
S T A T I S T I C A L R E PORT

Estimating latent individual demographic heterogeneity
using structural equation models

Thomas V. Riecke1,2 | Rémi Fay3 | Johann Hegelbach4 |

Pierre-Alain Ravussin5 | Daniel Arrigo6 | Michael Schaub1

1Swiss Ornithological Institute, Sempach,
Switzerland
2Wildlife Biology Program, Department of
Ecosystem and Conservation Science,
University of Montana, Missoula,
Montana, USA
3Laboratoire de Biométrie et Biologie
�Evolutive, Unité Mixte de Recherche
(UMR) 5558, Université Claude Bernard
Lyon 1, CNRS, VetAgro Sup,
Villeurbanne, France
4Department of Evolutionary Biology and
Environmental Studies, University of
Zurich, Zurich, Switzerland
5Baulmes, Switzerland
6Nidau, Switzerland

Correspondence
Thomas V. Riecke
Email: thomasvanceriecke@gmail.com

Handling Editor: Madan K. Oli

Abstract

Understanding the drivers of fitness is a key goal of population and evolutionary

ecology. However, measuring individual variation in demographic components

in imperfectly observed populations of wild organisms is extremely challenging.

Recent research has demonstrated that estimates of fixed individual variation in

Bernoulli variables (e.g., survival and breeding propensity) are often unreliable

in the face of imperfect detection and small sample sizes. Thus, we demonstrate

the use of structural equation modeling approaches to simultaneously estimate

latent variation in demographic performance and link said variation to individ-

ual demographic components. We demonstrate the use of this approach with

30+ year capture–recapture datasets collected on two passerine species

(white-throated dipper, Cinclus cinclus, and pied flycatcher, Ficedula

hypoleuca) and simultaneously estimate latent variation in individual quality

and age-specific variation in demographic components. We found senescent

decline in survival and fecundity in both species and demonstrated strong

among-individual heterogeneity in demographic performance. Notably, the

residual reproductive value of older individuals of higher quality was greater

than younger individuals of reduced and average quality. We demonstrate that

this approach may be useful in a variety of situations, discuss its limitations,

and make suggestions for future research.
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INTRODUCTION

Understanding age-specific variation and fixed or static
individual heterogeneity in demographic parameters
such as survival and fecundity (Fay, Authier, et al., 2022;
Forsythe et al., 2021; Gimenez et al., 2018; Hamel
et al., 2018; Monaghan et al., 2008; Nussey et al., 2008)

is critical for an understanding of individual fitness
(Newton, 1989; Stearns, 1992). The accurate estimation of
age-specific changes in demographic parameters is depen-
dent on the accurate estimation of latent individual hetero-
geneity, as average patterns at the population level often do
not match within individual rates of decline due to selective
disappearance (Nussey et al., 2008; Vaupel & Yashin, 1985).
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For example, if survival and fecundity are positively
correlated within individuals (Cam et al., 2002; Fay,
Hamel, et al., 2022), individuals with higher latent fecun-
dity will be overrepresented in later age classes as less
fecund individuals who also have lower survival probabil-
ities will disappear from the population early in life
(Vedder & Bouwhuis, 2018).

Previous approaches for estimating age-specific demo-
graphic parameters have often relied on specifying
individual random effects or “frailties” (e.g., Marzolin
et al., 2011; Vaupel et al., 1979) to control for latent, or
unmeasured, fixed among-individual variation in demo-
graphic performance. When more than one demographic
component is estimated, bivariate or multivariate normal
distributions are often used to separately assess fixed
individual variation in each demographic component
around population means, and simultaneously estimate
correlations among demographic components as well
as linear (Cam et al., 2002), nonlinear (Marzolin
et al., 2011), or categorical (Fay et al., 2021) effects of age.
Critically, recent research has revealed that accurately
estimating among-individual variance in imperfectly
observed Bernoulli variables can be challenging (Fay,
Authier, et al., 2022), even given substantial sample sizes.
Further, inappropriate Bayesian priors can lead to overes-
timates of variance in individual heterogeneity and
underestimates of correlations among demographic com-
ponents (Fay, Authier, et al., 2022; Riecke et al., 2019).
Beyond these obvious problems, these challenges can also
lead to inaccurate estimates of the shape and rate of
senescent decline or the effects of other covariates on
different demographic components. Thus, developing
models that can accurately estimate individual heteroge-
neity and relationships among demographic components
will be critical for improving estimates of individual fit-
ness in imperfectly observed populations of organisms.

Causal, or structural equation, models have been
rapidly growing in popularity to address complex eco-
logical problems (e.g., Frauendorf et al., 2021; Grace
et al., 2010) and previous work on the estimation of
individual “quality” has suggested the use of causal
models (Wilson & Nussey, 2010). However, structural
equation models have not yet been applied to estimate
individual heterogeneity in demographic performance
in capture–recapture frameworks. In this paper, we
demonstrate the use of structural equation models
(Cubaynes et al., 2012; Grace et al., 2010; Pearl, 2000)
and longitudinal capture–recapture and fecundity data
to simultaneously estimate fixed latent individual
heterogeneity in demographic performance, as well as
linkages between this heterogeneity and survival and
reproduction. Thus, rather than estimating an individ-
ual random effect for every measured demographic

component and estimating correlations among demographic
components (Cam et al., 2002; Fay, Hamel, et al., 2022),
using structural equation models we estimate a single latent
“quality” for each individual, and relationships between that
latent quality and demographic components. This reduces
the number of parameters researchers must estimate while
retaining a similar underlying model structure. We apply
these models to data collected on pied flycatchers
(Ficedula hypoleuca; 1980–2016) and white-throated dip-
pers (Cinclus cinclus; 1989–2018) breeding in Switzerland,
and estimate age-specific demographic rates, latent individual
heterogeneity in demographic performance (Cubaynes
et al., 2012), and relationships between latent quality
and demographic components for each species. We then
calculate the apparent (i.e., local) residual reproductive
value of individuals of differing latent demographic qual-
ities at different age classes and discuss the implications
of this new modeling tool for estimating latent variation
in individual quality in imperfectly observed populations
of wild organisms.

METHODS

Pied flycatcher populations were monitored at Baulmes
(1980–2016; 46.7894� N, 6.5225� E) and Corcelles-près-
Concise/Onnens, Switzerland (1987–2016; 46.8400� N,
6.7070� E). Juveniles were uniquely marked as nestlings,
and adult females were marked and recaptured at nest boxes
during egg laying, incubation, or brood rearing. See Fay
et al. (2021) for further details regarding pied flycatcher
data collection. Dipper populations were monitored along
three streams, Sihl, Werlenbach, and Küsnachterbach,
near Zurich (1989–2018; 47.3777� N, 8.5369� E). Nestlings
were uniquely marked with rings, and later recaptured
and marked with a unique combination of plastic bands.
Adults and recruiting offspring were resighted and
recaptured throughout the year. See Becker et al. (2015)
for further details regarding dipper data collection. The
data (Y) were then summarized in a three-dimensional
array where rows represent individuals (i), columns rep-
resent years (t), the first “layer” of the array (yi,t,1) consists
of the mark-reencounter data (1: observed, 0: not
observed), and the second “layer” of the array (yi,t,2) con-
sists of the number of local recruits produced during a
breeding season (t) by each individual (i). Notably, both
juveniles and adults can disperse outside of the bounds of
both study areas. Thus, the results we present here are also a
function of both natal and adult dispersal, and presumably
underestimate both true survival and reproductive success.

We used the same model for the dipper and flycatcher
datasets, and included individuals of both known and
unknown age. To include individuals of unknown age,
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we estimated the age of each individual i during its first
observed breeding attempt (f i) given an age distribution
(π), ai,f i � categorical πð Þ. We allowed for first observed
breeding from one to seven years of age, where we speci-
fied vague priors for each age class (k), π�k � gamma 1, 1ð Þ,
and then derived age-specific probabilities of first

encounter, πk ¼ π�kP
π�
. Individuals aged between years,

where ai,t+1 ¼ ai,t +1 following each individual’s initial
encounter.

We modeled the observation of each individual dur-
ing each year (yi,t,1) as a function of individual latent state
(zi,t; 1= alive, 0= dead) and year-specific detection prob-
ability (pt), and we modeled each ringed individual’s
latent state (zi,t) as a function of an individual (i) and
year-specific (t) survival probability (ϕi,t),

yi,t,1 �
Bernoulli ptð Þ, zi,t ¼ 1

0, zi,t ¼ 0

(
,

zi,t �
Bernoulli ϕi,t− 1

� �
, zi,t− 1 ¼ 1

0, zi,t− 1 ¼ 0

(
:

ð1Þ

We first estimated latent heterogeneity in quality (η)
among individuals for each species with a vague prior for
variance:

ηi �normal 0, σ2η
� �

,

ση � gamma 1, 1ð Þ:
ð2Þ

For dippers, we then estimated apparent survival
probability (ϕi,t) as a function of each individual’s
age-specific mortality hazard rate (Ergon et al.,
2018). Mortality hazard rate was modelled with an effect (γϕ)
of latent individual quality (ηi), an effect of age, and ran-
dom temporal variation in mortality hazard rate (κt):

ln hi,tð Þ¼
αϕ + γϕ × ηi

� �
+ κt, ifait ¼ 1

βϕ,1 + βϕ,2 × ai,t − 2½ �
� �

+ γϕ × ηi
� �

+ κt, ifait >1

8><>: ,

ϕi,t ¼ e− hi,t :

ð3Þ

We used a similar but simpler model for the
flycatcher data, where mortality hazard rate increased
linearly as a function of age, ln hi,tð Þ¼ βϕ,1 +
βϕ,2 × ai,t − 1½ �

� �
+ γϕ × ηi
� �

+ κt. We specified vague
priors for the effect of age, βϕ �normal 0,100ð Þ, the effect
of individual heterogeneity, γϕ �normal 0,100ð Þ, random
year effects, κt �normal 0, σ2κ

� �
, and variation among

years, σκ � gamma 1, 1ð Þ, for both models.

We modeled year-specific detection probability (pt)
of marked individuals as random temporal variation
(σ2p) around a mean (μp), logit ptð Þ�normal μp, σ2p

� �
.

We specified vague priors; μp �normal 0, 10ð Þ, and
σp � gamma 1, 1ð Þ. Given that flycatcher data were col-
lected at two sites by two observers, we specified
site-specific means and temporal variances for flycatcher
detection probability at each site. We did not include
site-specific variation in the dipper data, although they
originate from three streams, because the resighting
effort was equivalent at all three streams and collected by
the same observer.

Similarly, we modeled the expected number of
recruiting offspring from each individual’s breeding
attempt or attempts during each year (yi,t,2) as a function
of an intercept equivalent to fecundity at age one (αξ), a
quadratic change in recruitment (βξ) as a function of age,
as similar patterns have been observed in both species in
this study system (Fay et al., 2021; Riecke et al., 2023), an
effect (γξ) of latent heterogeneity in quality (ηi), and ran-
dom temporal variation in fecundity (ωt):

yi,t,2 � Poisson ξi,t
� �

,

log ξi,t
� �¼ αξ + βξ,1 × ai,t

� �
+ βξ,2 × a2i,t
� �

+ γξ × ηi
� �

+ωt:

ð4Þ

Thus, ηi serves as a “latent variable” as defined
in structural equation modeling frameworks (Grace
et al., 2010) representing individual variation in demo-
graphic performance. We fixed γξ ¼ 1 for parameter
identifiability as is standard in structural equation
modeling (Cubaynes et al., 2012; Grace et al., 2010),
and specified vague priors for other regression parame-
ters; βξ �normal 0,100ð Þ, ωt �normal 0, σ2ω

� �
, and

σω � gamma 1, 1ð Þ.
We conducted analyses in R (R Core Team, 2020) and

JAGS (Plummer, 2003) using the jagsUI package
(Kellner, 2016). For each species, we sampled three MCMC
chains for 250,000 iterations, discarding the first 100,000
iterations and retaining every 10th saved iteration. We visu-
ally inspected trace plots for convergence (Kéry &
Schaub, 2012). In the following text, tables, and figures, we
report medians of posterior distributions, 95% Bayesian
credible intervals (CIs), and υ, the proportion of the poste-
rior distribution on the same side of zero as the mean.

We used Bayesian posterior distributions from the
previously described model parameters to estimate apparent
residual reproductive value of each age class (Ra) across
ranges of latent individual quality (ηi) for each species
(Bouwhuis et al., 2012; Newton & Rothery, 1997). At the
beginning of each reproductive attempt, we summed the
expected number of recruits produced during that age- and
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heterogeneity specific attempt, as well as the residual expec-
tation of subsequent attempts until age at last reproduction
(ALR= 7) given survival to each breeding season:

Ra¼
XALR
k¼a

lk
la
ξk: ð5Þ

Here, we define lk
la
as the probability of survival from a

to k given previous survival to a (e.g., survival from the
fourth to sixth breeding season is equal to, l6

l4
¼ϕ4 ×ϕ5),

and ξk is the expected number of recruits produced
during a reproductive attempt at age k. We repeated this
calculation across gradients of estimated individual het-
erogeneity in latent quality (ηi ¼ − ση, 0, ση

� �
) for both

species. Data and code for all analyses are archived at
Dryad: https://doi.org/10.5061/dryad.jm63xsjp5.

Data simulation and analysis

To assess the efficacy of the approach we describe herein,
we generated simulated data and compared the perfor-
mance of both multivariate normal (MVN) and structural
equation (SEM) capture-mark-recapture models. We first
simulated correlated heterogeneity in survival and repro-
duction using a bivariate normal distribution,

σϕ ¼ σγ ¼ 0:4,

ρ¼ − 0:6,

Σ¼
σ2ϕ, σϕσγρ

σϕσγρ, σ2γ

" #
,

εi �N2 0,Σð Þ:

ð6Þ

Thus, we simulated a negative correlation between
mortality hazard rate and reproductive rate (i.e., a posi-
tive relationship between survival and reproductive rate).
We then simulated individual survival probabilities (ϕ)
given mortality hazard rates (h; Ergon et al., 2018) and
individual reproductive rate (γ) as a function of corre-
lated individual random effects and means (μ):

μϕ ¼ μγ ¼ − 0:5,

ln hið Þ¼ μϕ + εi,1,

ϕi ¼ e− hi ,

ln γið Þ¼ μγ + εi,2:

ð7Þ

To mimic our study populations, we simulated the
release of 25 individuals per year for 20 years, and simu-
lated individual latent states and reproductive success
given individual survival probability and reproductive

rate (Schaub & Kéry, 2021). We then generated capture
histories given a constant detection probability (p¼ 0:8).

We fit two models to each dataset, the data generating
model (i.e., bivariate normal) and a structural equation model.
We assigned vague priors for the bivariate normal model:

μ�Normal − 0:5,2ð Þ,
σ�Gamma 1, 1ð Þ,

ρ�Uniform − 1, 1ð Þ:
ð8Þ

For the structural equation model, we estimated an
individual heterogeneity in demographic performance,
η�Normal 0, σ2η

� �
, with a vague prior on the variance,

ση �Gamma 1, 1ð Þ. We then parameterized survival and
reproductive rate as a function of the individual
heterogeneity:

ln hið Þ¼ μϕ + λ× ηi,

ϕi ¼ e− hi ,

ln γið Þ¼ μγ + ηi,
μ�Normal − 0:5,2ð Þ,
λ�Normal 0,2:5ð Þ:

ð9Þ

We used Stan (Stan Development Team, 2024) in R
(R Core Team, 2024) via rstan (Stan Development
Team, 2025) for computational efficiency. We ran a total
of 1000 simulations, sampled four HMC chains for 10,000
iterations, discarding the first 5000 iterations and
retaining every 5th saved iteration. We assessed conver-
gence via bR<1:05 (Vehtari et al., 2021), and present
mean signed deviation (MSD bθ� �

¼ 1
n

Pn
i¼1

bθi − θ), and
coverage, or the proportion of simulations in which the
95% CIs contain the data generating value, in the results.
Data and code for all analyses are archived at Dryad:
https://doi.org/10.5061/dryad.jm63xsjp5.

RESULTS

We monitored 1001 breeding attempts by 588 uniquely
marked female pied flycatchers (290 of unknown age)
that produced 476 recruits, and 1322 breeding attempts
by 674 uniquely marked female dippers (354 of unknown
age) that produced 865 recruits.

Latent fitness variation and age-specific
demographic rates

We estimated latent heterogeneity in flycatcher
(ση ¼ 0:405; 95% CI: 0.181, 0.608) and dipper (ση ¼ 0:672;
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95% CI: 0.554, 0.799) demographic performance. We esti-
mated strong negative relationships between latent qual-
ity (η) and mortality hazard rate for both flycatchers
(γϕ ¼ − 1:573; 95% CI: −5.193, −0.538) and dippers
(γϕ ¼ − 0:675; 95% CI: −1.106, −0.353). As latent quality
was scaled to individual variation in fecundity (γξ ¼ 1),
individuals with increased fecundity experience reduced
mortality (Figure 1). We estimated increases in mortality
hazard rate with increasing age for both flycatchers
(βϕ ¼ 0:184; 95% CI: 0.018, 0.504) and dippers (βϕ ¼ 0:274;
95% CI: 0.179, 0.379) following an decline in mortality
hazard rate from year one to year two for dippers
(Figure 2). Similarly, the annual number of offspring
recruited declined with age for both flycatchers
(βξ,2 ¼ − 0:038; 95% CI: −0.083, 0.002; υβξ,2 ¼ 0:969) and
dippers (βξ,2 ¼ − 0:029; 95% CI: −0.057, −0.003;
υβξ,2 ¼ 0:987) females (Figure 2).

Residual reproductive value

Given estimated latent heterogeneity, there was substan-
tial individual variation in residual reproductive value for
both flycatchers and dippers (Figure 3). Individual fly-
catchers with elevated latent quality ( + 1σε) had 2.1
times the residual reproductive value of average (σε ¼ 0)
flycatchers, and 4.2 times the residual reproductive value
of flycatchers with reduced latent quality (− 1σε) at age

one. Similarly, individual dippers with increased latent
quality had 2.6 times the residual reproductive value of
average dippers, and 6.7 times the residual reproductive
value of dippers with reduced latent quality at age one.
As individuals of both species aged, senescent increase in
mortality hazard rates and fewer remaining breeding
attempts reduced this difference. At age six, flycatchers
with elevated latent quality had 1.6 and 2.6 times the
residual reproductive value of average and low-quality
flycatchers, and high-quality dippers had 2.2 and 4.7
times the residual reproductive value of average and
low-quality dippers (Figure 3).

Simulation results

Both models achieved convergence for 998 of the 1000
simulated datasets. Estimates of correlations from bivari-
ate normal models were slightly biased toward zero
(MSD = 0.075; Figure 4), while coverage was adequate
(0.994). Estimates of SDs from bivariate normal models
were constant and coverage was adequate for both mortal-
ity hazard rate (σϕ; MSD=−0.026, coverage= 0.951) and
reproductive rate (σγ; MSD=−0.017, coverage= 0.944).
We interpreted the proportion of simulations in which
the upper confidence interval was less than zero for esti-
mates of correlations (ρ; bivariate normal) and regression
parameters (λ; structural equation models) as evidence
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0.8
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Pied�flycatcher
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Recruited�offspring����
F I GURE 1 Posterior distributions (shaded gradients), medians (solid lines), and 90% Bayesian credible intervals (dashed lines) for joint

estimates of apparent survival (ϕ) and the mean number of local recruits produced per breeding season (ξ) of one-year-old European pied

flycatcher (left; Ficedula hypoleuca) and white-throated dipper (right; Cinclus cinclus) females breeding in Switzerland. The density of the

shading corresponds to the density of the posterior distribution.

ECOLOGY 5 of 10

 19399170, 2025, 8, D
ow

nloaded from
 https://esajournals.onlinelibrary.w

iley.com
/doi/10.1002/ecy.70161 by Schw

eizerische V
ogelw

arte, W
iley O

nline L
ibrary on [11/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



for a negative relationship between mortality hazard and
fecundity rates. Structural equation models recovered evi-
dence for a negative relationship between mortality haz-
ard and fecundity rates in more than three-quarters of
simulations (0.767), while bivariate normal models recov-
ered evidence in slightly less than half of simulations
(0.498), despite using a bivariate normal model to gener-
ate the data (Figure 4).

DISCUSSION

We observed strong associations between apparent
(i.e., local) offspring recruitment and mortality in both
dipper and flycatcher females (Figure 1). We also
observed strong senescence in survival: survival probabili-
ties of two-year-old dippers and flycatchers were 3.2 and 2.9
times greater than seven-year-old individuals, respectively.

0.0

0.2

0.4

0.6

0.8

1.0

1 2 3 4 5 6 7

Pied flycatcher

S
u

rv
iv

al
��

�

0.0

0.2

0.4

0.6

0.8

1.0

1 2 3 4 5 6 7

White � throated dipper

0.0

0.2

0.4

0.6

0.8

1 2 3 4 5 6 7

R
ec

ru
it

ed
o
ff

sp
ri

n
g

��
�

0.0

0.2

0.4

0.6

0.8

1 2 3 4 5 6 7

Female age �a�
F I GURE 2 Posterior distributions (violin plots), medians (points), and 90% Bayesian credible intervals (lines) of estimates of apparent

survival (ϕ; top) and the mean number of locally recruited offspring per breeding season (ξ; bottom) for European pied flycatcher (Ficedula

hypoleuca; left) and white-throated dipper (Cinclus cinclus; right) females breeding in Switzerland.
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The white points represent medians and white lines denote 90% Bayesian credible intervals.
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correlated individual heterogeneity in survival (ϕ) and fecundity (γ) from 1000 simulations of capture-mark-recapture data.
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Fecundity declined across the lifetime of individuals in both
species (Figure 2). Accordingly, residual reproductive value
declined as individuals aged. Notably, residual reproductive
value declined more strongly with age in individuals with
increased latent quality, as the survival probability of lower
quality individuals was prohibitively low, reducing the
value of future reproductive attempts beyond the current
breeding season. Further, the residual reproductive value of
older individuals with higher latent quality was greater than
the residual reproductive value of younger individuals with
lower latent quality (Figure 3).

Senescence, heterogeneity, and lifetime
fitness

Senescent decline is ubiquitous in vertebrate populations
(Nussey et al., 2008). Similar to other studies (e.g., Cam
et al., 2002), we observed substantial heterogeneity in the
demographic performance of individuals, suggesting
selective disappearance of less fecund individuals over
time (Vaupel & Yashin, 1985). After controlling for this
heterogeneity using structural equation modeling
approaches, we observed senescent decline in both sur-
vival and fecundity in dipper and flycatcher populations
(Figure 2). These findings have important implications
for the estimation of lifetime fitness and population
trends, as they may allow for improved assessments of
latent variation in fitness among individuals.

The determinants of lifetime reproductive success are
complex (Newton, 1989; Stearns, 1992). For example,
environmental conditions during growth and develop-
ment may affect the fixed condition of individuals
(Forsythe et al., 2021) and early-life decisions can affect
late-life patterns of senescent decline (Aubry et al., 2009).
In this study, we demonstrate strong variation in
expected residual reproductive value as a function of
within-individual associations between demographic
components (Figure 1), while simultaneously estimating
temporal variation in the same components. Future
research might address the genetic, environmental, and
life-history drivers that lead to individual heterogeneity
in demographic components (e.g., Aubry et al., 2009).

On the estimation of individual
heterogeneity, age structure, and
parameter constancy

Critically, accurate age-specific estimates of demographic
rates are conditional on the accurate estimation of indi-
vidual heterogeneity in demographic components
(Cam et al., 2002; Nussey et al., 2008). Recent research

(Fay, Authier, et al., 2022) has conclusively demonstrated
that estimates of individual heterogeneity for Bernoulli
variables can be poorly estimated when sample sizes are
low. Further, the use of inappropriate priors can lead to
inaccurate estimates (Fay, Authier, et al., 2022; Riecke
et al., 2019). Sample sizes for both species in the study
were relatively small, particularly when compared to
long-term studies of some other species, such as colonial
seabirds (e.g., Cam et al., 2002; Fay et al., 2018).
However, the use of structural equation models in this
study allowed for the estimation of heterogeneity in
latent quality rather than estimating a heterogeneity or
individual random effect for each individual demo-
graphic component. This reduces the number of parame-
ters relative to multivariate normal approaches and thus
reduces the challenges associated with estimating vari-
ances of Bernoulli variables and correlations among
demographic parameters.

Data simulation

Similar to Fay, Authier, et al. (2022), we observed that
bivariate normal models underestimate correlations (ρ)
when sample sizes are low. Our simple simulation clearly
demonstrates that structural equation models can more
effectively recover evidence of relationships among
demographic parameters than bivariate normal models,
even when bivariate normal models are used to gener-
ate the data. Thus, we suggest that these models
may be quite useful for examining within-individual
relationships among demographic parameters, particu-
larly in situations where available data may constrain
the use of bi- or multi-variate normal distribution
parameterizations. Future research should further
explore the behavior and performance of these models
as a function of the number of marked individuals,
study duration, and priors.

Implications for future research

The structural equation modeling approach we describe
in this paper requires fewer parameters than approaches
based on multivariate normal distributions (Fay, Authier,
et al., 2022; Riecke et al., 2019), allowing for the estima-
tion of relationships between a single latent heterogene-
ity and individual demographic parameters. Critically,
we note that the sources of bias described in the preced-
ing paragraphs are not unique to the model we describe
here, as they will also affect parameter constancy in other
existing model structures, such as models relying on
multivariate normal distributions. Although longitudinal
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studies of populations with known-age individuals and
near-perfect observation of marked individuals (e.g., Cam
et al., 2002) will always provide enhanced resolution
of senescence and individual heterogeneity (Cam
et al., 2016), the model we describe herein has the poten-
tial to directly estimate latent variation in individual
demographic performance and link said variation to
multiple demographic components. We note continued
challenges related to the estimation of heterogeneity in
Bernoulli processes (Fay, Authier, et al., 2022). We sug-
gest that the method described herein has great utility
and might easily be expanded to incorporate multiple
components of fecundity (e.g., age at first reproduction,
breeding propensity). Similarly, latent variables may also
be modeled as a function of covariates (Grace
et al., 2010), allowing researchers to examine the drivers
of variation in demographic performance across multiple
traits. Thus, the method we describe herein is a simpli-
fied extension of previously described approaches (Link
et al., 2002; Wilson & Nussey, 2010) that may allow
for more accurate estimation of linkages among
demographic components. In particular, we are greatly
excited by recent developments in collective data storage
of long-term capture–recapture studies (e.g., Culina
et al., 2021; Salguero-G�omez et al., 2016), and note the
potential to address similar questions with greater preci-
sion at broader spatiotemporal and phylogenetic (Abadi
et al., 2014) scales in the future.
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