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A B S T R A C T

Demographic assessments are essential for effective biological conservation management, allowing early 
detection of population declines and timely allocation of resources to avoid possible crises. For species with slow 
life-history strategies like seabirds, only the breeding adults are monitored routinely. The dynamics of imma
tures, often unobservable from fledging to recruitment, are less well understood and typically not accounted for 
in conservation status assessments.

Here, we quantify the importance of changes in the survival and abundance of immatures in shaping the past 
and forecasted dynamics of a long-lived marine top-predator. We use integrated population models (IPM) 
incorporating the dynamics of immatures, based on multi-decadal demographic monitoring of the black-browed 
albatross (Thalassarche melanophris) at three globally important breeding sites.

The populations showed differences in breeding and survival rates, highlighting a degree of life history 
flexibility in response to the environment. Using a retrospective sensitivity analysis, we consistently identified 
immature survival as the key contributor to population growth rate. At all sites, even those with increasing or 
stable breeding populations, the total population has been declining, largely due to decreases in immature 
survival. Although not directly apparent from counts, this decline is already underway and is projected to emerge 
at the level of the breeding population over the coming three generations. This contrasts with a model focusing 
solely on counts of breeding adults, which mostly indicate an overall population increase.

Collectively, our findings highlight that conservation assessments must account for the dynamics of subadult 
stages, or risk providing an inaccurate picture of population status.

1. Introduction

Global biodiversity is declining at an unprecedented rate (Pimm 
et al., 2014; Ceballos et al., 2015, 2020; IPBES, 2019; Wiens and 
Zelinka, 2024). The global ocean, once thought to be too vast and 

productive to deplete (Lubchenco and Gaines, 2019), is suffering ever 
increasing impacts driven by anthropogenic climate change and other 
human activities, such as overfishing and habitat degradation (Halpern 
et al., 2015; IPCC, 2019). Yet, averting further dramatic collapses of 
biodiversity is possible through the successful implementation of 
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conservation strategies (Hoffmann et al., 2010). Given the urgency of 
the task and the limited economic resources, filling gaps in knowledge of 
status and trends of biota is crucial to conservation prioritization and 
decision-making.

Seabirds play pivotal roles in marine conservation by serving as 
sentinels of ecosystem health (Boyd and Murray, 2001; Sergio et al., 
2008). They also comprise some of the most threatened species among 
all vertebrates (Phillips et al., 2016; Dias et al., 2019). Being long-lived 
with delayed maturity and low reproductive output (Schreiber and 
Burger, 2001; Bird et al., 2020), seabird populations are particularly 
sensitive to even small decreases in the survival of adult individuals, 
which can lead to steep population declines (Rolland et al., 2008; Tuck 
et al., 2011). Unlike most other marine predators, adult seabirds are 
relatively accessible during breeding. As a result, breeding adults have 
been the focus of extensive longitudinal ecological monitoring and 
research, and the target of most conservation actions, often leading to 
immediate, tangible benefits (Croxall, 2008; Robertson et al., 2014; Da 
Rocha et al., 2021; Dasnon et al., 2022).

Beyond the breeding component of the population, a large propor
tion of the total population is composed of immature individuals. Unlike 
breeding adults, however, substantial gaps in knowledge exist for the 
years of immaturity (Witham, 1980), i.e. the period from fledging to 
recruitment. Immature individuals are largely unobservable during their 
first years of life at sea (Hazen et al., 2012; Phillips et al., 2017). Yet, 
they often make up a substantial portion of the total population size and 
may be more vulnerable to threats due to their inexperience (Nevoux 
et al., 2007; Gianuca et al., 2017; Clay et al., 2019; Carneiro et al., 
2020). Decreases in these younger age classes can give rise to gradual 
shifts in the population age structure, triggering disequilibrium and 
transient dynamics (Stafoggia et al., 2006; Pardo et al., 2017a). These 
processes have more subtle repercussions than the more rapid decreases 
in the breeding population driven by decreases in adult survival or 
skipped breeding. Indeed, underlying hidden declines in the young age 
classes may be occurring even if the adult breeding population numbers 
are stable or increasing (Oppel et al., 2022). Clearly, failing to account 
for immatures leads to incomplete demographic assessments, potentially 
leading to a false sense of security in terms of the outlook for conser
vation. This is particularly relevant, as global climate change is shaping 
divergent and context-dependent responses in vital rates, producing 
different impacts on different life history stages within populations 
(Pardo et al., 2013; Cordes et al., 2020).

The overarching objective of this study is to quantify the importance 
of cryptic (i.e., not directly observable) changes in the survival and 
abundance of immatures for the population dynamics of a long-lived 
marine top-predator, the black-browed albatross (Thalassarche mela
nophris). Applying a consistent modelling framework, we analyse some 
of the longest individual-based multi-decadal demographic records 
available for any vertebrate, focusing on three study colonies that show 
different breeding population trajectories. Given the high adult survival 
rates, slow maturation and long generation time of our study species, we 
investigate when hidden changes in dynamics of subadults will become 
manifest as a changing trend in the breeding population. We assess the 
conservation relevance of immatures by comparing the population 
projections generated by demographic models incorporating dynamics 
of immatures (i.e., integrated population models, IPMs) vs. projections 
generated by simpler models of breeding abundance not accounting for 
immatures. Our comparative analysis reveals the demographic impor
tance of immatures under different environmental contexts and a range 
of population trends (i.e., in increasing as well as decreasing breeding 
populations). Results are discussed in the context of drivers of these 
differences in life histories and implications for conservation.

2. Materials and methods

2.1. Study system

The black-browed albatross is a colonial species in the order Pro
cellariiformes with a circumpolar distribution, ranging from subtropical 
to polar waters, and usually breeds annually. The total global breeding 
population is estimated at ~700,000 pairs, the majority (>70%) nesting 
on the Falkland Islands (Phillips et al., 2016). Largely due to reported 
increases at the Falklands colonies, the global population size is 
considered to be increasing and classified as Least Concern by the IUCN 
Red List (Birdlife International, 2018). However, concerns about 
potentially unsustainable levels of incidental mortality (bycatch) in 
fisheries led to listing of the species by the multilateral Agreement on the 
Conservation of Albatrosses and Petrels (ACAP), and the continuing 
steep decline of the globally important population at South Georgia later 
led to its inclusion as one of just nine ACAP High Priority Populations for 
conservation (Phillips et al., 2016).

Our comprehensive demographic database is the product of multi- 
decadal monitoring efforts at three colonies across their distributional 
range: New Island, Falklands (South Atlantic Ocean); Bird Island, South 
Georgia (South Atlantic Ocean); Canyon des Sourcils Noirs, southern 
Kerguelen Islands (Southern Indian Ocean) (Fig. 1). The long-term de
mographic data collected in the Falklands, South Georgia and Kerguelen 
comprise long-term breeding histories of ~3900, 9000 and 6500 in
dividuals, respectively. A total of 3044, 5586 and 5097 birds were 
ringed as chicks in the Falklands, South Georgia and Kerguelen, 
respectively. We included data spanning 1979–2024 (South Georgia), 
1987–2023 (Kerguelen) and 2003–2024 (Falklands). For all study pop
ulations we had the following demographic information: individual- 
based capture–mark–recapture datasets (“CMR”, i.e. encounter his
tories of ringed adults and chicks); population counts (number of 
breeding pairs); and productivity data (total number of fledglings pro
duced per nesting adult). At South Georgia, standardised population 
counts and productivity data were only available from 1993 onwards, 
which was therefore used as the starting year of the abundance 
component of the South Georgia demographic model (see below). Data 
collection protocols varied across study sites, leading to site-specific 
data limitations and assumptions and, in turn, to slight differences in 
the formulation of the demographic models (outlined in the appendix).

2.2. Demographic modelling

In this study, we define: “immatures” as individuals from fledging to 
4 years old; and “immature survival” as the annual survival over the first 
four years post-fledging. No birds (South Georgia) and only 0.6% 
(Falklands) and 0.3% (Kerguelen) of all birds have been recaptured prior 
to 4 years of age, making it impossible to estimate survival rates sepa
rately for these earlier years. Once individuals reach 4 years of age, we 
assume that they have the same survival probability as adults, as in 
Pardo et al., 2017b (see the description of the model formulation below). 
Demographic data from all colonies were analysed using integrated 
population models (IPMs, Schaub and Abadi, 2011; Schaub and Kéry, 
2021). IPMs simultaneously capitalize on the strengths of each de
mographic data stream (i.e., CMR, counts and productivity) to better 
estimate demographic rates and population trajectories. Advantages 
over non-integrated analysis include: robust error propagation; 
improved demographic estimates; and the estimation of hidden pa
rameters driving the dynamics of cryptic components of the population 
(Schaub and Abadi, 2011; Abadi et al., 2017; Zipkin and Saunders, 
2018). This feature is particularly useful for the study of immatures, 
which are largely unobservable until they return to the colony.

We designed IPMs to quantify the demographic rates driving the 
dynamics of the total populations, including immatures, and capture the 
temporal variability in survival (of both adults and immatures), 
breeding probability and breeding success. The abundance process 
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models in the IPMs were female-based, estimating the dynamics of the 
female component of the population. We fitted one age-stage structured 
IPM per colony. At all sites, the IPM assumed equal sex ratio at birth and 
no dispersal, an assumption supported by the strong philopatry exhibi
ted by fledglings, which virtually always return to breed at their natal 
colony (Prince et al., 1994; Nevoux et al., 2007). Following Ventura 
et al., 2021, for the Falklands colony we accounted for local patterns 
of emigration (see Section 1 in the Appendix), i.e., those individuals 
hatched in the study area that recruited outside of the monitored plots, 
as failing to do so would have artificially increased immature mortality 
estimates. Local emigration processes at the other study sites are 
negligible and were not incorporated in the models.

In the IPMs, we used a state-space modelling formulation for the 
population counts, a multi-state framework with a state-space modelling 
formulation for the CMR component and a binomial regression for the 
productivity component. The full likelihoods for these three components 
are specified in Section 1 in the Appendix. The multi-state modelling 
formulation assumes that individual states can be determined unam
biguously upon recapture, an assumption that is well supported in our 
study system (see Appendix, Section 1). The structure of the model, 
adapted from Ventura et al. (2021), was specified as follows (see Section 
2 in the Appendix for a diagram). Fledglings (J0) surviving to the first 
year (with immature survival probability, ϕj) move to the first immature 
age class (J1). Individuals then transition successively to the J2, then J3 
and subsequently J4 age class (i.e., 2, 3 and 4-year-old immatures, 
respectively), with the same annual immature survival probability ϕj 
applied to all age classes. At this stage (J4), following Pardo et al., 2017b, 
we assumed that birds acquired the same survival probability as adults 
(ϕa) to eventually enter the first pre-breeding stage at 5 years of age 
(PB1). Upon reaching the sixth year of age, birds in PB1 can either recruit 
(entering the breeding stage) with probability of recruitment at age 6 or 
7 (r6,7), or transition to the next pre-breeding stage (PB2). Similarly, at 
stage PB2, birds can recruit (with same probability r6,7) or transition to 
the third and last pre-breeding stage (PB3). Once in PB3, birds remain at 
this stage until recruitment, which occurs with probability of recruit
ment at 8 or more years of age, equal to r8+. Newly recruiting birds 
breeding for the first time have a probability of successfully fledging a 
chick equal to fPB, in which case they would enter the successful breeder 

stage (S). If they fail (with probability 1-fPB), they enter the failed 
breeder stage (F). Only in the Falklands, at each pre-breeder stage, birds 
can recruit outside the study colonies (with probability of local 
emigration), permanently moving out of the study cohort. The choice of 
modelling local emigration as a permanent process is consistent with 
99% of the encounter histories of emigrating birds in our data set, which 
show that individuals recruiting outside the study area almost invariably 
retain their nests outside the colony in subsequent seasons. Local 
emigration was negligible at the other study sites and thus not accounted 
for in the model (see Appendix Sections 1 and 2). Once birds are adult 
breeders, they either remain in the breeding stage (with breeding 
probability b) or skip a breeding attempt (with probability 1-b) thus 
entering the non-breeding stage (NB). Every year, breeding adults can 
either fledge a chick (becoming successful breeders S), with probability f 
(i.e., the breeding success), or fail reproduction (becoming failed 
breeders F, with probability 1-f). In this formulation, as in previous 
demographic studies (e.g., Pardo et al., 2017b; Oppel et al., 2022), 
breeding success parameters (fPB and f) are defined as the probability of 
successfully fledging a chick, and thus incorporate both reproductive 
output and the early nestling survival (from the egg stage until fledging). 
The yearly breeding population growth rates and yearly total population 
growth rates (i.e., including immatures, pre-breeders and non-breeders) 
were calculated as: 

λt = Nt+1/Nt , (1) 

where Nt represents the breeding (or total) population size in year t, and 
Nt+1 is the breeding (or total) population size the following year. The 
average growth rate across all study years (from year 1 to n) was 
calculated as the geometric mean of the yearly growth rates λt: 

λ=(λ1*λ2*…λn)
1/n

. (2) 

The IPMs modelled the temporal variability in adult survival ϕa, 
immature survival ϕj, breeding probability b and breeding success f 
using yearly random effects (Appendix Section 3). To reduce model 
complexity, ensure parameter identifiability and facilitate convergence, 
the other demographic rates (recruitment, first-time breeding success 
and, for the Falklands, local emigration) were assumed to be constant 

Fig. 1. The map depicts the at-sea distribution of the monitored black-browed albatross populations (Thalassarche melanophris) during the breeding and non-breeding 
seasons. The triangles represent the study colonies of New Island (Falklands) and Bird Island (South Georgia) in the South Atlantic, and Canyon des Sourcils Noirs 
(southern Kerguelen Islands) in the southern Indian Ocean. For each colony, the distribution contours encompass 90% of the kernel utilization distribution, adapted 
from Ventura et al., 2021 (Falklands), Phillips et al., 2005 (South Georgia) and Desprez et al., 2018 (Kerguelen).
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over time. Different recapture probability rates were used for 1 to 3- 
year-old immatures (J1 to J3); older (4-year-old) immatures and pre
breeders (J4, PB1, PB2 and PB3), which are detected more frequently 
than younger individuals as they return as prospectors to the colony 
before recruitment; adult breeders; and adult non-breeders (Appendix 
Section 5).

For each population, we calculated the trends in ϕj, considering the 
years in which the capture recapture histories overlapped (i.e., starting 
from the 2003/04 season) and excluding the 10 final years (to control 
for incomplete return/recruitment of the last cohorts). To do so, we: 
extracted the annual ϕj estimates, for each IPM iteration; fitted a linear 
model; and calculated the slope of annual ϕj regressed against year (thus 
obtaining a full posterior distribution of regression slopes).

All IPMs were run using JAGS, executed via R v4.1.3 (R Core Team, 
2022) through the “R2jags” package (Su and Yajima, 2012). The anal
ysis was performed using 6 chains of 100,000 iterations, discarding 
25,000 iterations as burn-in. The output was inspected using the R 
package “MCMCvis” (Youngflesh, 2018). The resulting chains were well 
mixed and the Gelman–Rubin diagnostic convergence statistic (Brooks 
and Gelman, 1998) was below 1.1 for all parameters, indicating 
convergence. To evaluate the performance of the model, we adopted a 
simulation-based parameter-recovery framework to determine: whether 
simulated datasets (with specified demographic rates), comparable in 
size and structure to our empirical data, contain sufficient information 
for the IPM to successfully recover the underlying data generating de
mographic parameters, with a particular focus on immature survival; 
and whether estimates of immature survival are robust to mis
specification of priors for initial population stage sizes and priors for the 
temporal variance of immature survival (Appendix Section 6). 
Furthermore, we evaluated the goodness of fit of the IPMs using poste
rior predictive checks (Appendix Section 9).

2.3. Retrospective sensitivity analysis

Based on the IPMs results, we carried out a retrospective sensitivity 
analysis to identify the most important demographic contributors to the 
albatross population dynamics. To do so, we used transient Life 
Table Response Experiments (tLTRE, Koons et al., 2016; Knape et al., 
2023; Christian et al., 2024). Unlike the more conventional life table 
response experiments (Caswell, 2001), tLTREs quantify the contribu
tions of both demographic rates and age-stage abundances to the real
ized population dynamics, not relying on the assumption that the 
population reached a stable age distribution. To perform the tLTRE, we 
partitioned the temporal variance of the realized growth rate λt due to 
realized variability and covariation of demographic rates and of popu
lation structure, and then quantified the sensitivities of λt to the de
mographic parameters and population age-stage structure. Then, we 
measured the contribution of the temporal variability in the de
mographic rates and population structure to the differences in realized 
population growth rates (Δλt) between successive years, following the 
protocol in Schaub and Kéry (2021). Using a demographic simulation 
framework (Appendix Section 7), we assessed the robustness of the 
estimated demographic contribution of immature survival to changes in 
the temporal variance of immature survival.

2.4. Population projections

We projected population dynamics over three generations into the 
future, following the IUCN Red List criterion A3b to evaluate projected 
changes in abundance. We assumed a generation time of 24 years for the 
black-browed albatross (Bird et al., 2020) and extended the temporal 
horizon of the IPM (i.e., we extended the time loops for the models of the 
demographic rates and the population dynamics) by an additional 72 
years. Based on the posterior distributions estimated from the observed 
period, the IPMs generated stochastic projections of future rates and 
abundances in a unified analysis that ensured full propagation of 

uncertainty from both process stochasticity and parameter estimates.
To test whether the detailed demographic understanding facilitated 

by the IPM affected the projected population dynamics, we compared 
the IPM results with the output generated by a simpler, phenomeno
logical state-space model. We used this simpler time-series model of 
abundance to project population size into the future based on a sto
chastic growth rate, without reference to vital rates. The (female) 
breeding population size over time N was modelled as a Markovian 
process in which population size at year t + 1 only depended on popu
lation size at year t and the population growth rate λ, described by the 
state-process equations: 

Nt+1 = Ntλt (3) 

λt ∼ Normal
(
λ, σ2

λ
)

(4) 

The yearly growth rates (λt) were assumed to be realizations of a 
normal random process with mean λ (representing the long-term pop
ulation growth rate) and variance σ2

λ (capturing the environmental sto
chasticity). The observation equation, linking the observed population 
size (yt) with the true population size (Nt), was simply: 

yt ∼ Poisson(Nt), (5) 

reflecting the assumption that the magnitude of the observation error in 
the counts is proportional to the true population size. As above, we fit 
this model to the study years and then projected the female breeding 
population size for a 72-year period into the future.

3. Results

3.1. Integrated population modelling

The IPMs revealed differences in the demographic rates of the 
different populations (Fig. 2 and Table 1). Results of the simulation- 
based parameter-recovery analysis (Appendix Section 6) show that the 
IPM successfully captured the true (simulated) fluctuations of all pa
rameters, both observable (e.g., breeding success) and unobservable (e. 
g. adult and immature survival). Importantly, immature survival esti
mates were robust to misspecification of priors for initial population size 
and for the temporal variance of immature survival. Posterior predictive 
checks further indicated an overall good model fit, with estimated 
breeding success and breeder abundance closely matching observations, 
despite small systematic discrepancies between estimated and observed 
productivity (~1–5%; see Appendix Section 9). On average, compared 
to the other populations, albatrosses in the Falklands had the highest 
recruitment probability (both r8+ and r6,7, although the latter was 
comparable to r6,7 estimated at Kerguelen), as well as high breeding 
probability b and breeding success f, comparable to the estimates at 
Kerguelen. By inspecting the raw recapture histories of individual birds 
born between 2003/2004 (when the Falklands study started) and 2009/ 
2010 that recruited in the study colonies, albatrosses in the Falklands 
had, on average, the lowest age at first reproduction: 8.6 years (sd =
1.6), compared to the 10.5 years (sd = 1.9) at South Georgia and 10.9 
years (sd = 1.9) at Kerguelen. At South Georgia, albatrosses had, on 
average, the highest adult (ϕa) and immature (ϕj) survival rate, but 
lowest breeding rate b and breeding success f. At Kerguelen, breeding 
success f and breeding rate b were higher than those at South Georgia 
and comparable to the Falklands. For all populations, adult survival was 
less variable than the other rates. Instances of sharp declines in ϕa mostly 
occurred at South Georgia and Kerguelen until the first decade of the 
2000s, after which ϕa exhibited little temporal fluctuations.

Since the early 2000s, immature survival ϕj underwent a decreasing 
trend in the Falklands and at Kerguelen; at South Georgia, ϕj did not 
exhibit a clear trend but it became more variable until the 2010s (Fig. 2). 
During the last decade of the study, estimates of ϕj became more variable 
at all colonies; however, this pattern may reflect the incomplete return/ 
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recruitment of the most recent cohorts. In the second half of the study, in 
the years in which the capture-recapture histories overlapped (i.e., from 
the 2003/04 season onward), and excluding the final 10 years to ac
count for the incomplete return/recruitment of the most recent cohorts, 
ϕj decreased at a rate of − 1.26% [CRI = (− 2.06%, − 0.42%)] in the 
Falklands. At Kerguelen, when considering the entire study period 
(excluding the last 10 years), ϕj did not exhibit any significant trend; 
however, since 2003, it decreased at a rate of − 1.39% [CRI = (− 2.29%, 
− 0.49%)]. In South Georgia, although the rate of change of ϕj since 
2003 showed no clear increase or decrease (− 0.19% [CRI = − 1.35%, 
0.99%]), it became more variable and showed the two lowest extremes 
of the entire study.

In turn, the proportion of the total population made up of immatures 
and pre-breeders (from J1 to PB3) declined in the Falklands (going from: 
0.54 [CRI = (0.44, 0.63)] to 0.34 [CRI = (0.26, 0.42)]) and at Kerguelen 
(from 0.65 [CRI = (0.53, 0.74)] to 0.36 [CRI = (0.29, 0.42)]), and 
fluctuated substantially at South Georgia (Fig. 2). The estimates of ϕj 

towards the final years of the study are not explicitly informed by data 
(as immatures are seldom recaptured before recruitment). Given the 
lack of data, the estimates for these last years are more uncertain (i.e., 
higher credible intervals) and centered around the average ϕj across the 
entire study period (Fig. 2).

The IPMs accurately described the observed breeding population 
dynamics, with the estimated yearly number of breeding pairs closely 
matching the observed number of pairs (Fig. 3). During the study period, 
the (female) breeding population size estimated by the IPMs underwent 
a moderate increase in the Falklands (average growth rate λ‾ = 1.010 
[CRI = (1.004, 1.016)]), i.e. an average yearly percentage change of 
1.01% [CRI = (0.44%, 1.59%)]. Breeding population size was stable at 
Kerguelen (λ‾ = 0.998 [CRI = (0.995, 1.001)]), i.e. an average yearly 
percentage change of − 0.18% [CRI = (− 0.50%, 0.14%)], and declining 
substantially at South Georgia (λ‾ = 0.974 [CRI = (0.972, 0.975)]), i.e. 
an average yearly percentage change of − 2.63% [CRI = (− 2.76%, 
− 2.50%)]. Over the study period for which standardised population 

Fig. 2. Output of the integrated population models (IPMs) for the black-browed albatross populations at the Falklands (yellow), South Georgia (red), and Kerguelen 
(green). The figure shows temporal variability in adult survival (top left), breeding probability and breeding success (top right), and immature survival (bottom left). 
The solid lines represent the mean estimates, whereas the shaded areas represent the Bayesian 95% credible intervals. In the bottom right panel, we also show the 
temporal trends in the proportion of the total population made up of immatures and pre-breeders (i.e., from immatures J1 to the last pre-breeding stage PB3), 
estimated by our IPMs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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counts were available at South Georgia (1993–2024), the breeding 
population decreased by 56.21% [CRI = (− 57.98%, − 54.36%)]. The 
IPMs also estimated the dynamics of the total (female) population 
(Fig. 3), including younger age classes (immatures, pre-breeders) and 
adult non-breeders. The total size of each of the three populations 
declined at different rates, even though the breeding population was 
increasing (Falklands) or stable (Kerguelen). Specifically, the average 
growth rate λ‾ was estimated at 0.987 [CRI = (0.977, 0.997)] in the 
Falklands, i.e. an average yearly percentage change of − 1.29% [CRI =
(− 2.28%, − 0.34%)]; 0.967 [CRI = (0.963, 0.971)] in South Georgia, i.e. 
an average yearly percentage change of − 3.29% [CRI = (− 3.71%, 
− 2.89%)]; and 0.979 [CRI = (0.972, 0.985)] at Kerguelen, i.e. an 
average yearly percentage change of − 2.12% [CRI = (− 2.83%, 
− 1.49%)].

3.2. Retrospective sensitivity analysis

The results of the retrospective tLTRE showed that, consistently 
across colonies, immature survival ϕj, breeding success f and adult 
survival ϕa were the most important demographic contributors to the 
realized total population growth rate (Fig. 4). Importantly, the simula
tion work confirms that the inferred key demographic contribution of ϕj 
is robust to potential overestimation of the temporal variance in ϕj. The 
key demographic contribution of immature survival ϕj was also robust to 
the removal of the final years of the study (see Appendix Sections 7 and 
8). Furthermore, the contribution of breeding success f was propor
tionally higher at South Georgia than at the other colonies. The retro
spective analysis of the observed fluctuations in the total population 
growth rate between successive years highlighted the importance of 

changes of these three demographic rates, which contributed positively 
in some seasons and negatively in others (Fig. 4).

3.3. Population projections

The projections produced by the IPMs and by the phenomenological 
state-space models were markedly different (Fig. 3). Over the next three 
generations, IPMs project a 90% probability of a decrease in the 
breeding population in the Falklands (i.e., 90% of the posterior distri
bution of the average breeding population growth rate λ‾ over the next 
three generations is below 1). Specifically, λ‾ was estimated at 0.989 
[CRI = (0.972, 1.005)], representing a projected decrease of − 44.66% in 
the breeding population, albeit with substantial uncertainty [CRI =
(− 87.55%, 41.01%)]. At South Georgia, the breeding population is 
projected to approach local extinction, with λ‾ estimated at 0.970 [CRI 
= (0.957, 0.982)], i.e. an average future decline of − 85.25% [CRI =
(− 94.25%, − 69.91%)]. At Kerguelen, λ‾ was estimated at 0.979 [CRI =
(0.965, 0.991)], representing an average projected decrease of the 
breeding population over three generations of − 75.50% [CRI =

(− 92.15%, − 46.92%)].
In contrast, the simpler phenomenological state-space model pro

jected a breeding population decline only at South Georgia, estimated at 
− 62% [CRI = (− 94%, 36%)]. With large uncertainties surrounding the 
mean estimates, the breeding populations in the Falklands had an 80% 
probability of increase (i.e., 80% of the posterior distribution of the 
population growth rate over three generations was above 1). Over three 
generations, the breeding population in the Falklands was projected to 
experience an average increase of 138% [CRI = (− 59%, 695%)]. At 
Kerguelen, the projected breeding population increase over three gen
erations was estimated at a mean of 113% [CRI = (− 63%, 591%)].

4. Discussion

Our modelling work revealed the key role of immature survival in 
population dynamics, and profound differences in the perceived popu
lation trajectory if the hidden declines of these cryptic age classes were 
not considered. The difference in observed population trend solely based 
on adult breeders, and the actual trend once all population components 
are taken into account, is further amplified in projections. As we discuss 
below, focusing on only a fraction of the population (i.e., the adult 
breeders) can be misleading and may mask ongoing declines.

4.1. Cryptic shifts in albatross population structure and dynamics

Whether due to anthropogenic mortality or climate stressors, the 
decrease in immature survival and in the number of subadults, as well as 
the fluctuations in breeding success, have major consequences for pop
ulation dynamics of black-browed albatrosses. Our model highlights 
that, despite a stable or even increasing breeding population trend, the 
overall population size has been decreasing at all colonies, though at 
different rates. Our retrospective sensitivity analysis revealed that 
immature survival (followed by breeding success and adult survival) 
was the main rate driving overall population dynamics and realized 
growth rate at all colonies. Through the use of IPMs, which jointly es
timate the demographic rates and the outcome of these rates (i.e. the 
resulting abundance of all age groups), we were able to detect a shift in 
the population age structure, with a substantial decrease in the numbers 
and proportion of subadults at all colonies.

By projecting the estimated vital rates and population dynamics into 
the future, we forecasted that within three generations, the impact of 
cryptic changes in the immature component of the population would 
emerge at the level of the breeding population, contributing to their 
declines (severe at South Georgia, more moderate in the Falklands and 
at Kerguelen). In this context, further insights are offered by the com
parison with the simpler phenomenological state-space models, which 
focus exclusively on the breeding population size. While these models 

Table 1 
The demographic parameters for the black-browed albatross populations in the 
Falklands, South Georgia and Kerguelen, estimated using integrated population 
models. As adult breeding success, breeding probability, adult survival and 
immature survival are time-varying in these models, for these parameters we 
report the posterior means of the average rates and the posterior mean of the 
coefficient of variation across years. The other rates (recruitment at age 6 or 7; 
recruitment at age 8 or more; first-time breeding success; local emigration 
probability, for the Falklands colony) were assumed to be constant over time. 
For each parameter, we report the symbol used in the text and the 95% credible 
interval (CRI), which ranges from the 2.5th to the 97.5th quantile of its posterior 
distribution.

Falklands South 
Georgia

Kerguelen

Parameter Symbol Mean (95%CRI) Mean 
(95%CRI)

Mean (95% 
CRI)

Adult survival ϕa 0.94 (0.93, 0.95) 0.95 (0.94, 
0.95)

0.93 (0.92, 
0.93)

Mean coefficient of 
variation of ϕa

CV(ϕa) 0.02 (0.02, 0.03) 0.02 (0.02, 
0.03)

0.02 (0.02, 
0.03)

Immature survival ϕj 0.76 (0.70, 0.80) 0.81 (0.77, 
0.84)

0.77 (0.73, 
0.80)

Mean coefficient of 
variation of ϕj

CV(ϕj) 0.19 (0.14, 0.25) 0.22 (0.20, 
0.25)

0.15 (0.11, 
0.20)

breeding probability 
b

b 0.91 (0.89, 0.92) 0.64 (0.60, 
0.68)

0.92 (0.91, 
0.94)

Mean coefficient of 
variation of b

CV(b) 0.04 (0.03, 0.04) 0.21 (0.20, 
0.22)

0.05 (0.04, 
0.06)

breeding success f 0.61 (0.55, 0.68) 0.28 (0.23, 
0.33)

0.62 (0.58, 
0.67)

Mean coefficient of 
variation of f

CV(f) 0.29 (0.28, 0.31) 0.53 (0.51, 
0.56)

0.21 (0.20, 
0.23)

Recruitment at age 6 
or 7

r6,7 0.06 (0.05, 0.08) 0.01 (0.01, 
0.01)

0.05 (0.05, 
0.07)

Recruitment at age 8 
or more

(r8+) 0.29 (0.26, 0.33) 0.15 (0.14, 
0.15)

0.20 (0.19, 
0.22)

First-time breeding 
success

fPB 0.43 (0.36, 0.49) 0.17 (0.15, 
0.19)

0.48 (0.43, 
0.52)

Local emigration 
probability

pemig 0.38 (0.33, 0.44) NA NA
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Fig. 3. The dynamics of the population of breeding females (in blue) and total (i.e., including immatures, pre-breeders and non-breeders) female population (in 
orange) of black-browed albatrosses at the three study colonies in the Falklands, South Georgia and Kerguelen, estimated by the integrated population model (IPM). 
The shaded areas represent the 95% credible interval. For each colony, the subplot depicts the observed breeding population size (black points) recorded until the 
breeding season of 2023/2024 (Falklands and South Georgia) and 2022/23 (Kerguelen), the last monitoring season included in the study (marked by the solid 
vertical line). The IPM projected the breeding and total population size (colored lines and shaded area). The dashed grey line (with associated grey shaded area, 
representing the 95% credible interval) shows the mean breeding population projections yielded by a simpler, purely phenomenological state-space model, in which 
the population size was a function of the population size in the previous year and of the population growth rate λ. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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could accurately describe observed (past) dynamics in the breeding 
population, they did not account for any change in the population 
structure. As a result, their future projections suggested a markedly 
different scenario, with increases at the Falklands and at Kerguelen 
(albeit with very large uncertainty) and a more moderate decrease at 
South Georgia. In other words, if breeding population counts were the 
only available data stream for our assessment, projections would be 
highly uncertain and would indicate a population increase. These results 
would be consistent with the empirical evidence on the improvements in 
mitigation of seabird bycatch in fisheries in several key exclusive eco
nomic zones (EEZs) used by our study populations (Collins et al., 2021; 
Delord et al., 2010; Wolfaardt, 2013; Mackley et al., 2025), and the 
conventional understanding of the importance of adult survival. How
ever, our IPMs suggest that, despite the high and conserved adult sur
vival, the current rates of immature survival and breeding success, and 
the reduced numbers of subadults are insufficient to sustain a growing 
population.

The important role of subadults in driving population trends has 
been documented in other seabird populations. For instance, declines in 
species such as the Tristan albatross (Diomedea dabbenena), sooty alba
tross (Phoebetria fusca) and Indian yellow-nosed albatross (Thalassarche 
carteri) have been linked to reduced breeding success and limited 
recruitment of subadults into the breeding population, as well as disease 
outbreaks (Rolland et al., 2009; Jaeger et al., 2018; Weimerskirch et al., 
2018; Oppel et al., 2022). Conversely, management actions that reduce 
subadult mortality enhance population growth (Finkelstein et al., 2010), 
and pre-breeders returning to the colony at atypically young ages can 
accelerate population recovery following sharp declines, e.g. after dis
ease outbreaks (Sceviour et al., 2025).

4.2. Decrease in immature survival

Our study provides relevant evidence for decreasing trends in 
immature survival (albeit at different rates between colonies) and 
associated shifts in population structures. Since the early 2000s (spe
cifically, since the beginning of the demographic monitoring work in the 
Falklands in 2003), immature survival has decreased in the Falklands. 
Over the same time span, immature survival has also decreased at Ker
guelen (although no clear linear trend is evident when considering the 
full time series beginning in 1986). In South Georgia, despite the lack of 
a clear linear trend, immature survival fluctuated substantially and 
showed the two most extreme decreases in the study. We assumed that 
younger immatures (0 to 4-year-old) share the same survival rate and 
that this differs from adult birds (after Pardo et al., 2017b). This 
assumption does not account for the likely lower survival immediately 
after fledging and gradual increase thereafter (Oppel et al., 2022). 
However, no birds in South Georgia and very few in the Falklands and 
Kerguelen (less than 1%) have been recaptured before age four, limiting 
the ability of our model to detect potential differences in survival during 
these early years. The uncertainty as to when or where – given the 
limited data on distribution - immatures die contributes to the chal
lenges of understanding the environmental drivers (but see Clay et al., 
2019). While this task would require the development of climate- 
dependent demographic models, which is beyond the scope of this 
current study, we can nevertheless speculate on the potential drivers at 
play. Apart from potential carry-over effects of natal conditions (Fay 
et al., 2017), immature survival is affected by processes occurring 
after birds fledge and before they recruit, a period in which they spend 
virtually the entirety of their time at sea. Any mechanisms leading to 
decreased survival should therefore primarily reflect sources of mor
tality at sea, possibly linked to bycatch in fisheries and the impacts of 

Fig. 4. Results of the retrospective sensitivity analysis based on the transient life table response experiment (tLTRE) applied to demographic data from black-browed 
albatrosses at the three study colonies in the Falklands, South Georgia and Kerguelen. The main contributors to the observed changes in the realized overall (left 
column) and year-to-year (right column) population growth rate were immature survival ϕj, breeding success f, and adult survival ϕa. In the left column panel, the y- 
axis represents the total relative contribution of each parameter; in the right column, the positive/negative values on the y-axis depict contributions of each 
parameter to both negative and positive year-to-year growth rates.
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climate change on marine ecosystems (Barbraud et al., 2012).
Major efforts have been made to reduce bycatch of seabirds in parts 

of the Southern Ocean, with considerable success in several fisheries, 
primarily within EEZs (Robertson et al., 2014; Phillips et al., 2016; Da 
Rocha et al., 2021; Dasnon et al., 2022; Kuepfer et al., 2022). This in
cludes greatly reduced bycatch rates within the EEZ around the three 
study colonies during the breeding season (Collins et al., 2021; Delord 
et al., 2010; Wolfaardt, 2013; Mackley et al., 2025). However, at non- 
breeding grounds, which may be used year-round by immatures, there 
is a higher overlap with fisheries, involving demersal and pelagic 
longliners, and demersal trawlers operating in the waters off the 
northern Patagonian Shelf, the Benguela upwelling region and South 
Australian Bight and Tasman Sea (Rolland et al., 2008, 2010; Clay et al., 
2019). The limited data from most pelagic longline fleets operating in 
international waters indicate that seabird bycatch rates remain high, 
and there is weak monitoring or enforcement of compliance (Phillips 
et al., 2016; Michael et al., 2017; Jiménez et al., 2020). In addition, 
the scale of the mortality associated with illegal, unreported, and un
regulated fishing vessels, which typically do not implement any miti
gation measures, is unknown but likely to be high (Michael et al., 2017). 
As a major portion of the year-round distribution of subadults includes 
the high seas, the effect of incidental mortality in fisheries may be 
disproportionately high for immatures (Clay et al., 2017, 2019; Carneiro 
et al., 2020). Ultimately, this evidence indicates the need to identify the 
at-sea areas primarily used by immatures, which are still poorly un
derstood for most seabirds. Furthermore, beyond immature survival, 
breeding success f (which incorporates both reproductive output and 
early nestling survival) is the second most important contributor to 
population growth. This further emphasises the importance of early life- 
history stages and suggests that on land interventions targeting chick 
survival (e.g. invasive species eradication and disease control) may be 
critical for reversing population declines.

Recent research has greatly advanced our understanding of the im
pacts of climate change on marine ecosystems (IPCC, 2019), and 
improved our understanding of the effects of long-term shifts in ocean
ographic variables and climate indices on the demography and distri
bution of marine top predators (Barbraud et al., 2012; Phillips et al., 
2016; Hazen et al., 2019). Being at the apex of the marine food web, 
top predators play a key role as ecosystem sentinels, often showing re
sponses to changes in their ecosystems (Sergio et al., 2008). For instance, 
rising ocean temperatures likely impacting the food web negatively 
affect reproductive success of black-browed albatrosses (Pardo et al., 
2017b; Ventura et al., 2021), and potentially alter the migratory 
schedules (Desprez et al., 2018; Jenouvrier et al., 2018). While major 
gaps remain in our knowledge of the environmental mechanisms that 
determine the survival of immature age classes (Desprez et al., 2018), 
some of the regions used year-round by subadults have experienced 
long-term oceanographic changes. Over the past decades, the Patago
nian Shelf waters and shelf break front have experienced significant 
changes in physical conditions, with repercussions for productivity, 
species distribution and abundance, and ecosystem structure (Franco 
et al., 2022; Saraceno et al., 2022). An increase in the severity and fre
quency of marine heatwaves may pose further risks to ecosystem 
structure and stability (Smith et al., 2023), including in the South 
Atlantic (Pujol et al., 2022), and in the Tasman Sea, a global warming 
hotspot with frequent, intense, and long-lasting marine heatwave 
occurrence (e.g., Gregory et al., 2023; Capotondi et al., 2024, and ref
erences therein). Importantly, the Southern Ocean has experienced 
substantial changes in atmospheric circulation over the past decades, 
recording the largest increases in marine surface wind speeds (Young 
and Ribal, 2019; Gulev et al., 2021; Sharmar et al., 2021). The move
ment ecology of albatrosses and other long-ranging pelagic seabirds is 
largely shaped by the wind, which determines the energetic costs of 
flight and modulates movement and foraging efficiency (Nourani et al., 
2023; Thorne et al., 2023). An intensification and poleward shift of the 
westerly winds in the southern Indian Ocean resulted in an increase in 

the travel speed of foraging wandering albatrosses (Diomedea exulans), 
which in turn reduced foraging trip duration and improved breeding 
success (Weimerskirch et al., 2012). The extent to which the smaller and 
lighter black-browed albatross or other seabirds might benefit from 
increased wind speeds is unknown, including immatures, which may 
have lower flight capabilities than adults (Shaffer et al., 2001; Delord 
et al., 2024; Thorne et al., 2023). Lastly, stronger winds and the 
increased frequency and severity of storms may be another important, 
direct driver of mortality (Thorne et al., 2023; Ventura et al., 2023).

4.3. Differences in life histories among populations

Our models identify immature survival as key driver of population 
dynamics at all breeding colonies, despite the contrasting breeding 
population trajectories. Importantly, immature survival was consis
tently the key contributor despite the ecological differences in the life- 
histories of the three populations identified by our models. Black- 
browed albatrosses in the Falklands have high breeding probability (in 
line with estimates from Kerguelen) and earlier recruitment compared to 
other populations. This can be attributed to the more benign environ
mental conditions and year-round high productivity of the Patagonian 
Shelf (Romero et al., 2006; Marrari et al., 2017). Albatrosses in the 
Falklands are resident, able to use highly productive feeding grounds on 
the Patagonian Shelf to replenish their body reserves after reproduction 
(Ponchon et al., 2019). This contrasts with the migratory populations at 
Kerguelen and South Georgia (Phillips et al., 2005; Mackley et al., 2010; 
Desprez et al., 2018). Birds at the Falklands also moult more feathers 
during the breeding season (and, overall, more feathers per year), than 
conspecifics at South Georgia (Catry et al., 2013), further suggesting that 
the former benefit from a highly productive environment capable of 
supporting the energetically demanding overlap of moulting and 
breeding. At Kerguelen, marine productivity shows typical seasonal 
patterns, characterized by large phytoplankton and zooplankton blooms 
during the austral spring and summer and drastic declines in produc
tivity during the winter (Park et al., 2014; Halfter et al., 2020). These 
predictable seasonal patterns in marine food resources trigger long- 
range migration during the austral winter (Desprez et al., 2018). Dur
ing spring and summer, the high productivity in the Kerguelen plateau 
sustains high breeding probability and breeding success, comparable to 
the Falklands and higher than at South Georgia. Conversely, the 
oceanographic conditions at South Georgia are three times more vari
able than at Kerguelen (Nevoux et al., 2010). Albatrosses at South 
Georgia rely heavily on Antarctic krill Euphausia superba (Mills et al., 
2020), the availability of which can be highly variable between years 
(Fielding et al., 2014). Years with poor krill abundance and prey 
shortages, interacting with a fluctuating predation pressure on chicks 
(Catry et al., 2010), were associated with recurring instances of steep 
declines in breeding success, particularly during the first half of the 
study at South Georgia.

Previous research by Nevoux et al. (2010) documented higher yearly 
survival rates in South Georgia than at Kerguelen until the early 2000s, 
and suggested that individuals allocate a fixed energy budget, priori
tizing survival over reproduction in more variable environments (“bet- 
hedging”). Here, however, we show that after the early 2000s (following 
the implementation of bycatch mitigation measures, see below), the 
survival of adult birds at Kerguelen increased, reaching levels consistent 
with South Georgia. Over the last two decades, adult survival was high, 
stable and comparable in the three populations, regardless of whether 
reproductive costs were higher (Falklands, Kerguelen) or lower (South 
Georgia). Once they reach adult age, albatrosses have high survival, 
which is preserved against environmental fluctuations (Sæther and 
Bakke, 2000; Gaillard and Yoccoz, 2003) and remains high both in 
variable (South Georgia) and more benign (Kerguelen, Falklands) en
vironments. Combined, our findings highlight that the life history of 
allopatric populations of the same species exhibits a degree of flexibility 
in response to context-dependent selective pressures linked to prevailing 
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environmental conditions (Schatz et al., 2025). We suggest that the 
environment primarily modulates the life history of long-lived species 
by shaping the acquisition of resources and, ultimately, the energy that 
can be invested in reproduction. Harsher conditions and a resultant 
higher cost of reproduction are paid in terms of a lower investment in 
reproduction (Hamel et al., 2010), which seems to be the case in South 
Georgia.

Several studies attributed the lower survival of black-browed alba
trosses in the 1980s or 1990s, including of the Chilean populations 
(which are not considered here), to unsustainable levels of bycatch in 
fisheries (Michael et al., 2017; Pardo et al., 2017a, 2017b; Robertson 
et al., 2014, 2017). In addition to the potential environmental drivers, 
the improvement in survival after the early 2000s at Kerguelen largely 
coincides with the implementation of bird-scaring (streamer) lines, 
heavier line weighting and night-setting in longline fisheries, and more 
strict management practices in commercial longline fisheries (Delord 
et al., 2005, 2010; Collins et al., 2021; Dasnon et al., 2022). These 
mitigation measures have reduced bycatch of seabirds to minimal levels 
within longline fisheries in the EEZs around Kerguelen, South Georgia 
and the Falklands (Collins et al., 2021; Delord et al., 2010). Black- 
browed albatrosses were also one of the most common species killed 
or injured in collisions with warps and net monitoring cables in several 
trawl fisheries in the Southern Ocean, but bycatch rates have reduced 
considerably in the last 1–2 decades with the requirement to use bird- 
scaring lines and offal management to reduce the attractiveness of ves
sels during high-risk operations (Phillips et al., 2024). Efforts to mitigate 
bycatch in trawl fisheries in the South Georgia, South African and 
Namibian EEZs may also underpin the more stable adult survival and 
slowing of the population declines after the mid-2000s (Mackley et al., 
2025).

4.4. The need for integrated assessments in conservation

As climate change and other ubiquitous anthropogenic pressures 
continue to exacerbate threats to biodiversity (IPBES, 2019), biological 
conservation heavily relies on comprehensive extinction risk assess
ments. This requires the detection of processes that are often not 
immediately reflected by changes in observed population abundance, 
particularly so in species with slow life histories. The conservation status 
of populations could be assessed in a more timely fashion by monitoring 
a temporal sequence of warning signals that precede population de
clines, such as changes in individual behaviour, shifts in body condition 
and growth rates, and changes in population structure or dynamics 
(Cerini et al., 2023; Rouby et al., 2025). Key additional information can 
be gained through the integrated analysis of body condition (Pirotta 
et al., 2024) and tracking data, e.g. to quantify expansions or contrac
tions of distributions potentially indicative of changes in food avail
ability and competition for resources (Fayet et al., 2021). Recent studies 
in molecular ageing biomarkers led to the discovery of an “epigenetic 
clock”, a DNA methylation-based predictor of age (De Paoli-Iseppi et al., 
2019; Roman et al., 2024). If this technique is transferable across spe
cies, it could provide an instantaneous snapshot of the age structure of 
seabird breeding populations, representing a clear example of the type 
of multi-dimensional dataset that could be integrated into conservation 
assessments. With the rapid advances in demographic modelling (Zipkin 
and Saunders, 2018), it is now possible to incorporate these processes as 
additional data streams into integrated evaluations of population dy
namics. These types of integrated assessments will be critical for moving 
beyond the conventional demographic modelling typically focused on a 
(visible) fraction of populations, ultimately enabling the timely design 
and implementation of proactive conservation measures.
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