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1.  INTRODUCTION 

Knowledge about spatio-temporal variability in 
demography can provide valuable insight into the 
drivers of population dynamics for species that ex -
hibit divergent abundance trends across large geo-
graphic areas. This information may be used by 

resource managers aiming to develop effective con-
servation strategies for depleted or declining popula-
tions. However, estimating vital rates and detecting 
trends in abundance for depleted top predators with 
complex life histories and large geographic ranges is 
challenging, as inferences about broadscale patterns 
often must be made from spatio-temporally limited 
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ABSTRACT: Understanding spatio-temporal variability in demography and the influence of envi-
ronmental conditions offers insight into the factors underlying population dynamics. This is par-
ticularly true for species with divergent demographic patterns across large geographic areas. The 
contrasting abundance trends observed across the range of Steller sea lions Eumetopias jubatus 
have been studied extensively, with research suggesting that the primary drivers of localized pop-
ulation dynamics vary over time and space. We developed a Bayesian integrated population 
model for the endangered western distinct population segment of Steller sea lions that combines 
mark-recapture and count data from 2000 to 2021 to estimate demographic rates, abundance 
trends, and the effects of environmental variability on population growth. Our results highlight 
subregional demographic differences, including reduced pup survival in the central Aleutian 
Islands and reduced yearling survival west of Samalga Pass. Range-wide abundance increased by 
1.7% yr−1 (95% credible interval: 0.14 to 3.4%) over the study period, with a positive annual 
growth rate of 3.0% (1.1 to 5.1%) yr−1 east of Samalga Pass, a negative growth rate of −2.1% (−4.6 to 
0.5%) yr−1 west of Samalga Pass, and an overall low probability of local extirpation (<2%) in 100 yr 
even in subregions experiencing continued decline. The effect of environmental variability on 
population growth varied depending on subpopulation size and vital rates and was strongest in 
the area of greatest decline. Our model improves upon existing approaches for estimating abun-
dance, accounts for environmental variability within the viability analysis, and can facilitate eval-
uating the efficacy of conservation actions and progress toward recovery goals.  
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datasets. Combining multiple data sources within the 
formal framework of an integrated population model 
(IPM; Besbeas et al. 2002, Brooks et al. 2004) can 
improve precision, reduce bias, and facilitate the 
estimation of parameters not directly informed by 
data (Schaub et al. 2007, Tavecchia et al. 2009, Abadi 
et al. 2010). IPMs can also improve the estimation of 
spatio-temporal variability in demographic parame-
ters, which is fundamental to conducting population 
viability analyses (PVAs; Beissinger & Westphal 1998) 
that allow managers to evaluate extinction risk and 
progress toward recovery goals for populations of 
conservation concern. 

Integrated population modeling is an emerging 
and evolving tool that has proven useful for examin-
ing the population dynamics of long-lived species 
with complex life histories and behaviors such as 
cryptic or intermittent breeding (e.g. brown bears 
Ursus arctos, Bled et al. 2017; polar bears U. mari -
timus, Regehr et al. 2018), and for exploring issues of 
management importance, including the effects of an -
thropogenic stressors and environmental variability 
on demography (e.g. Rhodes et al. 2011, Abadi et al. 
2017, Cleasby et al. 2017, Pirotta et al. 2022). Using 
an IPM as the foundation of a PVA can improve 
demographic estimates and facilitate a full account-
ing of uncertainty when examining extinction risk or 
progress toward recovery (Oppel et al. 2014, Saun-
ders et al. 2018). Only a few IPM-based PVAs have 
been used to evaluate the effects of climate change 
and management actions on wildlife populations of 
conservation concern (Saunders et al. 2018), includ-
ing beluga whales Delphinapterus leucas (Mosnier 
et al. 2015, Warlick et al. 2023), harbor seals Phoca 
vitulina (Boveng et al. 2018), emperor penguins Apten-
odytes forsteri (Jenouvrier et al. 2019), and Tristan 
albatross Diomedea dabbenena (Oppel et al. 2022). 

Steller sea lion (Eumetopias jubatus) populations in 
Alaska declined substantially during the 1970−80s 
and the species was subsequently listed as threat-
ened under the United States Endangered Species 
Act (ESA). By the late 1990s, regulations to establish 
critical habitat and reduce human-caused mortality 
coincided with the delineation of 2 distinct popula-
tion segments (DPS) based on differences in genetic 
composition, diet, and emerging divergent trends in 
abundance (Loughlin 1997, NMFS 2020). The east-
ern DPS (ranging from southeast Alaska to northern 
California) maintained a threatened status and was 
ultimately delisted in 2013. In contrast, the western 
DPS (wDPS; ranging from the Gulf of Alaska [GoA] 
across the Aleutian Islands [AI] into Russia) was re-
listed as endangered. Divergent abundance trends 

have subsequently been observed within the wDPS, 
with stable or increasing abundance to the east of 
Samalga Pass and declining abundance at rookeries 
to the west of this dividing line (Fritz & Stinchcomb 
2005, Fritz et al. 2016). 

In an effort to prevent further declines and promote 
the recovery of this population, management meas-
ures were implemented to address anthropogenic 
factors that might be hindering recovery, including 
designating critical habitat (NMFS 1993), monitoring 
subsistence harvest (NMFS 2008), and regulating 
commercial fishing activities (NMFS 2001) to reduce 
bycatch and competition for key prey resources. 
However, the design and implementation of addi-
tional targeted conservation measures remain chal-
lenging when the reason(s) for persistent declines 
are unknown and/or are potentially global in scope 
(e.g. pollution, climate change). The best available 
research aimed at understanding the underlying 
drivers of Steller sea lion population dynamics sug-
gests that demographic factors limiting recovery 
have likely changed over time and space, and have 
included lower juvenile survival and fecundity (York 
1994, Holmes & York 2003, Holmes et al. 2007), lower 
breeding-female survival (Maniscalco 2018), and 
lower pup survival (Warlick et al. 2022). However, 
these documented demographic differences have not 
yet been used or estimated in a statistical framework 
to examine correlations with trends in abundance. 

Here we present a PVA for the wDPS of Steller sea 
lions based on an IPM informed by mark-resight and 
count survey data to improve upon the existing ap -
proach of estimating abundance and to understand 
the sensitivity of abundance trends and viability to 
regional demographic differences and environmen-
tal variability. This study enhances the information 
that is available to resource managers by linking 
localized demography to the regional abundance 
trends that are the focus of the US ESA downlisting 
criteria for the wDPS (NMFS 2020). The criteria for 
downlisting to threatened are 2-fold. First, the overall 
non-pup abundance trend in the wDPS must be 
increasing at a specific rate over a 15 yr period. Sec-
ond, the non-pup trend in 2 adjacent subregions can-
not be declining. The first criterion has been met 
(NMFS 2020), while the second criterion, which relies 
upon accurate subregional abundance trend esti-
mates, has not been met as of this writing (NMFS 
2020), as abundances in subregions west of Samalga 
Pass continue to decline. 

By providing enhanced information about abun-
dance trends and the demographic and environmen-
tal drivers of population dynamics, this work can 
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help managers evaluate progress toward recovery 
goals, identify knowledge gaps, and inform discus-
sions about the efficacy of existing or future conser-
vation measures. For example, understanding which 
demographic rates may be limiting population growth 
could inspire improved specificity of additional man-
agement actions or research foci, and provide insight 
into why existing measures may be insufficient for 
regions of ongoing conservation concern. Our ap -
proach did not necessarily aim to elucidate causal en -
vironmental mechanisms driving population dynamics, 
but does serve as a useful framework for understand-
ing the potential effects of environmental variability 
or other stressors on population dynamics and viabil-
ity for populations with divergent abundance trends 
across a broad region. This work is applicable to 
other top predators or sentinel species of conserva-
tion concern where options for additional conserva-
tion measures may be somewhat limited, particularly 
in light of the challenges of identifying natural and 
anthropogenic threats, given ongoing and anticipated 
future climatic changes. 

2.  METHODS 

2.1.  Study system 

The range of the wDPS of Steller sea lions in 
Alaska includes rookery and haulout sites along the 
coastline of the eastern, central, and western GoA 
and the numerous islands that comprise the eastern, 
central, and western AI management subregions 
(Fig. 1). The biological processes driving primary 
production and ecosystem dynamics in the GoA and 
across the Aleutian archipelago are shaped by a 
dividing line at Samalga Pass (170° W; Stabeno et al. 
1999, Ladd et al. 2005). Sea lion genetic structure has 
also been shown to vary between populations to the 
east and west of this dividing line (O’Corry-Crowe et 
al. 2006). The shallower passes to the east of Samalga 
Pass are characterized by a higher diversity of forage 
fish that supports a more diverse sea lion diet (Sin-
clair & Zeppelin 2002) compared to the deeper, 
colder, nutrient-rich passes to the west of Samalga 
Pass that are dominated by slower-growing forage 
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Fig. 1. Steller sea lion field camps in the eastern portion of the range, camera traps in the western portion of the range, and 
rookeries throughout the western distinct population segment (wDPS) (excluding Russia) and southeast Alaska (eastern DPS, 
which extends along the US west coast). Dashed rectangle: the spatial extent from which sea surface temperature data were 
aggregated (46°−58° N, 190°−150° W). Table: the number of branded and released pups in each subregion (none from the  

western Gulf of Alaska) over the study period
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fish (Sinclair et al. 2005, Rand et al. 2019). These 
regional biophysical characteristics and fine-scale 
variability affect the foraging conditions experienced 
by sea lions. 

Adult male bulls establish rookery territories start-
ing in May before reproductively mature females 
arrive to give birth from late May to early July 
(Pitcher et al. 2001, Kuhn et al. 2017). Throughout the 
summer, females with pups make short foraging trips 
that allow them to remain close to the rookery in 
order to nurse their young and build up energy 
reserves before going out to sea with their pups for 
the fall and winter (Raum-Suryan et al. 2002). Fe -
males exhibit a high degree of natal site fidelity and 
begin reproducing between the ages of 3 and 6 yr old 
(Pitcher & Calkins 1981). 

2.2.  Data 

Two data sources were combined in our model: (1) 
mark-resight data from sea lions that were hot-branded 
with individual marks as pups and re sighted in 5 sub-
regions of the wDPS range from 2000 to 2018 and (2) 
model-based pup abundance indices (Johnson & Fritz 
2014, Gaos et al. 2021) estimated using raw count sur-
vey data from 2000 to 2021 across the wDPS range. 

Sea lions were marked using the technique de -
scribed in Merrick et al. (1996) and Hastings et al. 
(2009) in accordance with existing permits and Insti-
tutional Animal Care and Use committee (IACUC) 
guidelines and approval. The mark-resight data are 
conditioned on pup cohorts that were marked late in 
the summer breeding seasons from 2000 to 2017 at 
specific rookeries in 5 of the 6 subregions (Fig. 1). 
Three cohorts (2001, 2003, 2005) were marked at 
rookeries in the eastern GoA (Seal Rocks, Wooded 
Is., n = 287), 6 cohorts (2000, 2002, 2004, 2008, 2010, 
2014) were marked at rookeries in the central GoA 
(Marmot and Sugarloaf Is., n = 1184), 6 cohorts (2001, 
2003, 2005, 2009, 2011, 2017) were marked in the 
eastern AI (Ugamak Is., n = 997), 3 cohorts (2013, 
2015, 2017) were marked in the central AI (Ulak Is., 
n = 159), and 4 cohorts (2011, 2013, 2015, 2017) were 
marked in the western AI (Agattu Is., n = 206). In the 
eastern portion of the wDPS range (eastern-central 
GoA, eastern AI), resighting effort occurred May 
through August during vessel- and land-based sur-
veys, generating a total of approximately 58 360 
sighting records of branded females and males. In 
the western portion of the range (central and western 
AI), resightings were primarily based on observa-
tions generated from remote cameras, amounting to 

almost 4400 sighting records. Approximately 17% of 
all marked individuals were resighted outside their 
natal subregion at some point during the study period. 

Count surveys of Steller sea lions throughout 
Alaska have been conducted since the 1950s, though 
with more spatio-temporal consistency beginning in 
the 2000s (Fritz et al. 2016). Surveys generally 
occurred from late June to early July after most pups 
are born and when the proportion of animals hauled 
out is highest (Fritz et al. 2016). Approximately 290 
survey sites have been identified across the 6 man-
agement subregions. Survey counts were collected 
from land, ship or skiff, and aerial visual or imagery 
counts. Visual counts are typically conducted by mul-
tiple observers and averaged. Aerial survey images 
were processed by 2 analysts who independently 
counted and designated individuals as pups (young 
of year) and non-pups (juveniles, sub-adult males, 
adult females, and adult males). As annual surveys 
are often incomplete because of inclement weather 
or logistical challenges or accessing remote areas, 
survey counts from 2000 to 2021 were then modeled 
using the mcmc.aggregate function in the agTrend 
R  package (Johnson & Fritz 2014) to estimate sub -
regional pup abundance indices across all sites (sur-
veyed and unsurveyed) (Sweeney et al. 2022). 

To examine the potential effect of environmental 
variability on sea lion population dynamics, we exam-
ined 2 covariates in our analysis: the North Pacific 
Gyre Oscillation (NPGO) and localized sea surface 
temperature (SST). The NPGO is an oceanographic 
index that has been linked to the growth and abun-
dance of various salmon and groundfish species (Di 
Lorenzo et al. 2008, Kilduff et al. 2015, Ohlberger et 
al. 2016, Litzow et al. 2018) and was selected as a 
covariate here because it has been shown to exhibit 
correlations with sea lion demography (Warlick et al. 
2022). Changes in SST coincide with varying local-
ized and basin-scale oceanographic conditions rang-
ing from increased storminess to changes in prey dis-
tribution and availability, all of which could affect 
sea lion survival and reproduction. SST was selected 
here as a covariate due to the evidence of wide-
spread impacts of the marine heatwave that per-
sisted in the North Pacific from 2015 to 2017 (Arim-
itsu et al. 2021, Suryan et al. 2021). Monthly data for 
the NPGO in summer months were obtained from 
the NOAA National Centers for Environmental Infor-
mation (NOAA NCEI 2020) and NOAA Physical Sci-
ences Laboratory (NOAA PSL 2020), averaged to 
create annual values, and Z-scored. Though we rec-
ognize that environmental conditions and their ef -
fects on long-lived top predators vary in complex 
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ways across the wDPS range, we used a single spa-
tial extent for each covariate across all subregions. 
Monthly data for SST around the GoA and the AI 
chain (46°−58° N, 190°−150° W; spatial extent chosen 
to reflect potential foraging area, though data are 
sparse) in summer months (June−August) were ob -
tained from the Copernicus Marine Environment 
Monitoring Service (Martin et al. 2019), averaged 
over time and space to create a single annual time 
series, and Z-scored. Summer months were chosen 
for both covariates for simplicity and based on the 
results of Warlick et al. (2022) that showed the vari-
able effects of the NPGO in different seasons. 
Though covariate effects were estimated for 2 broad 
regions independently in Warlick et al. (2022), a sin-
gle range-wide effect was estimated here, as the sub-
regional sample sizes (particularly in the western 
portion of the wDPS range) were too small to support 
independent estimates of covariate effects. We there-
fore relied on other elements of model structure (e.g. 
random effects over time and space) to capture spa-
tio-temporal variability in demographic rates across 
the 6 subregions. 

After estimating covariate effects, we used simula-
tions (described in Section 2.4) to examine how the 
mean and variability in these 2 oceanographic condi-
tions could affect population viability. We randomly 
generated time series of SST and NPGO values from 
independent normal distributions for each year 
based on 8 scenarios that either increased or 
decreased the mean and/or standard deviation of 
each covariate for the 100 yr projection period 
(Table 1). 

2.3.  Statistical analyses 

Our IPM has 2 subcomponent models: a multi-
event model (Kendall et al. 2004, Pradel 2005) to esti-
mate demographic rates based on mark-resight data, 
and a state-space model that uses modeled pup 
abundance indices based on count survey data to 
estimate abundance. Multi-event models have been 
increasingly used to examine vital rates for species 
with complex life histories (Payo-Payo et al. 2016, 
Tavecchia et al. 2016, Santidrian Tomillo et al. 2017, 
Champagnon et al. 2018, Regehr et al. 2018, Himes 
Boor et al. 2022). As described in Warlick et al. 
(2022), we use a multi-event model to account for 
reproductive state uncertainty, as a nursing female 
may be seen with or without her pup. 

2.3.1.  Multi-event model 

The multi-event model used for the analysis of 
mark-resight data was similar to that used in Warlick 
et al. (2022) and is defined by both an ecological pro-
cess, in which animals transition between true states 
according to demographic rates, and an observation 
process, in which individuals are resighted accord-
ing to detection and state classification probabilities. 
States were defined by an individual’s age, sex, and 
reproductive state and included pups, yearlings, age-2 
individuals, age-3 individuals, age-4 individuals, age-
5 individuals, adult females with a pup, adult females 
without a pup, and adult males (Fig. 2a). We assume 
that females can have a pup starting at age 4 and 
must transition into one of the adult female states 
(with or without pup) by age 6 (no longer a juvenile) 
conditional on survival. Males are defined as adults 
at age 6. The state process model, 

                                                                    (1) 

describes the state z of individual i at occasion t, con-
ditional on the individual’s state at the previous occa-
sion, modeled as categorically distributed according 
to transition array Ω, which is composed of survival 
(φI,t) and, for some transitions, pupping probability 
(ψI,t). We estimate survival for each sex and age, and 
pupping probabilities describe transitions between 
states for reproductively active females. Specifically, 
first-time pupping probability for 4−6 yr old females, 
ψ3-B:5-B, describes the probability of pregnancy at 
ages 3−5 resulting in pupping at ages 4−6. Pupping 
probability for repeat breeders, ψB-B, describes the 
probability that an established breeder has a pup in 
successive years. Pupping probability for non-breed-

zi,t | zi,t –1 � categorical(�zi ,t –1, i,t –1)
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Scenario     Mean             SD        Percentage change (%) 
 
1               Historical    Historical                  0.000 
2                                     Smaller                      0.22 
3                                      Larger                       −0.42 

4                   Low          Smaller                      −0.36 
5                                   Historical                     −0.57 
6                                      Larger                       −0.98 

7                   High          Smaller                      0.75 
8                                   Historical                     −0.57 
9                                      Larger                       0.12 

Table 1. Description of scenarios for generating predicted 
sea surface temperature and North Pacific Gyre Oscillation 
for examining the effects of environmental variability on 
Steller sea lion population dynamics and viability, with 
mean and standard deviations (SDs) of oceanographic pre-
dictors 75% smaller or larger than historical conditions. Per-
centage change: the average change in population growth 
rates from the baseline scenario across subregions within  

the western distinct population segment
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ers, ψN-B, describes the probability that a female that 
was a non-breeder in the previous year has a pup). 

Spatio-temporally varying survival and pupping 
probabilities for each state were modeled as func-
tions of fixed effects of natal subregion, environmen-
tal covariates, and smoothed random effects of year: 

                                                                          (2) 

where γa,s,r,t  is a general demographic parameter for 
age a, sex s, region r, and year t;  is an age- and 
sex-specific intercept; x is a vector of covariates 
(including natal region and environmental vari-
ables) with associated coefficients ; and  is a 
smoothed annual random effect. We used informed 
priors to estimate age- and sex-specific demographic 
rates, where each μa,s

γ  was assumed to be drawn from 
a Gaussian distribution with a mean and standard 
deviation based on similar age- and sex-specific sur-
vival and natality estimates from sea lions marked 
and resighted in southeast Alaska and Russia during 
the early 2000s (Hastings et al. 2018, A. Altukhov 
unpubl. data) (see our Text S1 and Table S1 in the 
Supplement at www.int-res.com/articles/suppl/n052
p343_supp.pdf). These informed priors were used 
due to the high degree of uncertainty in demo-
graphic estimates for subregions west of Samalga 
Pass (largely due to the smaller number of cohorts 
informing age-specific survival and pupping in those 
subregions). Separate fixed effects of natal region 
were estimated for survival of pups, yearlings, age-2 

individuals, and breeding females, and for pupping 
probabilities of age-3, age-4, and age-5 individuals, 
established breeders, and previous non-breeders. To 
improve estimability and reduce the number of 
model parameters, a pooled effect of natal region 
was estimated for the survival of male and female 
juvenile age groups (age-3, age-4, and age-5 individ-
uals) for subregions in the eastern versus western 
portions of the wDPS range. The range-wide effect of 
environmental covariates (SST, NPGO) were esti-
mated for the survival of male and female pups, year-
lings, age-2 individuals, breeding females, and pup-
ping probabilities for first-time and repeat breeders 
based on the assumption that those demographic 
rates would be the strongest drivers of population 
dynamics and most susceptible to environmental 
perturbation. 

We applied penalized complexity (PC) priors 
(Simpson et al. 2017, van Erp et al. 2019) for defining 
prior distributions on fixed effects of natal region and 
environmental variables and on random year effects. 
This approach shrinks the coefficients toward zero in 
the absence of strong support for an effect and can 
improve parameter estimability and regulate model 
complexity. The PC priors for the fixed effects of 
natal region and environmental covariates were con-
structed by defining the conditional prior distribution 
βa,r

γ  ~ N(0,σγa
) with standard deviations σγa

, which 
were subsequently distributed according to an ex -
ponential distribution with a fixed shrinkage rate 

logit(�a,s,r ,t ) = μa,s
� + �x �a,r

� + �a,r ,t
�

μa,s
�

�a,r
� �a,r ,t

�
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Fig. 2. (a) Life cycle model (reproduced from Warlick et al. 2022): survival probabilities φ, state transition pupping probabilities 
ψ, detection probabilities p, and multi-event assignment probability δ for each age a for male and female wDPS Steller sea 
lions. (b) Directed acyclic graph: the integrated population model framework, including the subcomponent (i) multi-event 
model estimating demographic and detection probabilities for each age a and the number of breeding females NB using 
resight data and the (ii) count model estimating the number of pups Npup based on the pup index used here as input data 
(estimated by agTrend using raw count survey data) along with the population growth equations that unite them (upper right)

https://www.int-res.com/articles/suppl/n052p343_supp.pdf
https://www.int-res.com/articles/suppl/n052p343_supp.pdf
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σγa
 ∼ Exp(λ = 1) to apply moderately strong shrinkage. 

Random year effects were shared between sexes and 
estimated only for subregions in the eastern portion 
of the wDPS range (due to insufficient sample sizes 
in the central and western AI) using an intrinsic 
Gaussian conditional autoregressive (CAR) model 
prior distribution that enforced autocorrelation be -
tween years, 

                                                               (3) 

where Q is the precision matrix of an intrinsic autore-
gression of order 2 (IAR(2); Speckman & Sun 2003) 
scaled by σ, and  is a vector of temporal random 
effects, . The IAR(2) model imposes a smooth-
ness constraint that reduces model complexity rela-
tive to independent random effects. For survival of 
pups, yearlings, age-2 individuals, and breeding fe -
males, separate random effects were estimated for 
each of the 4 subregions in the eastern portion of the 
wDPS range (western GoA-eastern AI). For survival 
of age-3, age-4, and age-5 males and females and 
pupping probabilities for age-4 individuals and estab-
lished breeders, random year effects were shared 
across all 4 of the easternmost subregions. Temporal 
variability was not estimated for several demo-
graphic rates due to poor estimability, namely, non-
breeding female adult survival and first-time pupping 
probability for age-3 individuals, age-5 individuals, 
and previous non-breeders. As no individuals were 
marked in the western GoA during the study period, 
demographic rate estimates for that subregion were 
largely informed by modeled count data. This fixed 
and random effects model structure was chosen 
(among many other possible parameterizations) to 
balance the potential insights gained from enhanced 
spatio-temporal demographic information and the 
trade-off of greater uncertainty in the estimates. 
Demographic rates estimated here may differ from 
those reported in Warlick et al. (2022), who used the 
same mark-recapture data due to estimating regional 
effects and integrating modeled count data with little 
observation error. 

The events in the multi-event model are defined by 
the possible observations of individuals. For all states 
except for breeding females, events are detected and 
not detected. For breeding females, events are as fol-
lows: seen without a pup, seen with a pup, or not 
detected. These events are modeled as 

                                                                  (4) 

where observations yI,t conditional on the true state 
zI,t are categorically distributed with observation 
array Θ, which is composed of an individual’s detec-

tion probability at time t, pI,t , and the probability of 
correctly ascertaining the presence of a pup for female 
breeders, δI,t . Temporal variation was modeled as 

                                                                  (5) 

where the mean intercept  for each sex s and age 
a was estimated using a logit-transformed uniform 
(0,1) prior distribution. Interannual variability in 
detection probability was estimated with random 
year effects assumed to be drawn from a Gaussian 
distribution as  ~ N(0,σp), with standard deviations 
σp distributed exponentially with a fixed shrinkage 
rate as described above. As in Warlick et al. (2022), 
we used the number of sightings per individual per 
year (with pups or without) as a categorical covari-
ate for the multi-event classification probability 
parameter, δi,t. 

2.3.2.  State-space model to estimate pup abundance 

A state-space model was used to estimate pup 
abundance in year t in subregion r using the mod-
eled posterior median and standard deviation of the 
modeled agTrend pup abundance index for all rook-
eries and haulout sites across the wDPS range (sur-
veyed and unsurveyed): 

                                                                  (6) 

where annual pup abundance Npupr,t in region r is 
normally distributed with a mean of annual pup 
abundance estimated in the stochastic population 
growth equations (Eq. 8) and variance  equal to 
the known variance of the modeled agTrend abun-
dance index (Sweeney et al. 2022). Although the 
sampling distribution of the estimated pup abun-
dance indices possesses some temporal correlation, 
this is driven by the nonparametric trend model used 
in agTrend. To avoid undue influence of this trend 
model in the current population model analysis, we 
assumed no correlation between the annual esti-
mates to make use of only marginal uncertainty in 
each year’s pup abundance index. 

2.3.3.  IPM 

The multi-event model was combined with the pup 
abundance model in an IPM framework using sto-
chastic growth equations (Fig. 2b). The population 
process model was initialized 1 yr prior to the start of 
the mark-resight data (2000) using a discrete uniform 
distribution with minimum and maximum values set 
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at 75% and 125% of the expected counts based on 
the expected stable age distribution proportions. For 
example, for the number of breeding females in year 
1 in region r, NBr,1, 

                                                     (7) 

where Nminr,1 is the sum of modeled pup and non-pup 
counts in each region in the initial year and SAB is the 
proportion of breeders expected based on the stable 
age distribution calculated from the dominant eigen-
values of a Leslie matrix containing the range-wide 
demographic rates estimated in Warlick et al. (2022). 

In each year t + 1, the number of pups for each sex 
was modeled as arising from a binomial distribution 
based on the number of breeding females and the 
assumption of an equal pup sex ratio. For all other 
ages and classes in each year t + 1, the number of 
individuals at a given age were modeled as arising 
from a Poisson distribution based on the number of 
individuals and survival and pupping probabilities in 
the previous year t : 

 

                                             

 

 

 

 

 

 

 

 

 

Poisson distributions were used here instead of 
binomial distributions because a Poisson-distributed 
age structure offered more stability in the popula-
tion model, improved convergence, approximated 
binomial outcomes given the large abundances, and 
theoretically allowed for a small degree of move-
ment of individuals between subregions given that 

individuals are occasionally resighted outside their 
natal subregions (i.e. it was possible, but not proba-
ble, that Na+1r,t+1 > Nar,t). Total abundance in each 
year and subregion was then calculated as the sum 
of individuals in all age classes a and states, NTotr,t = 
Σ(Nar,t). Due to lack of data to estimate it, neonate 
mortality m (i.e. the mortality that occurs between 
birth and the aerial survey versus marking) was 
assumed to be 5% (Merrick 1987), though this value 
likely varies considerably from year to year (Manis-
calco et al. 2008). 

2.4.  Growth rates, sensitivity, and viability analyses 

For each of the 6 management subregions, we cal-
culated the correlation coefficient (r) between poste-
rior mean annual population growth rates (λt) and 
annual age-specific female survival and pupping 
rates to examine the sensitivity of population growth 
rates to each vital rate. 

To examine the viability of populations in each of 
the 6 management subregions, we projected the 
population forward in time for T = 100 yr using the 
posterior distributions of the vital rate parameters 
estimated for the timeframe informed by mark-
resight data (2000−2018). For each year in the 100 yr 
projection period, we randomly selected posterior 
samples of the random deviates from one of the 18 
study years informed by data (with replacement) and 
added this to posterior samples of the corresponding 
intercept term and randomly generated SST and 
NPGO values for a given year t. The resulting value 
was inverse logit-transformed to derive demographic 
rates for use in population growth equations (as above, 
Eq. 8, without density dependence mechanisms) to 
cal culate stage-specific abundance at each t + 1. Due 
to the complex and variable nature of a top predator’s 
response to environmental conditions, the compari-
son of projection scenarios is intended not as a pre-
dictive tool but instead to provide a general sense of 
how meaningful system change (e.g. under climate 
change) might impact population growth rates via the 
underlying demography. Posterior distributions of 
the population projections were summarized in terms 
of the average population growth rate,  ; the 
probability of local extirpation, Pr(NTot < 1); the prob-
ability of having no remaining breeding females, 
Pr(NB < 1); and the probability of experiencing posi-
tive population growth. To compare the estimation of 
abundance using the IPM versus alternative estima-
tion or relative index approaches, we compared the 
population growth rates derived using abundance 
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estimates from the IPM and those calculated using 
the Nmin (sum of agTrend-modeled pup and non-
pup counts) and ‘pup multiplier’ (agTrend-modeled 
pup counts multiplied by a fixed ratio:  ) ap -
proaches. The Nmin approach has been used to calcu-
late potential biological removal levels for authoriz-
ing takes under the Marine Mammal Protection Act 
(MMPA). The pup multiplier approach was previ-
ously employed to estimate abundance and trends, 
with a multiplier ratio assumed to be a fixed value of 
w = 4.5, developed based on a stable age distribution 
assumption (Calkins & Pitcher 1982). 

2.5.  Model assumptions and fitting 

For the multi-event model, the typical set of mark-
recapture model assumptions applies, including that 
branding had a negligible effect on survival (Hast-
ings et al. 2009) and detection probabilities, that 
there were no identification errors, that mortality dur-
ing the sampling season was negligible, that individ-
uals were independent, that there was no unmodeled 
heterogeneity in survival and detection probabilities, 
and that marked individuals are representative of the 
population of interest. Lack-of-fit issues were not 
apparent in the analysis of these data in Warlick et al. 
(2022). For the abundance model, we assumed that 
there were no errors in classifying pups and that the 
pup count is nearly a complete census, as the surveys 
occur when pups are still onshore. 

The IPM was fit using NIMBLE (NIMBLE Develop-
ment Team 2019) within the R programming envi-
ronment (R Core Team 2022) using 45 000 iterations, 
20 000 burn-in, and an adaptation rate of 10. Conver-
gence was evaluated using visual inspection of 
chains and the Brooks-Gelman-Rubin statistic R̂ < 1.1 
(Gelman & Rubin 1992, Brooks & Roberts 1998) cal-
culated using the gelman.diag function in the coda R 
package (Plummer et al. 2006). Population projec-
tions were carried out in R using the Markov chain 
Monte Carlo (MCMC) samples.  

3.  RESULTS 

3.1.  Vital rates 

Age-specific vital rates varied notably by region. 
Female pup survival (φP) was lower in the central AI 
(0.31, 95% credible interval [CI]: 0.24−0.41) and 
higher in the western AI (0.71, 0.62−0.81), with a 
wDPS range-wide average of 0.54 (0.38−0.75; Fig. 3). 

Pup survival rates in each of the 4 subregions where 
we were able to estimate temporally varying survival 
(GoA and eastern AI) were lower toward the end of 
the study period (Fig. 4). Female yearling survival 
(φ1) was notably lower in the central AI (0.49, 
0.28−0.71) and western AI (0.59, 0.46−0.73), with a 
range-wide average of 0.72 (0.54−0.87). Male pup 
and yearling survival was slightly lower than that of 
females but followed similar regional and temporal 
patterns (Text S2, Figs. S1 & S2). Survival of older 
juveniles (φ3, φ4, φ5) did not vary notably across the 
subregions but exhibited a slightly negative trend 
over the study period. Adult female breeding sur-
vival (φB) was relatively similar across subregions, 
with a slightly lower average rate in the eastern por-
tion of the wDPS range, where rates declined be -
tween 2000 and 2008 (Fig. 4). Age-specific first-time 
pupping probability was highest for age-5 individu-
als (ψ4–B) and similar across regions. The probability 
of pupping for age-4 individuals (ψ3–B) was lower in 
the eastern portion of the wDPS range and higher in 
the western portion relative to the range-wide aver-
age (Fig. 3). The probability of pupping for repeat 
breeders (ψB–B) increased from eastern to western 
subregions, with the exception of the western AI, 
where the rate was lowest. Pupping probabilities for 
repeat breeders were lower in the last several years 
of the study period, while the probability of first-time 
pupping for age-5 individuals was lower in the mid-
2000s (Fig. 4). Due to smaller sample branding cohort 
sizes over shorter time horizons in the western and 
central AI, some stage- and region-specific pupping 
probabilities were not estimated well in certain 
cases. 

3.2.  Population growth rates, abundance,  
and age structure 

Over the study period, the range-wide abundance 
of the wDPS increased from 33 568 (95% CI: 31430−
35 723) in 2000 to 48 278 (43 267−53 900) in 2021, rep-
resenting an average growth rate of 1.74% (0.14 to 
3.45%) yr−1 (Figs. 5 & 6). However, abundance trends 
in each of the subregions varied, with an increasing 
abundance trend in the subregions in the eastern 
portion of the wDPS and a decreasing trend in the 
central and western AI subregions (Fig. 5). The mean 
annual population growth rate was highest in the 
eastern AI (3.7%, 95% CI: 0.53 to 7.00%), followed 
by the western GoA (3.40%, 1.02 to 6.67%), the cen-
tral GoA (3.04%, −0.46 to 6.60%), and the eastern 
GoA (1.76%, −2.60 to 6.47%). The mean annual pop-

w = NTot

Npup
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ulation growth rate was lowest, and negative, in the 
central AI (−1.86%, −4.72 to 1.03%) and western AI 
(−3.19%, −8.11 to 1.79%) (Fig. 6). 

The average age class distribution over the study 
period across the 6 subregions was approximately 
20% pups, 20% breeding females, 12% yearlings, 
19.1% juveniles, 5.6% non-breeding females, and 
15.4% adult males. However, there were a few 
notable exceptions, including lower proportions of 
pups and female breeders in the western AI relative 
to the range-wide estimates (Fig. S2). In contrast, in 
the central AI, there were higher proportions of 
pups and breeding females and lower proportions 
of yearlings and juveniles. In the wDPS as a whole, 
the  ratio was approximately 4.4 (95% CI: 
3.2−5.4) but varied over time, degree of uncertainty, 
and across the 6 subregions (Fig. 7). Specifically, this 
ratio was much lower (indicating higher number of 
pups relative to non-pups) than the range-wide 
average in central AI, and much higher (indicating 
lower number of pups) than the range-wide average 
in the western AI. 

NTot

Npup
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Fig. 5. Posterior mean and 95% credible intervals for total abundance of Steller sea lions: (a) range-wide and (b) in the 6 western  
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3.3.  Sensitivity, viability, and covariate effects 

Demographic rates were generally positively corre-
lated with population growth rates (Text S2, Figs. S4 
& S5). The highest correlation coefficients, with cred-
ible intervals that did not overlap zero were esti-
mated be tween population growth rates and both 
repeat breeding and female breeder survival proba-
bilities (Fig. S4), though the correlations varied by 
subregion (Fig. S5). 

Based on demographic rates estimated for the 
timeframe informed by data, projected abundance 
increased in subregions east of Samalga Pass and 
declined in the western subregions over the 100 yr 
time horizon. In the absence of additional move-
ment between subregions, the probability of local 
extirpation in 100 yr was close to zero for the sub-
regions, with increasing population trends in the 
eastern portion of the wDPS range and in the cen-
tral AI, but was approximately 2% (95% CI: 
1.7−2.5%) in the western AI. Similarly, the proba-
bility of having no re maining female breeders was 
effectively zero in all  subregions except the west-

ern AI (11.5%, 10.7−12.6%). The probability of a 
negative abundance trend was close to zero for all 
subregions in the eastern portion of the wDPS 
range but was approximately 99.2% and 100% for 
the central and western AI subregions, respec-
tively. 

The estimated effects of summer SST (βSST) and 
NPGO (βNPGO) conditions on pupping probability (ψB) 
and the survival of pups (φP) and yearlings (φ1) were 
positive (Text S2, Fig. S3). Our prediction scenarios 
indicated that adjusting the mean of environmental 
covariates drove the greatest percent changes in 
population growth rates compared with adjusting the 
var iability (Table 1) . However, the magnitude of the 
change in population growth rates varied based on 
the underlying demography in each of the 6 subre-
gions, with particularly notable effects in the western 
AI, where rates of decline were lower in scenarios 
with less variability and warmer SST and warm-
phase NPGO conditions, and higher with wider cred-
ible intervals in scenarios with greater variability and 
lower mean SST and cool-phase NPGO relative to 
baseline conditions (Fig. 8). 
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4.  DISCUSSION 

We combined mark-resight data and annual pup 
abundance estimates from aerial surveys to examine 
the demographic factors underlying divergent abun-
dance trends across the 6 management subregions in 
the range of the wDPS of Steller sea lions. We under-
took this analysis to (1) identify regional differences 
in vital rates that may be driving divergent abun-
dance trends, (2) improve upon the existing ap -
proach of estimating abundance, and (3) present a 
framework for examining the sensitivity of popula-
tion dynamics and viability to regional demography 
and environmental variability. Our results indicated 
that sea lion population dynamics vary due to regional 

demographic differences, temporal variance, and 
environmental factors. This information can inform 
future research and monitoring priorities and allow 
managers to evaluate progress toward recovery goals 
for this population. 

Understanding regional differences in survival and 
natality over time and across the wDPS range is fun-
damental to gaining insights about the drivers of 
observed abundance trends. Empirical evidence and 
ecological theory suggest that population dynamics 
are generally most sensitive to changes in adult sur-
vival (Heppell et al. 2000, Runge et al. 2004, Gormley 
et al. 2012), but also to fecundity and offspring sur-
vival, as these rates tend to be more variable (Manlik 
et al. 2016, Lacy et al. 2017). Our results indicated 
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that populations to the west of Samalga Pass may be 
declining via 2 different demographic mechanisms. 
In the central AI, pup and yearling survival was rela-
tively low during the study period and apparently not 
offset by higher reproductive rates. In contrast, in the 
western AI, the decline may be driven by lower sur-
vival of age-1 and age-2 individuals, as the lower 
reproductive rates combined with relatively higher 
pup survival suggest high maternal investment. 
However, the ways in which demographic drivers 
may have changed over time are less clear. Though 
our IPM facilitated the estimation of temporal vari-
ance in vital rates in subregions east of Samalga Pass 
(showing lower repeat pupping and survival rates 
for pups and breeding females during the latter part 
of the study period), cohort sample sizes did not sup-
port the estimation of independent annual pupping 
rates west of Samalga Pass, making it difficult to 
understand the role of natality in driving population 
dynamics in those subregions where uncertainty is 
particularly high. Taken together, this study provides 
additional insights into how the demographic factors 
driving changes in abundance are likely variable 
across subregions and change over time, as has been 
suggested by previous studies (Holmes & York 2003, 
Holmes et al. 2007). 

An improved understanding of a population’s sen-
sitivity to environmental perturbation is fundamental 
to the assessment of threats under the US ESA. 
Despite the complexities of quantifying the effects 
of ocean conditions on long-lived top predators, our 
illustrative example highlights the importance of 
understanding the effects of environmental variabil-
ity on population viability. Under scenarios where 
environmental conditions (i.e. NPGO and SST) were 
projected to remain similar to historical conditions, 
the probability of local extirpation for the western 
and central AI subregions was still relatively low 
(<2%), though the 100 yr time horizon is relatively 
short for a long-lived mammal and there was a high 
probability of a continued declining trend. These 
findings were broadly consistent with previous via-
bility analyses that found a low overall probability of 
extinction, with results varying widely depending on 
model assumptions and lower rates of persistence for 
certain rookeries (York et al. 1996, Gerber & Van-
Blaricom 2001, Winship & Trites 2006). In terms of the 
effects of environmental variability, our results re -
vealed that the potential effects of changing oceano-
graphic conditions were largest in the western AI 
subregion, where the population is smallest and key 
demographic rates, namely survival of pups and 
yearlings and pupping probabilities, were depressed 

relative to the range-wide average. In other words, 
the regional response to environmental perturbation 
is dependent on the magnitude of the covariate effect 
as well as baseline demographic rates, age structure, 
and population size. This IPM-PVA model structure 
represents the best use of available information about 
the population, which can reduce uncertainty in 
model estimates and therefore improve our under-
standing of future population dynamics, as the relia-
bility of PVA extinction probabilities can be ques-
tionable over longer time horizons (Fieberg & Ellner 
2000). However, future studies could expand upon 
this analysis by estimating more nuanced region-
specific covariate effects, including temporal lags in 
the effects of ocean conditions and a changing fre-
quency of extreme conditions. 

Vital rate and abundance estimates are common 
metrics for assessing a population’s conservation sta-
tus and evaluating the efficacy of conservation man-
agement policies designed to maintain the resilience 
of stable populations or recover depleted ones. How-
ever, obtaining precise and unbiased estimates of 
these parameters can be challenging for marine 
mammals due to the high cost of surveys, small sam-
ple sizes, and the longer time series needed for long-
lived organisms (Taylor et al. 2007, Boyd & Punt 
2021). For Steller sea lions, their ESA listing status is 
largely dependent on estimates of subregional popu-
lation trends. While the ‘pup multiplier’ or a relative 
index of abundance (e.g. Nmin) can serve as conven-
ient metrics for population monitoring (particularly 
when and where abundance cannot be estimated), 
our IPM-based PVA model provides a more robust 
framework that accounts for uncertainty in female 
reproductive state and imperfect detection in mark-
resight and aerial surveys. While the mean ratio 
estimated in this study was approximately 4.4 (95% 
CI: 3.2−5.4), similar to the traditional 4.5 ‘pup multi-
plier’, a closer examination of the subregional and 
temporal variability in that ratio revealed how using 
it as an abundance multiplier may lead to inaccu-
rate abundance estimates and biased population 
growth rates for certain regions or time periods 
when population structure may render this ratio 
inaccurate. This was particularly evident for the 
central and western AI subregions, where growth 
rates derived using the pup multiplier or index 
approaches would be over- and under-estimated, 
respectively (Fig. 6). The growth rates derived using 
modeled pup and/or non-pup counts are important 
factors in ESA listing decisions and MMPA take 
authorizations for the wDPS and could become 
increasingly biased (relative to estimates from a fully 

NTot

Npup
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integrated approach) for subregions where abun-
dance continues to decline. 

Our model framework corroborates existing abun-
dance trends (Sweeney et al. 2022) that show contin-
uing decline in the western subregions of the wDPS 
Steller sea lion range. The reasons for this continued 
decline remain largely unknown. Our results high-
light subregional vital rates that may be depressed, 
which could reinforce the need to examine the effi-
cacy of existing conservation measures and inspire 
discussion of whether any additional region-specific 
actions could be implemented to promote recovery. 
Identifying specific causal environmental mecha-
nisms driving changes in vital rates was not the 
intention of this study and remains a challenge for 
conservation biologists monitoring the abundance of 
highly mobile, long-lived top predators, particularly 
those that exhibit divergent abundance trends across 
a large geographic range. The responses of eco -
system processes and demography to perturbations 
are often variable and difficult to predict (Zhao et 
al. 2019), and situations where wildlife populations 
are experiencing persistent unexplained declines or 
 fluctuations in abundance may become more wide-
spread in the future, given anticipated climate 
change (Pacifici et al. 2015, Poloczanska et al. 2016). 
A more refined understanding of demography often 
facilitated by integrated population modeling can 
improve the quality of information available for deci-
sion-making and evaluating progress toward recov-
ery goals under the ESA. Our model and viability 
framework can also be used to examine the popula-
tion-level effects of other stressors such as disease or 
contaminants when data become available in the 
future. Integrated population modeling facilitates re -
ducing and accounting for all sources of uncertainty 
when examining the effects of natural or anthro-
pogenic stressors on the population dynamics and 
viability of declining or depleted populations, which 
will become increasingly important given antici-
pated climate variability and change, where the 
threats and solutions are both global in scope. 
 
 
Data availability. The data and code to reproduce these 
an alyses are available on GitHub (doi:10.5281/zenodo.
8432569). 
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