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Abstract
1.	 Understanding how demographic rates change during population recovery is 

critical for evaluating conservation success and determining when populations 
become self-sustaining. However, documenting such transitions requires long-
term monitoring across substantial changes in population size— conditions that 
are rarely met.

2.	 We leverage a 29-year capture-mark-recapture dataset from the echo parakeet 
population (Alexandrinus eques), a vulnerable endemic parrot of Mauritius island 
that recovered from fewer than 20 individuals to over 500 during the study pe-
riod. Using multistate capture-mark-recapture models, we analysed encounter 
histories of 2734 known-aged wild individuals to estimate age and state-specific 
survival probabilities while accounting for temporal variation, transitions be-
tween breeding states and controlling for unequal recapture probabilities.

3.	 Demographic rates changed substantially during population recovery. 
Recruitment into the breeding population declined across all age classes as the 
population approached carrying capacity. Survival showed contrasting patterns: 
juveniles (<2 years old) exhibited a declining temporal trend (from 0.68 in 1994 to 
0.57 in 2020), whereas adult survival remained stable across years, with breeding 
adults showing consistently higher rates (0.96–0.97) than non-breeding individu-
als (0.76–0.90).

4.	 Synthesis and applications. These findings highlight the dynamic nature of demo-
graphic processes throughout population recovery and emphasise the value of 
continued monitoring beyond apparent recovery to detect density-dependent 
shifts in demographic rates of wildlife populations.

K E Y W O R D S
Alexandrinus eques, carrying capacity, mark-recapture, population demography, Psittaciformes, 
recruitment, survival probability, threatened species
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1  |  INTRODUC TION

Population recovery is a primary goal of conservation manage-
ment for endangered species, yet the demographic processes un-
derlying recovery are rarely static. As populations grow from small 
founder sizes towards carrying capacity, demographic rates are 
expected to shift in response to changing density-dependent pres-
sures (Newton,  1998). Understanding how survival and recruit-
ment change across distinct phases of recovery, from low numbers 
through rapid growth to eventual regulation is critical for setting 
realistic population targets, evaluating conservation success and 
anticipating when intervention may still be required (Armstrong & 
Seddon, 2008; Ewen et al., 2012). However, few studies have the op-
portunity to track demographic parameters across the full recovery 
trajectory, from near extinction to carrying capacity, as this requires 
long-term monitoring programmes that are logistically challenging 
and difficult to maintain (Clutton-Brock & Sheldon, 2010).

A further challenge in demographic studies is that early-life 
stages and non-breeding individuals are often difficult to monitor. 
Juvenile survival and recruitment probability remain poorly under-
stood in long-lived avian species with delayed maturity, because 
these individuals are frequently unobservable during the years be-
tween fledging and first breeding (Jenouvrier, 2013). In many long-
lived species, pre-breeders and individuals that skip reproduction 
in a given year comprise a substantial proportion of the adult pop-
ulation (Votier et  al.,  2008), yet their survival rates remain poorly 
understood due to reduced detectability and tendency to range 
widely outside monitored breeding areas (Katzner et  al.,  2011; 
Pardo et  al., 2013; Porter & Coulson,  1987). When non-breeders 
cannot be observed, multistate capture–recapture models with 
unobservable states can be applied, but these require constrain-
ing survival to be equal between states (Kendall & Nichols, 2002). 
This demographic blind spot has important implications; if survival 
differs between breeding and non-breeding individuals, population 
projections based solely on breeding adults may be upwardly biased 
(Fletcher et  al., 2012; Lee et  al.,  2017). Where both breeding and 
non-breeding individuals can be reliably monitored, multistate mod-
els with fully observable states allow this constraint to be relaxed, 
enabling direct estimation of state-specific survival (Barbraud & 
Weimerskirch, 2005; Cam et al., 1998) and several studies have re-
vealed that survival can differ substantially between breeding states 
in long-lived species including mammals (Oosthuizen et  al.,  2019) 
and seabirds (Pardo et al., 2013; Wood et al., 2021), suggesting this 
pattern may be widespread across other long-lived taxa and high-
lighting the potential for bias when equal survival is assumed.

Here, we analyse a three-decade resightings dataset of a vul-
nerable parrot species endemic to Mauritius, the echo parakeet 
(Alexandrinus eques), that has been intensively monitored since 1993 
and is the subject of one of the most successful conservation recov-
ery programmes globally (Jones & Merton, 2012). While this long-
term monitoring has advanced understanding of disease dynamics 
(Fogell et al., 2021), genetics (Raisin et al., 2012) and their effects on 
productivity (Fogell et al., 2019; Louch, 2025; Tollington et al., 2019), 

survival rates across the recovery trajectory have yet to be exam-
ined. This uninterrupted monitoring generated encounter histories 
of known-aged wild individuals resighted across different breeding 
states over three decades, enabling multistate age-structured mod-
elling with fully observable states. The resulting dataset presents an 
opportunity to assess age- and state-dependent apparent survival 
patterns and examine how demographic rates fluctuate across dis-
tinct phases of population recovery.

In this paper, we wanted to address three objectives: (1) quantify 
how recruitment and age-specific apparent survival change across 
three phases of population recovery (recovery, growth, regulation); 
(2) estimate state-specific survival probabilities to test whether sur-
vival differs between breeding and non-breeding individuals and (3) 
assess how survival estimates may be biased in studies where only 
breeding individuals can be monitored, necessitating the assumption 
that breeders and non-breeders share equal survival. By answering 
these questions, we aim to provide insights relevant both to the un-
derstanding of population dynamics of long-lived species and to the 
management of recovering populations.

2  |  MATERIAL S AND METHODS

2.1  |  Study species and population recovery

The echo parakeet is an endemic medium-sized parrot of Mauritius 
and the only surviving native parrot species of the Mascarene 
Islands (Jones,  1987). They are generally monogamous and pro-
duce one clutch of eggs per year (Tollington et  al., 2015) in tree 
cavities formed in native hardwood trees or artificial nest boxes 
(Tatayah et al., 2007). Individuals reach sexual maturity at 2 years 
but typically breed for the first time at 3–4 years, key life-history 
traits that inform our age constraints for breeding state transitions. 
Crucially, 95% of breeding attempts occur in monitored artificial 
nests (Henshaw et  al.,  2025), creating inherent detection het-
erogeneity for the modelling approach—breeding individuals are 
systematically encountered at nest sites, while non-breeders are 
detected opportunistically. The population declined to fewer than 
20 individuals by the early 1990s (Jones & Duffy,  1993) primar-
ily due to habitat loss and fragmentation (Cheke & Hume, 2008; 
Safford, 1997; Vaughan & Wiehe, 1937) and the introduction of in-
vasive alien species (Lorence & Sussman, 1986), but has recovered 
to over 500 individuals in 2025 (Henshaw et  al., 2025) through 
intensive conservation management such as predator control, nest 
manipulation, nest box provisioning, supplementary feeding and 
habitat protection (Thorsen & Jones,  1998), leading to downlist-
ing from critically endangered (Collar et  al.,  1994) to vulnerable 
on the IUCN Red List (BirdLife International, 2019). The popula-
tion recovery can be divided into three distinct phases: an initial 
recovery phase (1997–2003) characterised by slow growth with 
the population fluctuating between 11 and 23 breeding pairs, a 
sustained growth phase (2004–2015) during which the popula-
tion increased rapidly to over 120 pairs and an apparent regulation 
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phase from 2016 onwards as the population approached carrying 
capacity. This recovery trajectory (Figure 1) provides a unique op-
portunity to examine how demographic rates (i.e. recruitment, sur-
vival) change throughout different phases of population growth.

2.2  |  Study area

Historically, the echo parakeet inhabited the native tropical forests 
present across Mauritius and Reunion Island (Cheke & Hume, 2008; 
Jansen & Cheke, 2021; Jones, 1987), but severe habitat degradation 
and the introduction of invasive alien species have left the species 
largely confined to a limited area of 41 km2 within the Black River 
Gorges National Park in the South West of Mauritius (Figure  2), 
where remnants of the native forest remain (Safford,  1997). This 
study uses resighting data from two populations of echo parakeet 
(The Gorges ‘North’; −20.398, 57.441 & Bel Ombre ‘South’; −20.460, 
57.429) that, based on previous evidence, are spatially separated and 
exhibit little to no natural gene flow (Raisin et al., 2012; Tollington 
et al., 2013).

2.3  |  Data collection and encounter histories

Since 1993, both populations have been intensively monitored 
every year during the austral summer breeding season (September 
to March), which defines our annual encounter occasions. Field 

biologists from the Mauritian Wildlife Foundation systematically 
check all known nest boxes and natural cavities to identify breeding 
pairs and record their reproductive success. While ringing records 
began in 1991, the first chicks to successfully fledge were marked in 
1994, establishing this cohort as the starting point for our capture–
recapture analysis. Individuals are ringed in the nest before fledging, 
enabling long-term tracking and identification of birds within the 
population. As nearly all individuals are ringed (>95%) in the popu-
lation (Henshaw et al., 2025), this unique recovery programme has 
generated comprehensive individual encounter histories through 
systematic monitoring, with resightings comprising both breeding 
(41%) and non-breeding (59%) individuals. This balanced repre-
sentation of both breeding and non-breeding individuals provides 
a robust dataset for demographic analysis. All data were collected 
by trained field staff at the Mauritian Wildlife Foundation (MWF) 
and the Government of Mauritius' National Parks and Conservation 
Service (NPCS) as part of routine monitoring. The project received a 
favourable ethical opinion from the Animal, Rural and Environmental 
Sciences Ethical Review Panel at Nottingham Trent University.

A total of 3011 echo parakeets were individually marked with 
unique coloured ring combinations between 1994 and 2022, repre-
senting 28 cohorts (488 males, 558 females and 1965 of unknown 
sex). As sex can only be determined in echo parakeets from age 
2 onwards and was known for 37% of individuals, we pooled the 
sexes for all analyses. These marked individuals generated 12,906 
sightings throughout the study period (1994–2022). Individual en-
counter histories were compiled using various sighting sources (field 

F I G U R E  1 Number of wild echo parakeet breeding pairs monitored between 1987 and 2022 in the Black River Gorges National Park 
(Mauritius).
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observations, feeding observations, ringing data, breeding data), 
and bird IDs were cross-referenced with the studbook to confirm 
their origin and age. From the master dataset of resighting histories, 
some individuals were excluded from the analysis if we believed they 
could bias survival estimates due to their atypical life history or con-
servation management actions: individuals may have been ringed as 
adults (unknown age), never successfully fledged (died in the nest), 
translocated (N = 151), taken into captivity (N = 4) or known to have 
bred prematurely <2 years (N = 2). The last cohort was removed 
(N = 120) due to no recapture events after 2022. This filtering pro-
cess resulted in a final dataset of 2734 known-age individuals, of 
which 997 (36.4%) were resighted in at least one subsequent breed-
ing season following their initial ringing event.

Encounters at supplementary feeding stations were excluded to 
maintain the assumption of equal-resighting probability among indi-
viduals (Pollock et al., 1990) that could potentially bias demographic 
parameter estimates if violated. Birds nesting closer to feeding sta-
tions aggregate around them (Fogell et  al.,  2019), creating spatial 
heterogeneity in detection probabilities.

2.4  |  Breeding state attribution

Accurate state assignment is critical for multistate models (Conn & 
Cooch, 2009). In our study, individuals were classified as breeders 

only when positively identified as parents at a monitored nest and 
actively participating in reproduction (where a breeding attempt is 
characterised by at least one egg being laid); all other resighted in-
dividuals were classified as non-breeding (pre-breeders if never re-
corded breeding, non-breeders if previously recorded breeding but 
not in the current season).

Several factors support the reliability of this classification. 
First, the scarcity of natural cavities means that the majority of 
breeding attempts occur in monitored nest boxes, which were 
visited multiple times by field biologists each breeding season 
to confirm parent identities through unique colour ring combina-
tions. Second, echo parakeets exhibit high nest site fidelity and 
low divorce rates, allowing cross-validation with records from 
previous years. Third, continuous surveys across the species' lim-
ited range (~41 km2) throughout the breeding season minimised 
the probability of undetected breeding attempts. Fourth, natural 
cavities outside monitored areas are unlikely to support successful 
breeding due to lack of maintenance during the non-breeding sea-
son and competition from invasive species for cavity access. Thus, 
we expect breeder resightings probabilities to be very close to 1. 
Moreover, the low number of unringed individuals encountered 
throughout the study period (S. Henshaw in litt. 2026) provides 
indirect validation of the monitoring coverage: if substantial unre-
corded breeding were occurring, we would expect higher resight-
ing rates of unringed birds, which was not observed.

F I G U R E  2 The Black River Gorges National Park (south-west of Mauritius) and the echo parakeet natural and artificial nest locations 
(black dots).
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2.5  |  Statistical methods

2.5.1  |  Goodness-of-fit

Individual heterogeneity in survival and resighting probabilities 
can bias parameter estimates (Lebreton & Pradel,  1998; Pradel 
et al., 1997). To determine the optimal age structure for survival (φ) 
and detection (p) probabilities, we used a sequential approach in the 
Cormack–Jolly–Seber (CJS) framework where φ and p were manipu-
lated until the best model was found without time effect. We started 
with a model containing the maximum biologically meaningful num-
ber of age classes (six age classes for both φ and p) with constant 
time. After establishing the optimal age structure for each param-
eter, we incorporated time-dependence to create our ‘global model’ 
(Table S1, model 1).

To evaluate the homogeneity assumptions, we applied the 
median ĉ approach implemented in Program MARK (White & 
Burnham, 1999) to our most parameterised CJS single-state model 
([φ(0–4t), p(1–6t)]) accounting for age structure which included 
time-varying survival for age classes 0 through 4+ and time-varying 
detection probabilities for age 1 (set equal to 0) and 2–6+. This rep-
resents the most complex biologically relevant parameterisation for 
our study population accounting for expected heterogeneity in sur-
vival and detection among age classes. The median ĉ procedure es-
timates overdispersion by simulating datasets from the fitted model 
and finding the ĉ value at which the observed deviance falls at the 
median of the simulated deviance distribution (for more details, see 
Cooch & White, 2025). A ĉ value of 1.0 indicates no overdispersion, 
while values up to 3.0 are considered acceptable for reliable survival 
modelling (Lebreton et al., 1992). Following Brown (2003), datasets 
satisfying single-state assumptions should also adequately fit multi-
state models, making this approach appropriate for our subsequent 
multistate analyses. We therefore used quasi-AICc (QAICc) (White 
& Burnham,  1999) for model selection incorporating the variance 
inflation factor (ĉ) to adjust for overdispersion, reducing the risk 
of selecting overly complex models and emphasising parsimony 
(Lebreton et al., 2003). This approach has been successfully imple-
mented across various capture–recapture studies in the literature 
(Converse et al., 2009; Horswill et al., 2014; Wood et al., 2018) and 
provides reliable assessment for multistate models incorporating 
age-dependent transition probabilities (Cooch & White, 2025).

2.5.2  | Modelling framework

We used multistate capture–recapture models (Brownie et al., 1993; 
Lebreton et al., 2009) to simultaneously estimate survival probability 
(φ), transition probability (ψ) between breeding states and detection 
probability (p). Capture occasions corresponded to annual breeding 
seasons with intervals between occasions (t to t + 1) representing 1 
year. These models estimate three key parameters: the probability 
of being resighted at time t in state r given survival and presence; 
the probability of transitioning from state r at time t to state s at 

time t + 1 conditional on survival; and apparent survival from time t 
to t + 1 (Nichols et al., 1994). In these models, survival estimates rep-
resent ‘apparent survival’, which cannot distinguish mortality from 
permanent emigration. However, several factors suggest emigration 
is minimal in this system: (1) echo parakeets are restricted to native 
forest habitat within Black River Gorges National Park, (2) extensive 
annual surveys throughout the park rarely encounter previously un-
detected individuals, (3) natural cavity availability is limited outside 
monitored areas and (4) no echo parakeets have been recorded out-
side native forest boundaries (S. Henshaw in litt. 2026). These fac-
tors suggest that survival estimates from the study are more likely to 
be closer to true survival than apparent survival.

We developed biologically informed hypotheses about factors 
affecting these parameters based on the species' life history and 
prior research, which guided our construction of candidate models. 
Parrots typically follow patterns where juveniles experience sub-
stantially lower survival rates compared to adults (Saunders, 1982; 
Saunders et al., 2024), and previous research suggests that echo par-
akeets exhibit similar age-structured survival patterns, with notable 
differences even among adult age classes (Gath, 2018).

	 (i)	Survival (φ): We defined three age groups for survival modelling: 
juveniles (ages 0 and 1, comprising fledglings in their first year 
and yearlings in their second year), young adults (ages 2 and 3) 
and adults (ages 4 and above). We tested models ranging from 
complex age-state interactions to simpler structures, guided by 
three primary hypotheses: (1) juvenile survival would show tem-
poral variation due to sensitivity to environmental factors such 
as density-dependent processes and climatic variation; (2) adult 
survival would differ between breeding states; and (3) young 
adults (ages 2–3) might exhibit different state-specific survival 
patterns compared to older adults (ages 4+). We tested both 
fully age-stratified models (φ(0, 1, 2, 3, 4+)) and models with 
pooled age classes (φ(0:1, 2:3, 4+)) to reduce the number of esti-
mated parameters and increase statistical power for estimating 
early-life survival while maintaining biologically meaningful age 
distinctions.

	(ii)	 Transitions (ψ): We tested whether transitions between breed-
ing states varied by age, time or both. Specifically, we evalu-
ated models with: (1) four or five age classes, with temporal 
effects modelled as either additive or interactive with age; 
(2) full annual temporal variation versus pooling into three 
broader time periods corresponding to distinct phases of pop-
ulation recovery (initial recovery 1994–2003, growth 2004–
2015, regulation 2016–2022; Figure  1); and (3) age effects 
only, without temporal variation. We simplified from four to 
three age classes to reduce the number of estimated parame-
ters while retaining biologically meaningful transitions. Unlike 
survival, transition parameters could not be pooled by age in 
the same way because of biological constraints: the breeding 
state is not reachable before age 2 (sexual maturity), so age-
specific transitions were only estimable from age 1 onwards. 
Interactive effects between age and full time-dependence 
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were initially considered but proved overparameterised, re-
sulting in inestimable parameters for certain age-specific 
transitions, leading us to adopt the more parsimonious addi-
tive model structure in this case.

	 (i)	Detection (p): We hypothesised that detection probability 
would be driven primarily by breeding state rather than age, 
because field monitoring actively targets breeding sites while 
encounters with non-breeders or pre-breeders are much 
more opportunistic, resulting in lower detection probability 
for individuals in these states. The higher detection rates ob-
served in older birds in the CJS framework may therefore re-
flect their higher probability of being breeders rather than an 
independent age effect. We tested models where detection 
probability varied by state, age and time (due to changes in 
overall density, monitoring teams and management intensity). 
Detection probability for pre-breeders was both age- and 
time-dependent, distinguishing yearlings (age 1) from older 
pre-breeders (age 2+) to account for potential differences in 
site prospecting behaviour, whereas detection for adult breed-
ers and non-breeders was time-dependent only (Table 1). We 
evaluated three temporal structures: (1) full time-dependence, 
with state interaction (p(1t, 2 t*s)), where yearlings varied by 
time independently and adults varied by state and time; (2) 
state-time interaction without age distinction (p(s*t)) assum-
ing no differences in detection between yearlings and adults; 
and (3) simplified temporal structures where time effects 
were pooled into recovery periods (Figure 1) or management 
intensity (Gath, 2018). We also tested models with state and 
age effects only with no temporal variation (more details in 
Table S2).

Parameters were fixed to zero when transitions were biologi-
cally impossible, based on species life history and the delayed ma-
turity (Clobert et al., 1994). These constraints reflected two key 
biological realities: (1) sexual maturity occurs at age 2 (confirmed 
by our data showing no breeding before this age), and (2) individ-
uals must progress sequentially through breeding states (Table 2 
and Figure 3).

Following Lebreton et  al.  (1992) methodology and notation, 
these hypotheses were translated into a set of candidate mod-
els (n = 177) representing different combinations of age, time and 
state effects on demographic parameters (Table  S2). The most 

parsimonious models were determined using Akaike's Information 
Criterion (Burnham & Anderson, 2002). Analyses were conducted 
in R version 4.4.0 (Team, R Core, 2024), using the ‘RMark’ package 
version 3.0.0 (Laake & Rexstad, 2022) as an alternative interface to 
MARK's GUI to build models that were fitted to the data in Program 
MARK version 10.1 (White & Burnham, 1999).

Additionally, to evaluate the validity of assumptions underlying 
multistate models with unobservable state commonly used when 
non-breeding individuals cannot be monitored, we fitted UMS 
models where pre-breeder and non-breeder states were desig-
nated as unobservable (p = 0) with survival constrained to equal 
that of breeders.

3  |  RESULTS

3.1  |  Goodness-of-fit

Goodness-of-fit testing using the median ĉ procedure revealed slight 
overdispersion (ĉ = 1.27, bounds: 1.0–3.0, 1000 simulations), well 
within acceptable limits (ĉ < 3.0) recommended for reliable survival 
modelling (Lebreton et al., 1992).

3.2  |  Model selection

Two strongly supported models (ΔAICc <2; Burnham & 
Anderson, 2002) together accounted for approximately 70% of the 
total model weight. These top models shared similar structures for 
detection probability and state transitions, while differing slightly 
in their survival parameterisation. The second-ranked (Model 214, 

TA B L E  1 Detection probability (p) matrix for the echo parakeet multistate model.

State at t Not detected Pre-breeder (1) Breeder (2) Non-breeder (3)

Pre-breeder (1) 1-p1
(a,t) p1

(a,t) 0 0

Breeder (2) 1-p2
(t) 0 p2

(t) 0

Non-breeder (3) 1-p3
(t) 0 0 p3

(t)

Note: The matrix describes the probability of each observation event (columns) conditional on the individual's true state (rows). Detection 
probabilities vary across different states with time (t) and age (a) variation: p1(a,t) for pre-breeders (age and time-dependent), p2(t) for breeders and 
p3(t) for non-breeders. Zeros indicate no state misclassification.

TA B L E  2 Transition matrix (Ψ) for movements between breeding 
states from time t (rows) to t + 1 (columns), conditional on survival.

State at t
To: 
Pre-breeder To: Breeder

To: 
Non-breeder

Pre-breeder (1) 1 − ψ12 ψ12 0

Breeder (2) 0 1 − ψ23 ψ23

Non-breeder (3) 0 ψ32 1 − ψ32

Note: Zeros indicate biologically impossible transitions. States are 
defined as: Pre-breeder (state 1), breeder (state 2) and non-breeder 
(state 3).
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    |  7 of 16GELLÉ et al.

ΔAICc = 0.67, weight = 0.29) included time-dependent juvenile (i.e. 
first 2 years post-fledging) survival and state-dependent adult sur-
vival with distinct parameters for ages 2, 3 and 4+. The top model 
(Model 165, weight = 0.41) simplified the adult age structure by 
grouping young adults (ages 2–3) while maintaining separate esti-
mates for older adults (4+). Model 165 was selected as the most par-
simonious (Table 3).

3.3  |  Apparent survival estimates

The most parsimonious model (Model 165, Table  3) revealed 
substantial state-dependent variation in echo parakeet apparent 
survival (Figure  4). Juvenile survival (age 0–1 and 1–2) was best 
described with full time-dependence, showing a declining trend 
since 2003 (Figures 5 and 6). In contrast, adult survival remained 
constant across years with significantly higher rates for breeding 

adults (0.96–0.97) than non-breeding adults (0.76–0.9). For older 
adults (age 4+), breeding individuals exhibited the highest survival 
probability at 0.96 (CI = 0.94–0.97), which was 0.13 higher than 
pre-breeders at 0.83 (CI = 0.79–0.86) and substantially higher 
than non-breeders at 0.76 (CI = 0.70–0.81). A similar pattern was 
observed in younger adults (ages 2–3), where breeders showed 
0.07 higher survival probability at 0.97 (CI = 0.94–0.99) compared 
to pre-breeders at 0.90 (CI = 0.86–0.93). These consistent differ-
ences across age classes suggest that breeding state is a signifi-
cant determinant of survival probability that is independent of age 
effects.

3.4  |  Bias from equal-survival assumptions

For comparison, multistate models with unobservable state (UMS) 
estimated young adult survival at 0.93 (CI = 0.89–0.95) and 0.91 

F I G U R E  3 Breeding states transitions diagram of echo parakeet (Alexandrinus eques). Pre-breeding individuals (state 1, age 0+), active 
breeders (state 2, age ≥2) and non-breeders (state 3, age ≥3). Transitions 1 to 1, 2 to 2 and 3 to 3 (remaining in the same state) are computed 
by subtraction.

TA B L E  3 Top 10 candidate models evaluating factors affecting survival (Φ), state transition (ψ) and detection (p) probabilities.

Model Model structure Num. par. AICc ΔAICc Weight Deviance

165 Φ(0:1t, 2:3s, 4s), ψ(0-3*period), p(1 t, 2 t*s) 160 15156.60 0.00 0.41 5963.53

214 Φ(0:1t, 2s, 3s, 4s), ψ(0-3*period), p(1t, 2t*s) 162 15157.26 0.67 0.29 5960.00

18 Φ(0:1t, 2s), ψ(0-3*period), p(1t, 2t*s) 157 15159.21 2.61 0.11 5972.43

217 Φ(0:1t, 2s, 3s, 4s), ψ(0-4*period), p(1t, 2t*s) 171 15159.59 2.99 0.09 5943.41

168 Φ(0:1t, 2:3s, 4s), ψ(0-4*period), p(1t, 2t*s) 169 15160.07 3.47 0.07 5948.10

21 Φ(0:1t, 2s), ψ(0-4*period), p(1t, 2t*s) 166 15161.94 5.34 0.03 5956.28

186 Φ(0:1t, 2:3s, 4s), ψ(0-3*period), p(s*t) 134 15170.90 14.31 <0.01 6032.16

235 Φ(0:1t, 2s, 3s, 4-s), ψ(0-3*period), p(s*t) 136 15171.82 15.23 <0.01 6028.91

39 Φ(0:1t, 2s), ψ(0-3*period), p(s*t) 131 15173.24 16.64 <0.01 6040.73

238 Φ(0:1t, 2s, 3s, 4s), ψ(0-4*period), p(s*t) 145 15174.01 17.41 <0.01 6012.33

Note: Notation: Numbers (0, 1, 2, 3, 4) represent age classes; ‘:’ indicates grouped age classes (e.g. 0:1 = ages 0 and 1 grouped); ‘t’ = full time-
dependent; ‘s’ = state-dependent (pre-breeder, breeder, non-breeder); ‘*’ = interaction between effects; ‘period’ = temporal variation in broader three 
time periods (representing population growth stages) rather than annually (t). Models are ranked by Akaike's information criterion (AICc). The best 
model is in bold and highlighted.
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8 of 16  |     GELLÉ et al.

(CI = 0.89–0.92) for age 4+, underestimating breeders' survival by 
0.04–0.05 and overestimating survival of non-breeding individuals 
by 0.03–0.15 (Figure 4).

3.5  |  Transition probabilities

Transition probabilities were found to be age-dependent and time-
dependent (population growth periods) with breeders having higher 
probabilities of retaining their status as breeders (Table  4). In the 
multistate parameterisation we adopted, survival precedes transi-
tion within each occasion; consequently, the ‘age 1’ transition prob-
abilities reported here represent the probability that a bird surviving 
its second year of life transitions into the breeder state—and is there-
fore first recorded as a breeder at age 2 (consistent with the known 
minimum age of first breeding reported throughout this study). State 
transitions revealed declining recruitment probabilities for all age 
classes, with the probability of breeding for the first time dropping 
by 0.1 for age 1, 0.25 for 2-year-olds and 0.07 for 3-year-olds and 
older between the early recovery period (1996–2003) and recent 
years (2016–2021) (Figure 7). Details about the differences between 
periods can be found in Table S4.

3.6  |  Resighting probabilities

Across all competitive models (Table 3, ΔAICc <7), detection prob-
ability was best modelled with two age classes (yearlings and adults) 

and state-specific full-time variation, with yearlings' detection vary-
ing independently from adults (see Table S3). When constrained to 
state-only variation, adult breeders showed near-perfect detection 
(p = 1.000), consistent with intensive nest box monitoring, while 
yearlings (p = 0.32), adult pre-breeders (p = 0.29) and adult non-
breeders (p = 0.21) showed substantially lower detection, reflecting 
the opportunistic nature of encounters outside monitored breeding 
sites.

4  |  DISCUSSION

4.1  |  Apparent survival estimates

4.1.1  |  General findings

Building on previous demographic analyses (Gath, 2018), this study 
provides the first estimates of survival and recruitment for the echo 
parakeet across three decades of population recovery. By tracking 
demographic rates from near-extinction to apparent carrying capac-
ity, we reveal complex patterns of age-, state- and time-dependent 
survival with important implications for conservation management. 
While demographic studies exist for other threatened parrots such 
as the Puerto Rican parrot (Amazona vittata) (Beissinger et al., 2008), 
kakapo (Strigops habroptilus) (Elliott et al., 2001), orange-bellied par-
rot (Neophema chrysogaster) (Holdsworth et  al.,  2011; Stojanovic 
et  al.,  2020) and green-rumped parrotlet (Forpus passerinus) 
(Beissinger, 2008; Sandercock et al., 2000), our study offers a unique 

F I G U R E  4 Differences in adult apparent survival estimates between age classes and states (estimates derived from the best-supported 
model (model 165, Table 3). Green = breeders, blue = pre-breeders, red = non-breeders and grey = estimations from multistate model with 
unobservable state (UMS).

 13652664, 2026, 8, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2664.70523 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [03/08/2026]. 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



    |  9 of 16GELLÉ et al.

perspective on demographic change during population recovery. In 
long-lived avian populations, density-dependent effects on recruit-
ment have rarely been demonstrated across time within a single 
population (e.g. Fay et al., 2017; Sandercock et al., 2000; Tavecchia 
et al., 2007) due to the long-term data requirements. This 29-year 
dataset, spanning the echo parakeet's recovery from near-extinction 
(<20 individuals) to apparent carrying capacity (>500 individuals), 
provides a rare opportunity to examine how breeding probabilities 
and age-specific survival rates shift across distinct phases of popula-
tion recovery.

4.1.2  |  State-dependent survival patterns

Our multistate approach revealed pronounced state-dependent vari-
ation in survival across all age classes, with breeding individuals con-
sistently showing higher survival probabilities than non-breeding birds. 
The magnitude of this difference increased with age, culminating in a 
0.2 survival advantage for breeders in the oldest age group (4+).

This pattern of higher survival in breeding individuals has been 
documented in other long-lived species and contrasts with the 
‘prudent-parent’ hypothesis (Drent & Daan, 1980), which predicts 
that reproduction should impose survival costs. Wood et al. (2021) 
found that Skomer Island's Manx shearwaters (Puffinus puffinus) 
that successfully raised a chick showed 10% higher survival com-
pared to non-breeders, and similar patterns have been observed 
in other long-lived species including parrots (Lescroël et al., 2009; 

Sandercock et  al., 2000; Weladji et  al.,  2008). However, this pat-
tern is not universal among avian populations. Studies have also 
documented the opposite relationship, where breeding individ-
uals show reduced body condition and/or survival compared to 
non-breeders, supporting the expected costs of reproduction. For 
example, Cruz-Flores et  al.  (2021) demonstrated that reproduc-
tive effort negatively affected survival in Bulwer's petrel (Bulweria 
bulwerii) females, and similar breeding costs have been reported in 
other bird studies (Sanz-Aguilar et al., 2012; Williams, 2005), rep-
tiles (Madsen & Shine, 1994; Reading, 2024), amphibians (Reading 
& Jofré,  2021) and mammals (Clutton-Brock et  al.,  1989, 1996; 
Tavecchia et al., 2005). These conflicting results indicate substan-
tial variation in how breeding status affects survival among differ-
ent species and populations, making the widespread assumption of 
equal-survival between breeding and non-breeding individuals in 
multistate models problematic.

Several non-mutually exclusive mechanisms likely contribute to 
this state-dependent survival pattern. First, individual heteroge-
neity creates a selection effect whereby individuals in better con-
dition are more likely to both secure breeding opportunities and 
survive longer (Aubry et al., 2011; Barbraud & Weimerskirch, 2005; 
Cam et al., 1998; Robert et al., 2012; Sanz-Aguilar et al., 2011). This 
quality-based sorting means that we might expect the breeding 
population to inherently represent a subset of higher quality indi-
viduals (those with superior competitive ability, disease resistance 
or better body condition) within each age class. Second, in accor-
dance with life-history theory (Roff, 1993; Stearns, 1992), breeding 

F I G U R E  5 Apparent survival estimates from 1994 to 2021 across age classes in the multistate framework (Error bars represent 95% 
confidence intervals). Juvenile estimates derived from the best-supported model (model 165: Φ(0:1t, 2:3s, 4s)), with adult survival estimated 
from a time-parameterised variant (Table S2; model 239: Φ(0:1t, 2:3t, 4t)).
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10 of 16  |     GELLÉ et al.

experience itself may confer survival advantages through improved 
foraging efficiency (Daunt et al., 2007; Pärt, 2001), better preda-
tor avoidance and enhanced responses to environmental variation 
(Forslund & Pärt, 1995; Nevoux et al., 2007).

4.1.3  |  Age-specific patterns and population 
implications

Consistent with life-history theory predictions (Sæther & Bakke, 
2000; Stearns, 1998), empirical findings across long-lived avian spe-
cies (Ratcliffe et al., 2002; Tavecchia et al., 2001) and other psitta-
cines (Senar et  al.,  2019), we found lower survival probabilities in 
juveniles (<2 years old) compared to adults. Our temporal analysis 
also revealed a declining trend among the younger age class; when 

survival was modelled by recovery phase rather than year, juvenile 
survival declined from 0.91 (95% CI: 0.86–0.94) during initial recov-
ery to 0.55 (95% CI: 0.48–0.61) during the regulation phase, while 
adult survival remained stable across all three periods (Figure 6). This 
pattern likely reflects density-dependent regulation (Newton, 1998) 
as the population approaches carrying capacity, with increased com-
petition (e.g. food resources, nesting sites) disproportionately affect-
ing younger, less competitive individuals (Armstrong et  al.,  2005; 
Nicoll et al., 2003; Wunderle, 1991). Age-specific survival patterns 
are well documented in a range of taxonomic groups, with distinct 
differences in survival estimates between short-lived and long-lived 
taxa (Gaillard et  al.,  1998; Loery et  al., 1987; Mihoub et  al.,  2010; 
Sæther et al., 1996). Individual heterogeneity in survival tends to be 
more pronounced in short-lived species than in those with longer 
generation times (Péron et al., 2016). Additionally, survival rates of 
early life stages (juveniles and sub-adults) are often more sensitive to 
environmental factors than survival rates of older individuals, show-
ing greater variability in response to climate and resource availability 
(Naef-Daenzer et al., 2001; Nicoll et al., 2017; Oro et al., 2010; Payo-
Payo et al., 2016; Sæther et al., 1996). Future analyses should explic-
itly examine how environmental factors (e.g. density, cyclonic events) 
and individual-level covariates (e.g. supplementary feeding, disease, 
inbreeding) may influence these age-specific survival patterns.

4.2  |  Recruitment rates

Transitions between breeding states depended on an individual's 
current state and age, not on chance alone (Markovian). While 

F I G U R E  6 Age-specific apparent survival estimates (Φ) across three phases of population recovery (initial recovery 1996–2003, growth 
2004–2015, regulation 2016–2021) (Error bars represent 95% confidence intervals). Estimates derived from model with time-period 
constraints replacing full-time parameterisation (Table S2; model 240).

TA B L E  4 Transition rates by age class throughout the study 
(‘PB' = pre-breeding/‘B’= breeding/‘NB’= non-breeding).

Transition Age class ψ SE LCI HCI

PB-B Age 0 0 0 0 0

PB-B Age 1 0.11 0.01 0.09 0.13

PB-B Age 2 0.21 0.02 0.18 0.25

PB-B Age 3+ 0.18 0.01 0.16 0.21

B-NB Age 2 0.15 0.04 0.09 0.24

B-NB Age 3+ 0.11 0.01 0.09 0.13

NB-B Age 3+ 0.43 0.03 0.37 0.49

Note: Survival precedes transition: Transition values for ‘age 1’ is their 
transition to breeding state after surviving their second year.
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    |  11 of 16GELLÉ et al.

breeders have high probabilities to breed again the following year, 
previous non-breeders were far less likely to return to breeding, 
and both rates shifted across the phases of recovery. Transition 
from pre-breeder to breeder state (recruitment) showed clear age-
dependence, with initial recruitment probability for 2-year-olds 
ranging from 0.02 to 0.12 depending on the time periods. This rel-
atively low probability of recruitment in the breeding population 
at the end of their second year suggests that many echo parakeets 
delay breeding beyond physiological maturity, likely due to compe-
tition for limited breeding resources or the need to reach optimal 
condition before attempting reproduction. Recruitment probabili-
ties showed variation across the three time periods of population 
growth (1996–2003, 2004–2015, 2016–2020). Recruitment was 
overall highest during 1996–2003, coinciding with the recovery 
period and lowest during 2014–2021 when the population ap-
proached the regulation phase. The probability of returning from 
non-breeding to breeding declined in the final period (from 0.53 to 
0.60 before 2016 to 0.28 in the last years), suggesting increasing 
difficulty in re-entering the breeding population. Taken together, 
the declines in first-time recruitment of pre-breeders and in re-
entry by experienced non-breeders point to density-dependent 
effects on transitions into the breeding state, as documented 
in other bird populations (Crespin et  al.,  2006; Newton,  1998; 
Tavecchia et al., 2007), with increasing competition for space and 
food as the population grew. However, recruitment rates may also 
be influenced by other temporal and individual-level factors such 
as diseases (e.g. beak and feather disease virus). Further investiga-
tion is necessary to assess how these covariates affect transitions 
to breeding state.

4.3  |  Resighting probabilities

Our analyses revealed complex patterns in detection probabilities 
that were better understood through multistate modelling. Breeding 
state was a fundamental driver of detection differences, with breed-
ing individuals showing substantially higher detection rates than 
non-breeders regardless of age, likely due to their more consistent 
presence at monitored nest sites. In numerous long-lived species, 
breeding individuals exhibit strong territorial fidelity to breeding 
sites (Greenwood & Harvey, 1982), making them more consistently 
detectable than non-breeders. Moreover, immature individuals 
often show higher dispersal rates (Gaines & McClenaghan,  1980) 
than adults, reducing their detection probability. These biological 
patterns, combined with potential fluctuations in the monitoring ef-
fort, create sources of detection heterogeneity that have been ac-
counted for in these multistate capture–recapture models to avoid 
biased demographic estimates.

5  |  CONCLUSION AND CONSERVATION 
IMPLIC ATION

As conservation programmes increasingly recognise the impor-
tance of evidence-based management (Cook et  al., 2010; Pullin & 
Knight, 2001; Sutherland et  al., 2004), these findings have direct 
implications for the ongoing management of the echo parakeet 
and emphasise the importance of comprehensive monitoring pro-
grammes for understanding demographic processes in recovering 
populations.

F I G U R E  7 Estimates of echo parakeet recruitment rates (ψ) (pre-breeder to breeder state transition) across age classes from 1996 to 
2021 (Error bars represent 95% confidence intervals). Estimates derived from the best-supported model (model 165: ψ(0-3*period)).
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12 of 16  |     GELLÉ et al.

First, the substantial decline in juvenile apparent survival and re-
cruitment probability as the population approached carrying capac-
ity underscores that continued demographic monitoring is essential 
to detect density-dependent shifts in vital rates. The transition from 
rapid growth to regulation represents a critical phase where man-
agement priorities may need to shift, from maximising population 
growth and abundance to maintaining demographic stability and 
genetic diversity (Raisin et al., 2012; Van Oosterhout et al., 2026).

Second, the declining probability of non-breeders that were 
known to previously breed re-entering the breeding population 
shows that a growing number of these experienced adults remained 
outside the breeding pool as densities increased. Where breeding is 
limited by nest-site availability, management that increases access 
to nest sites could allow more of these experienced individuals to 
resume breeding.

Third, the assumption of equal survival between breeding and 
non-breeding individuals, commonly used in demographic models, 
appears inappropriate for echo parakeets and likely many other 
species. Population projections based on this assumption may be 
overly optimistic, potentially misleading management goals and ac-
tions (Fletcher et al., 2012; Lee et al., 2017; Sanz-Aguilar et al., 2016). 
For conservation practitioners, we recommend prioritising mon-
itoring programmes that capture demographic complexity across 
all life stages and reproductive states when feasible, as these ob-
servations have been proven to significantly improve the accuracy 
of demographic parameter estimation (Kendall, 2004; Oosthuizen 
et al., 2019; Pardo et al., 2013). We therefore strongly recommend 
the continuation of field surveys that systematically document non-
breeding echo parakeets.

Fourth, our results provide essential baseline parameters for 
future population viability analyses that would help inform man-
agement decisions (Beissinger & McCullough, 2002; Norris, 2004; 
Reed et  al.,  2002). Elasticity analyses would identify which vital 
rates have the greatest proportional influence on population 
growth rate λ (Caswell, 2001), but management should also con-
sider the variance of demographic rates (Caswell,  2000; Koons 
et al., 2016), as a more variable rate such as juvenile survival can 
drive year-to-year fluctuations despite lower elasticity. Thus, re-
liable projections for the echo parakeet will need to incorporate 
the density-dependent effects documented here, including the 
declining proportion of individuals recruiting into the breeding 
population, the reduction in early-life survival at higher densities 
and the higher temporal variance in juvenile survival. Such analyses 
could help identify which vital rates offer the greatest potential for 
management intervention (Ewen et al., 2012), informing decisions 
about ongoing (V. Tatayah, S. Henshaw and C. Jones in litt. 2026) 
and future translocations to establish additional populations on the 
island.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.
Table  S1. Set of candidate Cormack–Jolly–Seber (CJS) models 
evaluating age structure for survival (Φ) and detection (p) 
probabilities. Notation: numbers (0 to 7) represent age classes; 
‘t’ = full time-dependent; ‘.’ = constant with age effect only. Models 
are ranked by quasi-Akaike's Information Criterion (QAICc).
Table  S2. Set of candidate models evaluating factors affecting 
survival (Φ), detection (p) and state transition (ψ) probabilities. 
Notation: numbers (0, 1, 2, 3, 4) represent age classes; ‘:’ indicates 
grouped age classes (e.g. 0:1 = ages 0 and 1 grouped); ‘t’ = full 
time-dependent; ‘s’ = state-dependent (pre-breeder, breeder, non-
breeder); ‘*’ = interaction between effects; ‘period’ = temporal 
variation in broader three time periods (representing population 
growth stages) rather than annually (t); ‘management’ = two periods 
of low and high management intensity; ‘.’ = constant with age effect 
only. Models are ranked by Akaike's Information Criterion (AICc).
Table S3. Detection probabilities derived from the best supported 
model (Model 165, Table 3). SE = standard error; LCI/HCI = lower and 
upper bounds of the 95% confidence interval.
Table S4. Transition probabilities derived from the best supported 
model (Model 165, Table  3). Transitions shown: pre-breeder to 
breeder (PB-B), breeder to non-breeder (B-NB) and non-breeder 
to breeder (NB-B). Transition probabilities for age 0 to breeding 
state were fixed to 0, as individuals can only become breeders after 
surviving their second year. SE = standard error; LCI/HCI = lower and 
upper bounds of the 95% confidence interval.
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