N. stages with
DD set to 0

Prior for
βf,a

S1 4 15 -0.01 0 N (0, 1)
S2 4 30 -0.01 0 N (0, 1)
S3 4 50 -0.01 0 N (0, 1)
S4 4 15 -0.02 0 N (0, 1)
S5 4 30 -0.02 0 N (0, 1)
S6 4 50 -0.02 0 N (0, 1)
S7 4 50 -0.01 2 N (0, 1)
S8 4 30 -0.02 2 N (0, 1)
S9 4 50 -0.02 2 N (0, 1)
S10 4 50 -0.02 0 Exp(1)
S11 4 50 -0.02 2 Exp(1)
S12 3 15 -0.01 0 N (0, 1)
S13 3 30 -0.01 0 N (0, 1)
S14 3 50 -0.01 0 N (0, 1)
S15 3 15 -0.02 0 N (0, 1)
S16 3 30 -0.02 0 N (0, 1)
S17 3 50 -0.02 0 N (0, 1)
S18 3 50 -0.01 2 N (0, 1)
S19 3 50 -0.02 2 N (0, 1)
S20 3 50 -0.02 0 Exp(1)
S21 3 50 -0.02 2 Exp(1)

S3. Density dependence across all stage-specific demographic parameters

• Comparison between scenarios when two model structures and two true

(simulated) values of density dependence were applied
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Figure S1: Average posterior means of density dependence (± 95% credible intervals) for stage-specific fecundity and survival estimated
based on different model structure (A. four-stage models; B. three-stage models), different strength of density dependence (top panels:
-0.01; bottom panels: -0.02; orange dashed lines: simulated strength), time series length (15-, 30- and 50-year time series) and different
priors for βf,a (a normal prior or a negative exponential distribution). Only converged simulations were considered, with the numbers of
converged populations indicated in brackets (out of 100) for each scenario. In a four-stage model, stages 0-4+ correspond to offspring,
1-year-old, 2-year-old, 3-year-old adults, and adults aged ≥ 4 years. In a three-stage model, stages 0-3+ are offspring, 1-year old, 2-year-
old, and adults aged ≥ 3 years.
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• Scenarios S1-S3: A four-stage model with true density dependence esti-

mates set to -0.01 for all stage-specific survival and fecundity
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Figure S2: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based on 15-,
30- and 50-year time series and different priors for βf,a (Scenarios S1-3 with four-stage
models). Only converged simulations were included, with the numbers of converged
populations indicated in brackets (out of 100). The simulated β value for all demographic
parameters was set to -0.01 (orange dashed line). Stage classes 0-4+ correspond to
offspring, yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥ 4 years. B.
Density-dependent relationships for a subset of four demographic parameters (f2, f3,
s2 and s3) estimated from 15-, 30- and 50-year time series. Orange line: simulated
relationship; Bold blue line: mean of the posterior means across all converged simulations;
Light blue lines: posterior mean for each individual converged simulation.
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• Scenarios S15-S17, S20: A three-stage model with true density depen-

dence estimates set to -0.02 for all stage-specific survival and fecundity
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Figure S3: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,3+) and survival (βs,0-βs,3+) estimated based on 15-,
30- and 50-year time series and different priors for βf,a (Scenarios S15-S17, S20 with
three-stage models). Only converged simulations were included, with the numbers of
converged populations indicated in brackets (out of 100). The simulated β value for
all demographic parameters was set to -0.02 (orange dashed line). Stage classes 0-3+
correspond to offspring, yearlings, adults of age 2 and adults of age 3+. B. Density-
dependent relationships for a subset of four demographic parameters (f2, f3+ , s2 and
s3+) estimated from 15-, 30- and 50-year time series (Scenarios S15-S17). Orange line:
simulated relationship; Bold blue line: mean of the posterior means across all converged
simulations; Light blue lines: posterior mean for each individual converged simulation.
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• Additional scenario: stage-specific abundances contribute to density reg-

ulation of the stage-specific survival and fecundity

From 50-year datasets and a four-stage population model, we examined precision

and bias of the strength of density dependence in a more complex model where

each stage-specific abundance can contribute to the density regulation of the stage-

specific survival and fecundity, as:

logit(sa,t) = αs,a + βs,a,1N1,t + βs,a,2N2,t + βs,a,3N3,t + βs,a,4+N4+,t + εsa,t,

with εs,a,t ∼ N (0, σ2
s,a)

logit(fa,t) = αf,a + βf,a,1N1,t + βf,a,2N2,t + βf,a,3N3,t + βf,a,4+N4+,t + εfa,t,

with εf,a,t ∼ N (0, σ2
f,a)

(7)

We set each βs,a,1:4+ and βs,a,1:4+ to −0.02. Converged simulations were filtered

by applying R̂ < 1.1 and effective sample size > 50 for all αs,a, αf,a, βs,a,1:4+ and

βf,a,1:4+ . Among the 100 simulated populations, none achieved convergence for all

parameters.

We applied the same scenario using a three-stage model. Only nine simulations

out of 100 simulated populations achieved convergence. Among the nine converged

simulations, the negative effect of 1-year-old breeding females on the stage-specific

demographic parameters was accurately estimated (no bias, βs,a,1:3+ and βs,a,1:3+

around -0.02). In contrast, density dependence effects of older breeding females on

the stage-specific fecundity and survival were estimated to zero (instead of -0.02),

with more uncertainty in βs,a,1:3+ , indicating that the IPM cannot infer correctly

how different stages contribute to density dependence effects in the simulated pop-

ulations, given the model settings and number of iterations applied in this study

(see methods and Table 2 in the main body of the manuscript). By increasing the

number of iterations to 60,000 with a 20,000 burn-in, convergence was reached in 58

populations, and we found similar patterns to those obtained with fewer iterations.
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S4. Density dependence set to zero for the two oldest stages
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Figure S4: Density-dependent relationships for the stage-specific fecundity (f1-f4+) and
survival (s0-s4+) estimated from scenario S9 with a four-stage model, when density de-
pendence was set to 0 for the two oldest stages, using a 50-year time series. Orange line:
simulated relationship; Bold blue line: mean of the posterior means across all converged
simulations; Light blue lines: posterior mean of each individual converged simulation.
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Figure S5: With a three-stage IPM model. A. Average posterior means of density de-
pendence (± 95% credible intervals) for stage-specific fecundity (βf,1-βf,3+) and survival
(βs,0-βs,3+) estimated based on 50-year time series when density dependence was set to 0
for the two oldest stages, and different priors for βf,a (Scenarios S19 and S21 with three-
stage models). Only converged simulations were included, with the numbers of converged
populations indicated in brackets (out of 100). The simulated β value for all demographic
parameters was set to -0.02 (orange dashed line). Stages 0-3+ correspond to offspring,
yearlings, adults of age 2 and adults of age 3+. B. Density-dependent relationships for
a subset of four demographic parameters (f2, f3+ , s2 and s3+) estimated from 50-year
time series (Scenarios S19 and S21). Orange line: simulated relationship; Bold blue line:
mean of the posterior means across all converged simulations; Light blue lines: posterior
mean for each individual converged simulation.
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• Two additional scenarios with a three-stage IPM model and density in-

dependence for the oldest stage only, with a normal prior distribution

or a negative exponential distribution for βf,a.
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Figure S6: A. Average posterior means of density dependence (± 95% credible inter-
vals) for stage-specific fecundity (βf,1-βf,3+) and survival (βs,0-βs,3+) estimated based on
50-year time series when density dependence was set to 0 for the oldest stage only, and
different priors for βf,a. Only converged simulations were included, with the numbers
of converged populations indicated in brackets (out of 100). The simulated β value for
all demographic parameters was set to -0.02 (orange dashed line). Stage classes 0-3+
correspond to offspring, yearlings, adults of age 2 and adults of age 3+.
B. Density-dependent relationships for the two density-independent demographic param-
eters (f3+ and s3+) estimated from 50-year time series and different prior distribution for
βf,a. Orange line: simulated relationship; Bold blue line: mean of the posterior means
across all converged simulations; Light blue lines: posterior mean for each individual
converged simulation.
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S5. Populations with increasing and decreasing trends

Populations were simulated to exhibit a decreasing or increasing temporal trend, based on

the parameter values provided in Table S3. We tested six scenarios where the simulated

populations displayed positive (SI1-SI3) or negative temporal trends (SD1-SD3), using

time series of 15 years, 30 years or 50 years, and a four-stage IPM (Fig. S8 and S11). The

strength of density dependence was simulated to be -0.005. In each case, we considered

two additional scenarios, based on 30 years or 50 years of monitoring, in which strength

of density dependence was set to 0 for the two oldest stages (SD4-SD5 and SI4-SI5; Fig.

S9 and S12). Estimates were compared with those obtained from 30-year time series of

populations with a stable trend, when the strength of density dependence for all stage-

specific demographic parameters was simulated to be -0.005.

For each scenario, the 100 simulated populations were filtered according to log λS

(> 0.02 or < 0.02, corresponding to increasing or decreasing trends, respectively), as well

as whether the population size at the final time step exceeded or felt below twice the

initial population size (for increasing or decreasing populations, respectively).

Table S3: Initial values and default parameters used to simulate each of the 100 pop-
ulations with a declining or increasing trend, using a four-stage model. σfa and σsa:
temporal standard deviation of stage-specific survival and fecundity, respectively; CR:
capture-recapture data; maxAge: maximum number of age classes that can be identified
at first capture.

Parameters Decreasing trend Increasing trend

Initial population vector (Ni) Ni = (30, 30, 30, 2) Ni = (0, 5, 5, 5)
Maximum fecundity per stage (fmax) fmax = (7, 7, 7, 7)
Maximum survival per stage (smax) smax = (0.1, 0.6, 0.6, 0.6, 0.6) smax = (0.4, 0.9, 0.9, 0.8, 0.8)
σfa and σsa σfa = 0.5, σsa = 0.4
Breeding probability and sex-ratio pBreed = 0.9, sex-ratio = 0.5
Probability to find a brood 0.8
CR – Initial capture probability 0.7
CR – Annual recapture probability (p) p ∼ Uniform(0.7, 0.9)
CR – maxAge 5
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• Populations with declining trends
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Figure S7: Simulated trajectories and observed counts for four populations over 50 years,
showing a declining trend.

34



-0.005

-0.1

0.0

bf,1 bf,2 bf,3 bf,4+ bS,0 bS,1 bS,2 bS,3 bS,4+

E
st

im
at

e 
(m

ea
n

 ±
 9

5%
 C

I)

Simulated value Scenarios: 15 years (21/100) 30 years (87/100) 50 years (100/100)

A

15-year time series 30-year time series 50-year time series

0.0
2.5
5.0
7.5

10.0
12.5

0 100 200 300 400 500

f 2

simulated
estimated

B

0.0
2.5
5.0
7.5

10.0
12.5

0 100 200 300 400 500

f 2

simulated
estimated

0.0
2.5
5.0
7.5

10.0
12.5

0 100 200 300 400 500

f 2

simulated
estimated

0.0
2.5
5.0
7.5

10.0
12.5

0 100 200 300 400 500

f 3

0.0
2.5
5.0
7.5

10.0
12.5

0 100 200 300 400 500

f 3

0.0
2.5
5.0
7.5

10.0
12.5

0 100 200 300 400 500

f 3

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 2

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 2

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 2

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 3

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 3

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 3

Population size (breeding females only)

Figure S8: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based on 15-,
30- and 50-year time series in decreasing populations (four-stage models). Only con-
verged simulations were included, with the numbers of converged populations indicated
in brackets (out of 100). The simulated β value for all demographic parameters was set
to -0.005 (orange dashed line). Stage classes 0-4+ correspond to offspring, yearlings,
2-year-old adults, 3-year-old adults, and adults aged ≥ 4 years. B. Density-dependent
relationships for a subset of four demographic parameters (f2, f3, s2 and s3) estimated
from 15-, 30- and 50-year time series. Orange line: simulated relationship; Bold blue line:
mean of the posterior means across all converged simulations; Light blue lines: posterior
mean for each individual converged simulation.
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Figure S9: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based on 30-
and 50-year time series in decreasing populations (four-stage models), when demographic
parameters of breeding females of age 3 and 4+ are density independent (βf,3, βf,4+ , βs,3

and βs,4+ are set to 0). Only converged simulations were included, with the numbers
of converged populations indicated in brackets (out of 100). The simulated β value for
all density-dependent demographic parameters was set to -0.005. Stage classes 0-4+
correspond to offspring, yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥
4 years. B. Density-dependent relationships for a subset of four demographic parameters
(f3, f4+ , s3 and s4+) estimated from 30- and 50-year time series. Orange line: simulated
relationship; Bold blue line: mean of the posterior means across all converged simulations;
Light blue lines: posterior mean for each individual converged simulation.
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• Populations with increasing trends
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Figure S10: Simulated trajectories and observed counts for four populations over 50 years,
showing an increasing trend.
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Figure S11: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based on 15-,
30- and 50-year time series in populations with increasing trends (four-stage models).
Only converged simulations were included, with the numbers of converged populations
indicated in brackets (out of 100). The simulated β value for all demographic parame-
ters was set to -0.005 (orange dashed line). Stage classes 0-4+ correspond to offspring,
yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥ 4 years. B. Density-
dependent relationships for a subset of four demographic parameters (f2, f3, s2 and s3)
estimated from 15-, 30- and 50-year time series. Orange line: simulated relationship;
Bold blue line: mean of the posterior means across all converged simulations; Light blue
lines: posterior mean for each individual converged simulation.

38



-0.005

0.000

bf,1 bf,2 bf,3 bf,4+ bS,0 bS,1 bS,2 bS,3 bS,4+

E
st

im
at

e 
(m

ea
n

 ±
 9

5%
 C

I)

Scenarios 30 years (49/100) 50 years (47/100) Simulated value

A

30-year time series 50-year time series

0

10

20

30

0 100 200 300 400 500

f 3

simulated
estimated

B

0

10

20

30

0 100 200 300 400 500

f 3
simulated
estimated

0

10

20

30

0 100 200 300 400 500

f 4
+

0

10

20

30

0 100 200 300 400 500

f 4
+

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 3

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 3

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 4
+

0.00

0.25

0.50

0.75

1.00

0 100 200 300 400 500

s 4
+

Population size (breeding females only)

Figure S12: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based on 30- and
50-year time series in increasing populations (four-stage models), when demographic pa-
rameters of the last two stages are density independent (βf,3, βf,4+ , βs,3 and βs,4+ are set
to 0). Only converged simulations were included, with the numbers of converged popu-
lations indicated in brackets (out of 100). The simulated β value for density-dependent
demographic parameters was set to -0.005. Stage classes 0-4+ correspond to offspring,
yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥ 4 years. B. Density-
dependent relationships for a subset of four demographic parameters (f3, f4+ , s3 and s4+)
estimated from 30- and 50-year time series. Orange line: simulated relationship; Bold
blue line: mean of the posterior means across all converged simulations; Light blue lines:
posterior mean for each individual converged simulation.
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S6. Density dependence in the great tit population

• Using a three-stage model
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Figure S13: Posterior means of density dependence (± 95% credible intervals) of stage-
specific survival (βs,0-βs,3+) and fecundity (βf,1-βf,3+) estimated in the great tit population
with a three-stage model, according to the study duration from 1973 (scenarios SGT4-6).
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S7. Scenarios of density dependence in populations with low recapture prob-

ability

Four scenarios were tested in which we modelled the annual recapture probability p as a

random variable drawn from a uniform distribution on the interval [0.1, 0.3], and a initial

capture probability of 0.5. In scenarios with high recapture probability (Tables 1-2 in

the main body of the manuscript), the interval chosen for p was [0.7, 0.9] and the initial

capture probability was set to 0.7. The first two scenarios correspond to populations

where all demographic parameters are subject to density dependence (strength = −0.02),

with time series lasting 30 or 50 years. In the remaining two scenarios (30- and 50-year

time series), density dependence (strength = −0.02) was applied to the first stages,

whereas it was set to zero for the final two stages (breeding females of age 3 and 4+).

Except for the recapture probability, the initial parameters used to simulate populations

were the same as those described in Table 2 (main body of the manuscript).
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Figure S14: A. Average posterior means of density dependence (± 95% credible in-
tervals) for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based
on 30- and 50-year time series in population with a low annual recapture probability
(four-stage models). Only converged simulations were included, with the numbers of
converged populations indicated in brackets (out of 100). The simulated β value for
density-dependent demographic parameters was set to -0.02. Stage classes 0-4+ corre-
spond to offspring, yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥ 4
years. B. Density-dependent relationships for a subset of four demographic parameters
(f2, f3, s2 and s3) estimated from 30- and 50-year time series of populations with a low
or high recapture probability. Orange line: simulated relationship; Bold blue line: mean
of the posterior means across all converged simulations; Light blue lines: posterior mean
for each individual converged simulation.
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Figure S15: A. Average posterior means of density dependence (± 95% credible intervals)
for stage-specific fecundity (βf,1-βf,4+) and survival (βs,0-βs,4+) estimated based on 30- and
50-year time series of populations with low or high annual recapture probabilities (four-
stage models), when survival and fecundity of the last two stages are density independent
(βf,3, βf,4+ , βs,3 and βs,4+ are set to 0). Only converged simulations were included, with
the numbers of converged populations indicated in brackets (out of 100). The simulated β
value for density-dependent demographic parameters was set to -0.02. Stage classes 0-4+
correspond to offspring, yearlings, 2-year-old adults, 3-year-old adults, and adults aged ≥
4 years. B. Density-dependent relationships for a subset of four demographic parameters
(f3, f4+ , s3 and s4+) estimated from 30- and 50-year time series of populations with a
low or high recapture probability, when survival and fecundity of the last two stages are
density independent. Orange line: simulated relationship; Bold blue line: mean of the
posterior means across all converged simulations; Light blue lines: posterior mean for
each individual converged simulation.
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