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ABSTRACT 
An increasing body of evidence has displayed upslope shifts in the high-diversity avian communities of tropical mountains. Such shifts have 
largely been attributed to warming climates, although their actual mechanisms remain poorly understood. One likely possibility is that changes 
in species-specific demographic rates underlie elevational range shifts. Fine-scale population monitoring and capture–mark–recapture (CMR) 
analysis could shed light on these mechanisms, but, until recently, analytical constraints have limited our ability to model multiple demographic 
rates across bird communities while accounting for transient individuals. Here, we used Bayesian hierarchical multi-species CMR models to 
estimate the apparent survival, recruitment, and realized population growth rates of 17 bird species along an elevational gradient in the cloud 
forests of Honduras. For 6 species, we also modeled demographic rates across elevation and time. Although demographic rates varied among 
species, population growth rates tended to be higher in lower elevation species. Moreover, some species showed higher population growth 
rates at higher elevations, and elevational differences in growth rates were positively associated with previous estimates of upslope shifts at 
the study site. We also found that demographic rates showed contrasting trends across the duration of the study, with recruitment decreasing 
and apparent survival increasing, and stronger effects at lower elevations. Collectively, we provide the methodological tools to encourage more 
multi-species demographic analyses in other systems, while highlighting the potential for the demographic impacts of global change. We provide 
a Spanish translation in the Supplementary Materials.
Keywords: apparent survival, climate change, cloud forest, capture–mark–recapture models, escalator to extinction, Mesoamerica, realized population 
growth rate, recruitment rate
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LAY SUMMARY 
• Climate change is causing tropical birds to shift to higher elevations but little is known about the population mechanisms underpinning these 

shifts.
• Until now, studies along tropical mountain ranges have been limited by a lack of long-term monitoring data as well as inadequate modeling 

techniques.
• We use Bayesian hierarchical mark–recapture models to estimate avian population parameters across an elevational gradient in Honduras from 

a 12-year constant effort banding project.
• We report baseline population parameters for 17 species, and show variation in those parameters across elevation and time for 6 species, 

supporting previous evidence of upslope shifts at the site.
• Using this analytical framework, we encourage others to analyze population parameters in tropical birds to increase our global picture of life 

history, and of anthropogenic impacts on demography.

Descifrando los patrones demográficos de las aves tropicales a través de un gradiente de 
elevación
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RESUMEN
Cada vez hay más pruebas de que las comunidades de aves de alta diversidad en las montañas tropicales han mostrado desplazamientos a zonas 
de mayor elevación. Estos desplazamientos se han atribuido en gran medida al calentamiento del clima, aunque sus mecanismos siguen siendo 
poco conocidos. Una posibilidad es que los cambios en las tasas demográficas específicas de cada especie subyazcan a los desplazamientos 
altitudinales. El monitoreo de poblaciones a pequeña escala y los análisis de captura-marcaje-recaptura (CMR) podrían esclarecer estos 
mecanismos pero las restricciones analíticas han limitado nuestra capacidad para modelar tasas demográficas múltiples en las comunidades de 
aves teniendo en cuenta a los individuos transitorios. En esta investigación, utilizamos modelos CMR, jerárquicos, para múltiples especies, en 
un marco bayesiano para estimar la supervivencia aparente, el reclutamiento y las tasas de crecimiento poblacional realizadas de 17 especies de 
aves en un gradiente altitudinal en un bosque nuboso de Honduras. Para seis especies, también modelamos las tasas demográficas a través de 
la elevación y el tiempo. Aunque las tasas demográficas variaron entre especies, las tasas de crecimiento poblacional tendieron a ser más altas 
en las especies de menor elevación. Además, algunas especies mostraron mayores tasas de crecimiento poblacional a mayores elevaciones, 
y estas diferencias altitudinales en las tasas de crecimiento se asociaron positivamente con estimaciones previas de desplazamientos a zonas 
de mayor elevación en la misma área de estudio. También observamos que estas tasas mostraron tendencias opuestas durante el estudio, con 
una disminución del reclutamiento y un aumento de la supervivencia aparente, siendo estos efectos más fuertes a menor elevación. En con-
junto, proporcionamos herramientas metodológicas para fomentar más análisis demográficos multi-especie en otros sistemas y destacamos el 
potencial de los impactos demográficos del cambio global.
Palabras clave: bosque nuboso, cambio climático, escalera a la extinción, Mesoamérica, modelos de captura-marcaje-recaptura, supervivencia aparente, 
tasa de crecimiento poblacional realizado, tasa de reclutamiento

INTRODUCTION
Elevational gradients in the tropics are global centers of bio-
diversity, rich in endemism and species turnover (Myers et al. 
2000, Quintero and Jetz 2018, Rahbek et al. 2019, Jarzyna 
et al. 2021). Global warming is one of the greatest threats 
to tropical montane ecosystems (Williams and Jackson 2007, 
Şekercioğlu et al. 2012) and has been implicated in upslope 
shifts in montane birds across tropical and temperate sys-
tems alike (Lenoir et al. 2020, Freeman et al. 2021, Neate-
Clegg and Tingley 2023). The consensus view of elevational 
shifts has been “niche tracking,” whereby a species tracks its 
thermal niche upslope. However, substantial variation in shift 
rates across species and locations (Lenoir et al. 2020, Neate-
Clegg et al. 2021a) suggests that temperature tracking alone 
is not suf!cient to explain range shifts. Beyond temperature, 
other abiotic factors (e.g., precipitation) and biotic inter-
actions (e.g., habitat availability, competition, and natural en-
emies) could shape elevational redistributions (Jankowski et 
al. 2012, Tingley et al. 2012, Neate-Clegg and Tingley 2023).

A pervasive challenge affecting our ability to understand the 
mechanisms that underlie range shifts in tropical mountains 
(Beissinger and Riddell 2021, Neate-Clegg and Tingley 2023) 
is a lack of long-term monitoring studies (but see: Neate-
Clegg et al. 2020, Williams and De la Fuente 2021, Briscoe et 
al. 2021). Few tropical sites are monitored for long enough to 
provide the requisite survey data needed to make population-
level inferences about elevational shifts (Forero-Medina et al. 
2011, Freeman and Class Freeman 2014, Neate-Clegg et al. 
2021c) and temporal variability in distributions (Neate-Clegg 
et al. 2020, Maicher et al. 2020). Evidence for range shifts 
has thus been largely derived from estimates based on annual 
point count data (Neate-Clegg et al. 2018, 2020) or multi-
decade resurveys (Forero-Medina et al. 2011, Freeman and 
Class Freeman 2014, Freeman et al. 2018). Yet, elevational 
shifts are likely fundamentally underpinned by demographic 
processes, and an alternative approach to understanding 
these range shifts is through examining demographic param-
eters across elevation, estimated from capture–mark–recap-
ture (CMR) models (Srinivasan and Wilcove 2021).

Among the options for CMR modeling, “reverse-symmetry” 
CMR models (Pradel 1996) are especially attractive, as they 
exploit information in both the forward and backward direc-
tions of capture histories to inform survival and recruitment 
parameters, as well as population growth rates, providing in-

ferences about the causes of population change. For a species 
shifting its elevational range upslope, we might expect such 
models to evidence population increases at the leading edge of 
the elevational range, and population declines at the trailing 
edge. In this instance, population growth rates at the leading 
edge could plausibly be driven by increases in recruitment 
rates, while population declines at the trailing edge could 
be driven by decreasing survival rates. A growing number of 
bird-banding datasets in the tropics (Wolfe et al. 2015, Ryder 
and Sillett 2016, Brawn et al. 2017, Srinivasan and Wilcove 
2021) now surpass 10 years of data, the typical threshold for 
simple CMR models (Ruiz-Gutiérrez et al. 2012). Besides re-
vealing trends over time, such datasets and CMR models are 
also invaluable for estimating baseline demographic rates of 
birds (Ruiz-Gutiérrez et al. 2012, Kittelberger et al. 2021), 
which remain poorly known across tropical birds (Sheldon 
2019).

A particular analytical challenge with these data is that 
tropical forest birds are generally characterized by low cap-
ture rates, which has traditionally limited demographic infer-
ence to just a few of the most commonly captured species 
(Ruiz-Gutiérrez et al. 2012). One solution to obtaining es-
timates for more species (improving our ability to interro-
gate the demographic mechanisms underlying range shifts) 
is to implement hierarchical multi-species models that as-
sume that at least some species-speci!c model parameters are 
drawn from a common distribution (i.e., “species as random 
effects”). This model "exibility is not available for popular 
frequentist-based CMR software programs, such as MARK 
(Cooch and White 2006, Laake and Rexstad 2006), but can 
be implemented in a Bayesian context (Kéry and Schaub 
2011, Tenan et al. 2014, Saracco et al. 2022). However, one 
common feature of bird populations that can complicate in-
ferences from CMR models is the presence of transient indi-
viduals (i.e., individuals that are just passing through that do 
not contribute to the local population demographics). Not ac-
counting for these individuals can result in underestimation of 
apparent survival (Pradel et al. 1997). Until recently, reverse-
symmetry models have not been able to account for transient 
individuals, limiting the utility of these models for many ap-
plications. Telenský et al. (2023) outlined a formulation of 
the reverse-symmetry CMR model in a Bayesian framework 
that addresses this limitation; the "exibility of this modeling 
framework—including residency, population growth rate, re-
cruitment rate, and apparent survival, with species and sites 
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as random effects—enables us to upscale demographic data 
analysis.

Here, we use Bayesian hierarchical multi-species reverse-
symmetry CMR models to estimate demographic parameters 
for 17 bird species from a 12-yr constant-effort banding pro-
ject in Cusuco National Park (CNP), Honduras. Evidence for 
upslope shifts in the avian community of CNP has previously 
been shown with long-term point count data (Neate-Clegg 
et al. 2018, 2021a) and, since 2012, constant-effort mist net-
ting has been conducted along the same gradient, offering 
the potential to corroborate shifts and establish potential 
elevation-speci!c demographic mechanisms. We thus apply 
reverse-symmetry CMR models to these data to (1) estimate 
baseline demographic parameters, (2) investigate demo-
graphic parameters as a function of elevation, and (3) assess 
how temporal trends in demographic parameters vary with 
elevation. In addition, we used estimates from the models to 
test 2 predictions related to upslope range shifts: (1) that spe-
cies found at lower elevations had higher population growth 
rates than species found at higher elevations and (2) that the 
difference in population growth rates between higher and 
lower sites re"ected previously estimated upslope shift rates 
(Neate-Clegg et al. 2021a). Further, we demonstrate a frame-
work for analyzing long-term demographic trends in tropical 
birds, collectively presenting an analytical pipeline to better 
understand demographic rates across spatial gradients.

METHODS
Field Site
All !eldwork was undertaken in Cusuco National Park 
(15.496°N, −88.212°E), in the Merendón Mountains, 
northwestern Honduras. The park is internationally recog-
nized as one of the planet’s most “irreplaceable” protected 
areas (Le Saout et al. 2013), characterized by high rates of re-
gional endemism across multiple taxonomic groups (Martin 
et al. 2021). These mountains are typi!ed by montane cloud 
forest, dominated by Quercus spp., Pinus spp., Lauraceae 
spp., and Liquidambar styraci!ua, with el!n forest at the 
highest elevations (up to 2,242 m). Approximately 263 species 
of birds have been recorded in the park, 28.5% of which are 
endemic to the Mesoamerican Highlands biodiversity hotspot 
(Myers et al. 2000, Martin et al. 2021). The biological com-
munity of CNP has been extensively studied since 2004, via a 
series of permanent transects and research camps situated at 
different elevations (Martin et al. 2021).

Constant Effort Mist-Netting
Mist-netting was undertaken during annual June–August !eld 
seasons between 2012 and 2024, in the form of standardized 
constant-effort sites (CES) (Robinson et al. 2009). Annual 

!eld work co-occurred with the local breeding season, with 
birds typically breeding between May and July. In 2012, 7 
CES sites were established at research camps across an ele-
vational gradient of 820 to 1,943 m, all of which (bar 2) are 
in closed canopy primary/disturbed primary forest (some se-
lective logging occurred around “Base Camp” in ~1950 prior 
to its gazettement as a national park). Owing to logistical 
challenges, only 3 of these sites have been operated during all 
!eld campaigns since 2012, with a further 2 operated between 
2012 and 2019. No !eldwork was undertaken in 2020/21, 
owing to the COVID-19 pandemic. For this study, we focused 
on the 5 primary forest sites that have been operated for the 
longest time (Table 1), ranging in elevation from 1,350 to 
1,943 m. One of these 5 sites (El Danto) was re-opened in 
2024 after a 5-year gap, but owing to this substantial time 
gap, we omitted 2024 data from this site from our analysis.

Each CES comprises 10 12-m (32-mm mesh) mist nets 
(Ecotone, Poland). Nets were opened between 0530 and 
0600 hours and remained open for 6 hr from opening time. 
In incidences of later starts than this time, all sessions !n-
ished at 1200 hours. A full session thus comprised 60 net-
hours, with any discrepancies from this total recorded (due to 
late opening of nets, nets not opened, or closures during the 
session). No mist-netting sessions were undertaken on rainy 
or windy mornings (although, occasionally, nets were closed 
during sessions owing to wind at Cantiles—the highest eleva-
tion site). The locations of the nets at each CES remained un-
changed throughout the study period, with the exception of 
occasional minor shifts (within 10m) of net locations usually 
due to unmovable tree falls. The only exception to this was 
one site (El Cortecito) where net effort was reduced in 2017 
onwards from 10 to 5 nets.

At each of the CES sites, we aimed for 6 mist-netting 
sessions in each !eld season, comprising 360 net hours total. 
These sessions (for each site, per season) were achieved by 
undertaking weekly pulses, where a given site was operated 
for 2 to 3 sessions in a week, each separated by at least one 
“rest” day. After a weekly pulse was undertaken at a given 
site, it was then rested for at least 1 week (but preferentially 2) 
before the next pulse. Rest days and weeks were incorporated 
into the protocol to avoid net shyness as much as possible. 
Sessions were typically operated by 2 trained banders, with 
all nets checked approximately every 40 min.

Upon capture, all birds were banded with appropriately 
sized, custom-made zinc-alloy bird bands (Porzana, Poland), 
with the exception of hummingbirds (Trochilidae), and very 
large species for which we did not have appropriately sized 
bands (e.g., Zentrygon albifacies). Ageing was attempted 
using the “WRP” cycle-based ageing system (Wolfe et al. 
2010), but we elected to not include age-speci!c parameters 
in our models owing to inconsistency in use across banders 

TABLE 1. Locations and sampling effort in the 5 constant-effort mist-netting sites used in this study in Cusuco National Park, Honduras.

Site Location Elevation (m) Years operational

Cantiles 15.516464, –88.243836 1,943 2012 to 2024
Base Camp 15.49785, –88.21279 1,595 2012 to 2024
El Danto 15.53044, –88.27602 1,522 2012 to 2019
El Cortecito 15.523186, –88.287458 1,375 2012 to 2019
Guanales 15.487356, –88.234386 1,350 2012 to 2024
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and species—largely due to insuf!cient knowledge of molt 
strategies and ageing strategies of species in the earlier years 
of our study—that could introduce bias.

Analysis
We initially !ltered the species list (Table 2) to those with ≥ 20 
captures and ≥ 4 recaptures (a recapture threshold estab-
lished by Kaschube et al. 2022). For each species, we then 
constructed capture histories for all individuals (as identi!ed 
by their unique band numbers), where a capture history is a 
sequence of 1s and 0s depending on whether an individual 
was captured in a particular year. These capture histories are 
the traditional input for CMR models such as Cormack-Jolly-
Seber (Lebreton et al. 1992) and Pradel models (Pradel 1996).

For our analyses, we constructed CMR models in a Bayesian 
framework following Telenský et al. (2023). These models 
(hereafter “Telenský models”) assume 2 types of individuals: 
“transients” that are only passing through the site and are 
never again available for recapture, and “residents” that are 
available for future recapture, and in whose demographic 
properties we are interested. The input for these models re-
quires converting capture histories into 2 “m-arrays” that 
inform the likelihood of the Telenský model: F (i.e., !rst cap-
tures) and R (i.e., recaptures). The F m-array summarizes 
!rst-capture data on both known residents (i.e., individuals 
captured in multiple years), as well as data on individuals of 
unknown residency status (i.e., individuals observed in only 
one year, which includes a mixture of residents and transi-
ents), while the R m-array summarizes subsequent captures 
of known residents. These arrays contain rows for each initial 
release occasion (t)—as well as any other grouping variables 
to be incorporated into models, such as sites or species—and 
columns representing sums of !rst recaptures (for F) or sub-
sequent recaptures (for R), plus an additional column with 
sums of birds of each release occasion that were never recap-
tured (see Telenský et al. 2023 for more details).

The likelihood formulation of Telenský models includes 4 
primary parameters: (1) apparent survival, φt, the probability 
of an individual surviving and remaining in the population be-
tween time t and t + 1 (i.e., estimated forward in time); (2) se-
niority, γt, the probability that an individual alive and in the 
population at time t was also alive and in the population at 
time t − 1 (i.e., estimated backward in time, hence the “reverse 
symmetry”); (3) residency probability, rt, the probability that 
an individual captured at time t is a resident; and (4) capture 
probability, pt, the probability of capturing a resident that is 
alive and in the population at time t. We can then de!ne prior 
probability models for each of these parameters, or de!ne logit-
linear models that allow the parameters to vary as functions of 
explanatory covariates. Under this parameterization, we can 
derive an estimate of the population growth rate, λt i.e., the 
proportional change in population size between t and t + 1, as

λt =
φt
γt+1 (1)

and the recruitment rate, bt (i.e., the per capita rate of add-
ition of new individuals to the population between t and 
t + 1), where

bt = λt − φt =
φt
γt+1

− φt
 (2)

These functional relationships allow rearrangement to de-
!ne γt—which is of little direct biological interest—as a func-
tion of either bt or λt , which then allows for the modeling of 
these parameters as functions of covariates. For example, if, 
instead of deriving bt, we derive γt based on the relationship, 
γt+1 = φt/λt, we can then de!ne a log-linear model for λt. 
Or, if we assign γt+1 = φt/(φt + bt), we can then de!ne a log-
linear model for bt.

Telenský models, which are implemented in a Bayesian con-
text, have several advantages over traditional Pradel models. 

TABLE 2. Capture–mark–recapture parameters for 17 cloud-forest bird species in Cusuco National Park, Honduras. Presented for each species is the 
annual mean apparent survival probability (φ), recruitment rate (b), realized population growth rate (λ), capture probability (p), and residency probability 
(r), with associated standard deviation in parentheses. Capture probability is based on 6 mist-netting sessions. Also presented is the number of 
captures (year–individual combinations) and number of individuals (based on band ID). Species are presented in taxonomic order.

Species Family Captures Individuals φ b λ p r

Sclerurus mexicanus Furnariidae 38 33 0.64 (0.14) 0.39 (0.15) 1.03 (0.06) 0.28 (0.19) 0.68 (0.19)
Sittasomus griseicapillus Furnariidae 49 30 0.82 (0.07) 0.22 (0.08) 1.04 (0.04) 0.46 (0.16) 0.66 (0.13)
Xiphorhynchus erythropygius Furnariidae 31 24 0.85 (0.09) 0.25 (0.10) 1.09 (0.05) 0.15 (0.08) 0.84 (0.13)
Anabacerthia variegaticeps Furnariidae 40 36 0.35 (0.15) 0.65 (0.15) 1.00 (0.04) 0.78 (0.60) 0.58 (0.22)
Clibanornis rubiginosus Furnariidae 26 22 0.80 (0.13) 0.31 (0.14) 1.11 (0.07) 0.37 (0.24) 0.44 (0.21)
Ceratopipra mentalis Pipridae 102 83 0.69 (0.09) 0.30 (0.09) 0.99 (0.03) 0.59 (0.22) 0.49 (0.11)
Platyrinchus cancrominus Tyrannidae 24 19 0.58 (0.15) 0.37 (0.15) 0.95 (0.06) 0.37 (0.23) 0.71 (0.19)
Mionectes oleagineus Tyrannidae 90 80 0.44 (0.13) 0.54 (0.13) 0.98 (0.03) 0.71 (0.41) 0.44 (0.18)
Empidonax !avescens Tyrannidae 73 67 0.73 (0.13) 0.29 (0.13) 1.02 (0.03) 0.21 (0.15) 0.47 (0.21)
Henicorhina leucophrys Troglodytidae 85 73 0.64 (0.11) 0.47 (0.11) 1.11 (0.04) 0.44 (0.22) 0.62 (0.17)
Myadestes unicolor Turdidae 185 161 0.52 (0.08) 0.52 (0.08) 1.05 (0.02) 0.30 (0.12) 0.80 (0.13)
Catharus frantzii Turdidae 23 16 0.53 (0.12) 0.32 (0.12) 0.85 (0.06) 0.55 (0.31) 0.78 (0.16)
Catharus mexicanus Turdidae 222 156 0.68 (0.05) 0.33 (0.05) 1.01 (0.02) 0.56 (0.12) 0.66 (0.08)
Chlorospingus !avopectus Passerellidae 152 125 0.66 (0.07) 0.34 (0.07) 1.00 (0.02) 0.27 (0.10) 0.74 (0.14)
Arremon brunneinucha Passerellidae 155 110 0.7 (0.06) 0.26 (0.06) 0.96 (0.02) 0.52 (0.13) 0.62 (0.09)
Basileuterus culicivorus Parulidae 33 29 0.61 (0.2) 0.51 (0.21) 1.12 (0.06) 0.85 (0.6) 0.43 (0.19)
Myioborus miniatus Parulidae 83 69 0.57 (0.11) 0.36 (0.11) 0.93 (0.03) 0.44 (0.21) 0.55 (0.17)
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First, regardless of which parameters we model directly, esti-
mates and credible intervals of remaining parameters can be 
derived from plugging posterior distributions into the func-
tional relationships de!ned above. Second, the generalized 
linear equations for any of the key parameters can include 
random effects such as species or site, a property absent from 
available frequentist implementations of CMR models such 
as program MARK (Cooch and White 2006). By including 
species random effects in multi-species models, we can then 
obtain inferences about community-level responses, as well 
as species-speci!c parameter estimates. These advantages are 
also true of other Bayesian formulations of Pradel models 
(Tenan et al. 2014). However, Telenský models have the add-
itional advantage of accounting for the presence of transient 
individuals in samples (i.e., individuals with zero probability 
of being available at a site following initial capture; Pradel et 
al. 1997). Doing so can provide more ecologically relevant 
demographic estimates, unbiased by transient individuals, as 
well as a means of estimating and modeling residency prob-
ability, which may also be of ecological interest and provide 
additional insights into processes affecting the dynamics and 
demography of local populations (Telenský et al. 2023).

Here, we expand the Telenský models to estimate demo-
graphic parameters for each species, i, at each site, j. Although 
we preserve the likelihood formulation from Telenský et al. 
(2023), we model seniority in terms of apparent survival and 
recruitment (following the relationship in Equation 2), which 
are then modeled as a function of covariates. We conducted 
our analysis in R version 4.3.2 (R Core Team 2023) using the 
nimble package (de Valpine et al. 2017).

The !rst step of our CMR analysis was to estimate baseline 
demographic parameters for each species, pooled in a multi-
species model. To do this, we used a simple model where φi, bi, 
and ri for species i were held constant over sites and time. Because 
the number of banding sessions at each site varied slightly from 
year to year (4 to 13, median = 6), we explicitly accounted for 
how this variation would affect capture probability,

pijk = 1− (1− p∗i )nseshjk (3)
where the capture probability, pijk, for species i at site j in 
year k is equal to the probability of being captured in at least 
one banding session, where p∗i  is the species-speci!c capture 
probability for a single session, and nseshjk is the number of 
banding sessions at site j in year k. When reporting capture 
probabilities, we do so assuming 6 banding sessions (the me-
dian number), that is, 1− (1− p∗i )6.

In this model, all species were treated as “!xed effects” in 
that the species-speci!c parameters (φi, bi , p∗i , and ri) were as-
sumed to be independent, being drawn separately from priors. 
We used vague priors for all parameters: Uniform (0, 1) for 
probabilities, and Uniform (0, 2) for recruitment rate. We ran 
the model for 20,000 iterations over 3 chains with a burn-in 
of 10,000 and 10-fold thinning. We con!rmed model con-
vergence based on the Gelman-Rubin convergence diagnostic, 
and also checked that parameter estimates were not tending 
towards the limits (0 or 1), which is a sign of failed conver-
gence. Additionally, we performed posterior predictive checks 
to assess goodness-of-!t by simulating F and R arrays from 
the posterior distributions of the probability parameters of 
their multinomial models, calculating Freeman-Tukey statis-
tics (Conn et al. 2018), and comparing the Freeman-Tukey 
statistics from the simulated data to those calculated from the 

observed data to calculate Bayesian P-values. These Bayesian 
P-values were not signi!cant (F: P = 0.84; R: P = 0.87), 
indicating that the models provided adequate !t for this 
dataset. From this model we then extracted the mean and 
95% credible intervals of the posteriors for each parameter. 
We then calculated estimates of λi by summing the posteriors 
of φi and bi , propagating the uncertainty.

In the second step, we were interested in whether demo-
graphic rates varied with elevation. As this step requires suf-
!cient capture and recapture data across a range of sites, we 
!ltered the species set to those with ≥ 50 individuals, where 
each species was captured at ≥ 4 sites with ≥ 5 captures per 
site (Table 3). We de!ned models for apparent survival and 
recruitment as

logit(φij) = αφi + βφi ! elevj (4)

log(bij) = αbi + βbi ! elevj (5)
where both parameters are modeled (on the logit/log scale, 
respectively) as a function of an intercept, α, representing the 
mean species-speci!c demographic rate, and a slope, β, rep-
resenting the species-speci!c effect of elevation on the demo-
graphic rate. Elevation was centered to have a mean of 0 and 
divided by 100 to render the slope coef!cients in terms of 
each 100-m deviation in elevation. Similarly, we also modeled 
residency,

logit(rij) = αri + βri ! elevj (6)
as a function of elevation.

In this model, species were treated as “random effects” for 
all demographic rates, where all the species-speci!c intercept 
and slope parameters were modeled following:

αφi ∼ Normal
(
µαφ,σαφ

)
 (7)

βφi ∼ Normal
Ä
µβφ,σβφ

ä
 (8)
whereby species effects were drawn from normal distributions 
with hyperparameters governing the cross-species means and 
variances. As with the previous model, we used vague priors 
(now including Normal (0, 10) for slopes, and Gamma (1, 1) 
for standard deviations), and ran this model for 20,000 iter-
ations over 3 chains with a burn-in of 10,000 and ten-fold 
thinning, and the posterior predictive checks (Freeman-Tukey 
tests, as de!ned above) were not signi!cant (F: P = 0.65; R: 
P = 0.88). From this model, we extracted the means and cred-
ible intervals of all parameters, as well as the proportion of 
posteriors > 0 or < 0 as a measure of the strength of evidence. 
We also used the posteriors of φij and bij  to calculate estimates 
of λij, propagating the uncertainty.

In the third step, we wanted to test whether temporal trends 
in apparent survival, recruitment, and residency probability 
varied by elevation. We modeled all 3 demographic param-
eters as a function of elevation, year, and their interaction:

logit(φijk) = αφi + βφi ! elevj + θφi ! yeark + ζφi ! elevj ! yeark  
 (9)

log(bijk) = αbi + βbi ! elevj + θbi ! yeark + ζbi ! elevj ! yeark 
 (10)

logit(rijk) = αri + βri ! elevj + θri ! yeark + ζri ! elevj ! yeark  
 (11)
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6 Avian demographic rates across elevation  M. H. C. Neate-Clegg et al.

Capture probability was modeled following Equation (3). All 
intercepts and slopes, including the interaction term, were 
again modeled with species-speci!c random effects as above. 
Model priors and settings followed the previous models 
and the posterior predictive checks were not signi!cant (F: 
P = 0.55; R: P = 0.76). From this model we extracted the 
means and credible intervals of all parameters and used the 
posteriors of φijk  and bijk to calculate estimates of λijk , propa-
gating the uncertainty.

Relating Population Growth Rates to Elevational 
Position and Shifts
To assess whether demographic rates are related to upslope 
shifts (Neate-Clegg and Tingley 2023), we investigated 2 pre-
dictions. First, we tested whether species typically found at 
lower elevations had higher population growth rates than 
species typically found at higher elevations, because lower ele-
vation species expanding upslope into our sites should exhibit 
population increases, while the trailing edge of high eleva-
tion species should exhibit population declines (Neate-Clegg 
et al. 2021b). To test this prediction, we !rst calculated the 
mean elevation of all the captured individuals of each spe-
cies. Then, for every posterior of the !rst model, we regressed 
the estimated population growth rates of each species against 
their mean elevations, thus propagating the uncertainty in the 
population growth rates. Across these 3,000 iterations, we 
calculated the mean regression coef!cient and 95% credible 
intervals.

Second, to assess whether the effect of elevation on popu-
lation growth rates could be related to elevational shift rates 
(m/year), we extracted previously published shift rate esti-
mates (Neate-Clegg et al. 2021a) for the subset of species 
included in the second CMR model. We estimated the ef-
fect of elevation on population growth rates by subtracting 
the population growth rate of the second-lowest sites (as 

one species was not represented at the lowest site) from 
that of the highest elevation site, and repeated this for every 
posterior draw of the second model. Positive and negative 
values thus indicated increased and decreased growth rates 
with elevation, respectively. Then, for every posterior, we 
regressed the difference in population growth rates against 
the elevational shift rates, propagating the uncertainty in the 
population growth rates. Across these 3,000 iterations, we 
calculated the mean regression coef!cient and 95% credible 
intervals. Given the few species for which we were able to 
!t this model, we note that the results are inherently pre-
liminary.

RESULTS
Overall Demographic Rates
Our 12-year dataset from 5 focal sites comprised 3,329 cap-
tures of 74 species. Seventeen species from 7 families had 
suf!cient data to estimate baseline demographic parameters 
(Figure 1, Table 2). Annual capture probabilities (assuming 6 
banding sessions per year) ranged from 0.15 (Xiphorhynchus 
erythropygius) to 0.85 (Basileuterus culicivorus). Residency 
probability ranged from 0.43 (Basileuterus culicivorus) to 
0.84 (Xiphorhynchus erythropygius). Apparent survival esti-
mates ranged from 0.35 (Anabacerthia variegaticeps) to 0.85 
(Xiphorhynchus erythropygius). Recruitment estimates ranged 
from 0.22 (Sittasomus griseicapillus) to 0.65 (Anabacerthia 
variegaticeps). Realized population growth rates ranged from 
0.85 (Catharus frantzii) to 1.12 (Basileuterus culicivorus). 
When comparing population growth rates to the mean ele-
vation of each species, there was fairly strong evidence that 
population growth rates were lower for species captured at 
higher elevations (Figure 2A; mean coef!cient = –0.01 change 
per 100 m elevation, 95% Bayesian credible interval (95% 
CrI): –0.027 to 0.005; Pr (coef!cient < 0) = 91%).

TABLE 3. Effects of elevation on the demographic parameters of 6 cloud-forest bird species in Cusuco National Park, Honduras. Presented for each 
species are the model parameters (Equations 4–6) for the effects of elevation (β) on residency probability (r), apparent survival probability (φ) and 
recruitment rate (b). Each parameter is associated with its 95% Bayesian credible interval, as well as the proportion of posteriors > 0. Species are 
presented in taxonomic order.

Species Parameter Estimate 2.5% 97.5% Pr (> 0)

Henicorhina leucophrys r 0.04 –0.51 0.72 0.54
φ –0.01 –0.20 0.17 0.48
b 0.01 –0.09 0.10 0.54

Myadestes unicolor r 0.19 –0.23 0.87 0.76
φ –0.02 –0.17 0.14 0.43
b 0.01 –0.08 0.10 0.55

Catharus mexicanus r –0.19 –0.73 0.29 0.23
φ 0.04 –0.12 0.22 0.68
b 0.02 –0.08 0.11 0.63

Chlorospingus !avopectus r 0.51 –0.12 2.01 0.89
φ 0.05 –0.12 0.22 0.72
b 0.00 –0.09 0.10 0.53

Arremon brunneinucha r 0.09 –0.28 0.58 0.65
φ –0.05 –0.20 0.10 0.28
b –0.01 –0.12 0.08 0.40

Myioborus miniatus r 0.21 –0.23 0.91 0.77
φ 0.03 –0.12 0.19 0.62
b 0.00 –0.11 0.10 0.51
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M. H. C. Neate-Clegg et al.  Avian demographic rates across elevation 7

Elevation-Specific Demographic Rates
Of the 17 species, 6 (Table 3) had suf!cient data to investigate 
the effects of elevation on demographic parameters (Figure 
3A). There was little evidence that average residency prob-
ability varied with elevation (µβ r  = 0.14, 95% CrI: –0.33 to 
0.79; Pr (µβ r  > 0) = 70%). There was also no evidence that 
apparent survival (µβφ = 0.006, 95% CrI: –0.14 to 0.16; 
Pr (µβφ > 0) = 54%) or recruitment varied with elevation 
(µβb = 0.003, 95% CrI: –0.09 to 0.09; Pr (µβb > 0) = 51%). 
Combined, this led to little change in population growth 
rates, albeit with a slight increase toward higher elevations.

At the species level (Figure 3B–G), no species showed strong 
changes in residency probability with elevation, although 
Chlorospingus !avopectus showed a trend towards residency 
increasing with elevation (Table 3). No species showed evidence 
of elevational differences in apparent survival or recruitment 
(Table 3). Despite the lack of strong trends in apparent sur-
vival and recruitment, weak trends in the population growth 
rates of some species were evident (Figure 3B–G). Of the 6 
species, 3 in particular showed a trend towards increasing 
population growth rates with increasing elevation, resulting 
from the additive effects of positive elevational trends in both 
survival and recruitment. Furthermore, Catharus mexicanus, 
one of the species with the largest sample sizes, showed some 
evidence (Figure 3D) that population growth rates were > 1 
at higher elevations (Pr (λ > 1) = 91%) and < 1 at the lowest 
elevations (Pr (λ < 1) = 79%).

Change in population growth rates across elevation was 
positively associated with elevational shift rates across the 6 
species (Figure 2B; mean coef!cient = 0.023, 95% CrI: 0.001 
to 0.049; Pr (coef!cient > 0) = 98%), and consistent (e.g., 
positive effect of elevation on population growth rates, posi-
tive change in mean elevation over time) for 5 out of 6 spe-
cies, indicating that upslope shifts were associated with higher 
population growth rates at higher elevations.

Temporal Trends in Demographic Rates
We found fairly strong evidence (µθr = –0.48, 95% CrI: 
–1.28 to 0.25; Pr (µθφ < 0) = 90%) that residency prob-
ability decreased over time, as well as strong evidence for 
an interaction between time and elevation (µζ r = 0.27, 95% 
CrI: –0.04 to 0.54; Pr (µζφ > 0) = 96%), where decreases in 
residency were less pronounced at higher elevations. There 
was strong evidence (µθφ = 0.46, 95% CrI: 0.02 to 0.92; Pr 
(µθφ > 0) = 98%) that apparent survival increased over time 
(Figure 4), as well as strong evidence for an interaction be-
tween time and elevation (µζφ = –0.16, 95% CrI: –0.36 to 
0.03; Pr (µζφ < 0) = 96%), such that increases were lower at 
higher elevations, to the point that survival decreased over 
time at the highest elevation site. Conversely, there was also 
strong evidence (µθb = –0.50, 95% CrI: –0.83 to –014; Pr 
(µθb < 0) = 99.5%) of a decrease in recruitment over time 
(Figure 4), again with strong evidence for an interaction 
(µζb = 0.11, 95% CrI: –0.01 to 0.26; Pr (µζb > 0) = 97%), 
such that recruitment was fairly stable at the highest eleva-
tion site. The combined effect of time and elevation on demo-
graphic rates was that population growth rates decreased at 
most elevations (Figure 4).

For residency probability at the species level (Table 4), 
all species had negative time coef!cients with at least fairly 
strong evidence (i.e., Pr (θr i < 0) = 84–97%) for 4 species, 
while all species had positive interaction coef!cients with at 
least fairly strong evidence (Pr (ζri > 0) = 86–99%). For these 
species, residency probability decreased over time, and more 
so at lower elevations. For apparent survival (Table 4), all 
species had positive time coef!cients with at least fairly strong 
evidence (Pr (θφi > 0) = 87–100%), and all species had a nega-
tive interaction coef!cient with at least fairly strong evidence 
(Pr (ζφi < 0) = 81–98%). For these species, apparent sur-
vival increased over time more at lower elevation sites than 
higher elevation sites, with survival actually decreasing at the 

FIGURE 1. Baseline demographic parameters for 17 cloud-forest bird species in Cusuco National Park, Honduras. Each point represents the mean 
apparent survival probability (φ), recruitment rate (b), and realized population growth rate (λ) for each species, and bars show the 95% Bayesian credible 
intervals. Numbers below give the sample size (number of captures) for each species. The upper dashed line indicates a population growth rate of 1 
(i.e., a stable population).
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8 Avian demographic rates across elevation  M. H. C. Neate-Clegg et al.

highest site for 5 species (Figure 4). For recruitment (Table 
4), all species had negative time coef!cients with strong evi-
dence (i.e., Pr (θbi < 0) = 98–100%), as well as positive inter-
action coef!cients with at least fairly strong evidence (i.e., Pr 
(ζbi > 0) = 88–98%). For these species, recruitment tended to 
decrease over time more at lower elevation sites, with weaker 
trends at the highest site. Taken together, population growth 
rates declined the most at higher elevation sites but still re-
mained higher overall than lower elevation sites for all spe-
cies, with the lowest sites seeing population declines for at 
least 4 out of 6 species by the end of the study.

DISCUSSION
Long-term monitoring is essential to both track and under-
stand population dynamics and the potential mechanisms 
driving observed population changes. We present trends sug-
gesting that the demographic rates of several cloud-forest 
bird species in Honduras vary over time and with elevation 
(Figures 3 and 4), with some species showing population de-
clines, and others increases (Figure 1). At the species level 
there was weak evidence (Figure 3) that some populations 
were increasing at higher elevations (λ > 1) and decreasing 
at lower elevations (λ < 1), especially towards the end of the 

study period (Figure 4), broadly consistent with the hypoth-
esis that species are shifting upslope over time (Neate-Clegg et 
al. 2021a, Freeman et al. 2021). This was particularly the case 
for Catharus mexicanus, one of the most represented species 
in our dataset (Table 3, Figure 3D). Although more years of 
data are necessary to robustly establish con!dence in these 
trends, the analytical framework we have outlined will facili-
tate ef!cient re-analysis in the future.

Despite the small sample size, our results are nonetheless sug-
gestive of some populations growing at the leading (upper) edge 
of their elevational ranges, while concurrently decreasing at the 
(lower) trailing edge. Such trends are consistent with previous 
!ndings in CNP—that the distributions of many cloud-forest 
species are moving upslope (Neate-Clegg et al. 2018). Indeed, 
we found fairly strong evidence that, across 17 species, average 
population growth rates were negatively associated with the 
elevational position of each species (Figure 2A), suggesting that 
lower elevation species have increased at our sites as they shift 
upslope, while higher elevation species declined at their trailing 
edge. This pattern has also been reported in Tanzania, and the 
Himalayas (Neate-Clegg et al. 2021b, Srinivasan and Wilcove 
2021), lending support to the use of basic demographic rates 
in conjunction with elevational ranges to infer range shifts. 
Moreover, the change in population growth rates with eleva-
tion was positively associated with the shift rate estimates of 
Neate-Clegg et al. (2021a) and consistent in sign for 5 out of 
6 species (Figure 2B), albeit a small sample size. Yet, given that 
these elevational shift rates were estimated from a different 
data source (point counts) within the same system, our result 
suggests that the effect of elevation on population growth rates 
could be a good indicator of elevational shifts.

For the species whose population growth rates tended 
to increase with elevation (e.g., Catharus mexicanus, 
Chlorospingus !avopectus), these patterns were generally 
mirrored by increases in both apparent survival and recruit-
ment rate across elevation (Figure 3). The similarities in these 
relationships suggest that increased population growth rates 
at higher elevations could be driven by both higher survival 
and higher recruitment rates, indicative of a mechanistic role 
in mediating elevational shifts. For example, population de-
creases at lower elevations could be driven by increases in 
nest predation rates (Boyle 2008, Cox et al. 2013, Londoño et 
al. 2023), while increases in survival or recruitment at higher 
elevations could be mediated by more favorable ecological 
conditions or resources as a result of warming, particularly 
for species near the upper edge of their elevational distribu-
tion (Rubenstein et al. 2023). Nevertheless, the same pro-
cesses may also apply to species shifting downslope, such as 
Arremon brunneinucha, that had higher survival as well as 
higher recruitment at lower elevations.

Temporal trends in demographic rates (Figure 4) indicated 
that apparent survival tended on average to increase over time, 
while recruitment decreased. Overall, this led to declines in 
population growth rates at the multi-species level. However, 
these temporal trends varied somewhat by species and eleva-
tion (Table 4), being stronger at lower elevations with the con-
sequence that, at the highest elevation site, apparent survival 
actually decreased over time for 5 species while the recruitment 
rate was stable for most species (Figure 4). Recruitment could 
be decreasing at lower elevations due to factors such as negative 
physiological effects, increased nest predation rates, or poor 
chick provisioning (Boyle 2008, Cox et al. 2013, Londoño et 
al. 2017, 2023), and these  results corroborate !ndings from 

FIGURE 2. Relationships between population growth rates, elevational 
position, and elevational shift rates for cloud-forest bird species. Mean 
population growth rates (A) for 17 species were negatively associated 
with the mean elevation at which each species was captured. The 
difference in population growth rates between high and low elevation 
sites for 6 species (B) was positively associated with previously 
estimated elevational shift rates. The trend lines and ribbons show 
the mean effect and 95% Bayesian credible intervals, whereas the 
vertical bars show the credible intervals for the point estimates.
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M. H. C. Neate-Clegg et al.  Avian demographic rates across elevation 9

other tropical sites that implicate recruitment decreases as a 
driver of population declines (Blake and Loiselle 2015, Brawn 
et al. 2017, Neate-Clegg et al. 2021b). As long-lived species 
at the slower end of the life-history continuum, cloud-forest 
birds are likely to favor their own survival over offspring provi-
sioning (Ghalambor and Martin 2001). The fact that species at 
the highest elevation site showed fairly stable recruitment and 
survival suggests that these populations are yet to experience 
the same pressures as lower elevation populations. However, 
with our study only spanning 12 years, the temporal dynamics 
observed might not re"ect multi-decadal trends (Neate-Clegg 
et al. 2020), an issue with !tting linear trends to shorter time 
series (McCain et al. 2016, White 2019). It is also possible that 
our sites do not span a suf!cient elevational gradient to fully 
capture the range of population dynamics, especially for spe-
cies whose elevational ranges go below that of the lowest site 
in this study.

Besides the spatiotemporal variation in demographic rates, 
we also provide baseline estimates for 4 key demographic 
parameters for 17 species (Table 2), to our knowledge the 
!rst study to do so for Neotropical cloud-forest birds (but see 
studies on apparent survival e.g., Rangel-Salazar et al. 2008, 
Taylor and Komar 2010, Scholer et al. 2019). This is especially 
important as tropical montane birds may exhibit differing 
demographic rates compared to their lowland counterparts 
(Scholer et al. 2019). Apparent survival was higher than the 
recruitment rate for most species (Figure 1), consistent with 
the slow-paced life-history strategies of tropical birds (Martin 
2004, Wiersma et al. 2007, Scholer et al. 2020). Yet, even 
within this small set of species inhabiting the same mountain 
range, we saw notable variation in demographic rates, with 
signs that some species are increasing in population size while 
others are decreasing (Table 2, Figure 1). Notably, Catharus 

frantzii, a high-elevation thrush, exhibited the lowest popula-
tion growth rate, potentially the result of upslope shifts of its 
lower-elevation congener, Catharus mexicanus, to which it is 
competitively subordinate (Jones et al. 2019).

Our knowledge of the demographics of tropical birds is 
limited (Sheldon 2019), although an increasing number of 
studies are contributing to our understanding of tropical bird 
life history (Ruiz-Gutiérrez et al. 2012, Scholer et al. 2020, 
França et al. 2023). Within the tropics, most demographic 
studies to date have focused on lowland bird species (e.g., 
Ruiz-Gutiérrez et al. 2012, Wolfe et al. 2015, Brawn et al. 
2017, Woodworth et al. 2018), with less attention paid to the 
hyper-diverse and range-restricted species of elevational gra-
dients (but see: Scholer et al. 2019, Kittelberger et al. 2021, 
Srinivasan and Wilcove 2021, Neate-Clegg et al. 2023). 
Moreover, many previous studies have not accounted for the 
presence of transient individuals, which could lead to under-
estimates of apparent survival probability, especially as ap-
parent survival cannot directly separate emigration from true 
survival. Following Telenský et al. (2023) and others (e.g., 
Pradel et al. 1997, Hines et al. 2003, Saracco et al. 2010, 
França et al. 2023), we advocate for models that explicitly 
incorporate transient individuals so that survival and re-
cruitment rates more accurately re"ect that of resident birds. 
As studies reporting basic demographic rates increases, our 
ability to investigate large biogeographical and ecological pat-
terns in life history continues to improve (Scholer et al. 2020, 
França et al. 2023). These studies will also provide baseline 
data that enable future comparisons (Kittelberger et al. 2021), 
allowing for more powerful interrogation of anthropogenic 
impacts on species-speci!c demographic rates.

With demographic data spanning 12 years, our study 
surpasses the oft-recommended 10-yr threshold for CMR 

FIGURE 3. Variation in demographic parameters as a function of elevation for 6 cloud-forest bird species. For all species together (A), and for each 
species individually (B–G), lines show how apparent survival probability (φ), recruitment rate (b), and realized population growth rate (λ) vary with 
elevation, with associated 95% Bayesian credible intervals. Points indicate the elevations of the five study sites. Dashed line indicates a population 
growth rate of 1 (i.e., a stable population).
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10 Avian demographic rates across elevation  M. H. C. Neate-Clegg et al.

FIGURE 4. Variation in demographic parameters as a function of elevation and year for 6 cloud-forest bird species. For all species together, and for each 
species individually, lines show how apparent survival probability (φ), recruitment rate (b), and realized population growth rate (λ) vary over time, with 
separate lines and 95% Bayesian credible intervals for the highest site (1,943 m) and lowest site (1,350 m). For Henicorhina leucophrys, the lowest site 
displayed is as at 1,375 m. For population growth rates, the dashed line indicates a population growth rate of 1 (i.e., a stable population).
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 research (Ruiz-Gutiérrez et al. 2012), yet it is still on the 
shorter end of long-term monitoring programs, shorter, in-
deed, than the lifespan of many tropical bird species (Valcu 
et al. 2014, Pollock et al. 2024). Nonetheless, using these 
analytical tools, the same analysis can be re-applied to our 
study system in the future to interrogate trends over longer 
time periods. We thus encourage others to employ the multi-
species framework outlined here, allowing the simultaneous 
estimation of demographic rates across a bird community 
(Saracco et al. 2022), and the incorporation of hierarchical 
random effects (Tenan et al. 2014) in a Bayesian context.

As monitoring datasets mature around the tropics, we en-
courage ecologists to use our modeling approach, and those 
in Telenský et al. (2023), to estimate demographic rates in 
other systems to improve data availability. We also encourage 
pluralistic approaches that combine different datasets for 
greater inference. For example, we have demonstrated that 
demographic datasets from bird banding can be paired with 
alternative data from point counts (Neate-Clegg et al. 2018) 
to increase understanding of elevational patterns. In addition 
to recapture data, more comprehensive documentation of 
nest survival rates (Londoño et al. 2023) and ageing of imma-
ture birds (Johnson and Wolfe 2016, Pyle et al. 2022) could 
provide further inference on population dynamics across ele-
vational gradients. The effects of climate change on birds are 
likely mediated by multiple in"uences, not least biotic factors 
(Jankowski et al. 2012, Neate-Clegg and Tingley 2023), and 
projects that relate demographic rates to a series of factors 
(e.g., resource availability, predation and parasitism rates, 
or interspeci!c competition) are needed to understand how 
global change is mechanistically integrated into population 
dynamics. We thus encourage holistic monitoring programs 
that incorporate multiple features of complex tropical sys-
tems likely to be intrinsically linked to avian population dy-
namics.

Supplementary material
Supplementary material is available at Ornithological 
Applications online.
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