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Abstract 

Steller sea lions experienced a dramatic population collapse of more than 80% in the late 

1970s through the 1990s across their western range in Alaska.  One of several competing 

hypotheses about the cause holds that reduced female reproductive rates (natality) 

substantively contributed to the decline and continue to limit recovery in the Gulf of 

Alaska despite the fact that there have been very few attempts to directly measure natality 

in this species.  We conducted a longitudinal study of natality among individual Steller 

sea lions (n = 151) at a rookery and nearby haulouts in Kenai Fjords, Gulf of Alaska 

during 2003 – 2009.  Multi-state models were built and tested in Program MARK to 

estimate survival, resighting, and state transition probabilities dependent on whether or 

not a female gave birth in the previous year.  The models that most closely fit the data 

suggested that females which gave birth had a higher probability of surviving and giving 

birth in the following year compared to females that did not give birth, indicating some 

females are more fit than others.   Natality, estimated at 69%, was similar to natality for 

Steller sea lions in the Gulf of Alaska prior to their decline (67%) and much greater than 

the published estimate for the 2000s (43%) which was hypothesized from an inferential 

population dynamic model.  Reasons for the disparity are discussed, and could be 

resolved by additional longitudinal estimates of natality at this and other rookeries over 

changing ocean climate regimes.   Such estimates would provide an appropriate 

assessment of a key parameter of population dynamics in this endangered species which 

has heretofore been lacking.  Without support for depressed natality as the explanation 

for a lack of recovery of Steller sea lions in the Gulf of Alaska, alternative hypotheses 

must be more seriously considered. 
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Introduction 

Between the late 1970s and 2000, the western distinct population segment 

(WDPS) of Steller sea lions (Eumetopias jubatus) declined by more than 80% in the 

Aleutian Islands and Gulf of Alaska (GOA) [1] and was listed as endangered in 1997.  

The designation led to years of unprecedented federal funding for studies aimed at 

determining the cause(s) of the decline and the reason(s) for a lack of recovery [2,3]. The 

impetus derived in major part from two related factors: 1) the importance of walleye 

pollock (Theragra chalcogramma) to the nutritional status of the animals—pollock is 

widely consumed by Steller sea lions, and 2) pollock is the target of the largest single-

species commercial fishery in the world, with an exvessel value in the order of half a 

billion dollars U.S. Yet despite the massive monetary expenditures and scientific effort, 

no consensus of opinion has emerged about the cause of the decline. However, two 

general classes of hypotheses have been proposed: top-down forcing, primarily by 

predation [4,5]; and bottom-up forcing through changes in prey resources due to climate 

change or competition with commercial fisheries [4,6,7].  

The reproductive rate (natality—the number of young produced per 

reproductively mature female) of animals is an important life history characteristic and 

can be an indicator of nutritional status. In the context of bottom-up control of population 

dynamics, reduced natality of Steller sea lions [8] and low juvenile and adult survival 

[9,10] due to poor nutrition are believed by some to have been the causes of the 

population collapse.  Since 2000, some parts of the WDPS have experienced modest 

increases in abundance [11,12].  Inferential population dynamic models based on census 

counts of Steller sea lions indicate that the recent small increases are related to improved 
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juvenile and adult survival, but that natality continued to deteriorate during the 1990s and 

2000s [10,13].  Natality in the Central GOA was estimated to be 67% during the 1970s 

[14], 55% in the 1980s [8], and just 43% in the 2000s [13] (Figure 1).  

Estimates of natality in the 1970s and 1980s were obtained by collecting females 

during early (October – November) and late (April – May) gestation and determining the 

proportion that were reproductively mature with a developing fetus [8].  Sources of error 

in natality calculations using those methods would have included variation in the status of 

females that were collected early and late, variation in abortion rates during the last 

month of gestation after late collections occurred, and potential violation of the 

assumption of random sample collection (e.g., bias towards collecting younger, more 

naïve, or bigger, more easily observed animals).   

Now that sacrificing endangered Steller sea lions for science is no longer 

acceptable or permissible, broad-scale census counts of non-pups and pups, and estimates 

of the proportions of non-pups that are adult females and juveniles, have provided the 

primary data for estimating natality in the WDPS [10,12,13].  Those data and estimation 

procedures, however, may not be appropriate for an accurate assessment of natality when 

compared with earlier studies because they contain different sources of error, such as 

variations in the proportion of animals hauled out between censuses, the proportion of 

pups that have died and/or washed away prior to the censuses, the number of pups that 

have not yet been born at the time of the censuses, and proper determination of which 

animals are reproductively mature females.  Furthermore, a shifting ocean climate [15,16] 

may have caused systematic changes in sightability of these animals over time that led to 

an illusion of declining natality.   
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In this study, we emulated the earlier studies of natality in Steller sea lions [8,14] 

without some of the potential biases by tracking known individuals over time (7 yrs).  

This obviated the need to estimate proportions of females hauled out on the rookery or 

the proportion of pups that had died prior to surveys, as need to be estimated from census 

counts, because both were fully accounted for by virtually continuous observations.  

Thus, the findings of our study are based on direct observations and are more directly 

comparable to the estimate of natality in the 1970s in the GOA, and they contrast with 

recently hypothesized estimates from an inferential model [13] in that they do not 

indicate a difference in natality between current levels and those in the 1970s. We will 

discuss the likely reasons for the incongruity in light of methodological considerations 

and changing ocean climate regimes, and how it affects our perception of the status of the 

population in the GOA and controls on their abundance. 

 

Results 

One hundred and fifty one female Steller sea lions met the criteria for maturity 

and repeat sightability for at least two years.  Females of known age (n = 6) gave birth for 

the first time at 5.3 yr (range: 4 – 6 yr).   

Results of the GOF test indicated an insignificant degree of overdispersion to the 

data (ĉ = 1.10; χ2 = 51.67; d.f. = 47; P = 0.296).  Nevertheless, to be conservative, the ĉ 

value was applied to tested models to inflate variances of estimated parameters.  The 

most parsimonious model included both survival and state transitions as dependent on 

whether or not the female produced a pup in the previous year; however, the next best 

model, which did not include a difference in survival between states, was virtually 
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identical (LRT: χ2 = 2.16; d.f. = 1; P = 0.142; Table 1).  Together, the likelihood 

associated with these two models was 89%.  Sighting probabilities were appropriately 

estimated at 0.999 for females giving birth and at 0.843 for those not giving birth (Figure 

2).  

Natality, estimated from results of the most parsimonious model, was 69.2% (± 

2.5%, SE; Figure 1) for all years combined and was fractionally higher when calculated 

from the next best model that expressed no difference in survival.  Females giving birth 

had a higher probability of surviving to the following year (0.851) than females that did 

not give birth (0.777; Figure 2) but the nearly equivalent, second-best model indicated no 

difference in survival at 0.828 (± 0.021).  Also, females that gave birth in year i were 

more likely to give birth in year i +1 (ψbb = 0.760) than females that did not give birth in 

year i (ψnb = 0.584) with no overlap in confidence intervals (Figure 2).  Results were 

similar from the second-best model indicating significant differences between these 

transitions.   

    

Discussion 

Natality is not the only life history trait that can be influential in driving dynamics 

of populations and that is susceptible to effects of prey limitation under bottom-up 

forcing scenarios for pinnipeds in decline [17-19]. However, we made no measurements 

of other factors such as juvenile survival and recruitment.  The focus of this study was on 

natality which is a critical element of special concern for Steller sea lions in Alaska. 

Female Steller sea lions reach sexual maturity with their first ovulation at an 

average age of 4.6 y [14] and nearly all females that are mature become pregnant each 
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year [8].  At Chiswell Island, known-age females (n = 6) produced their first pups at an 

average age of 5.3 y, indicating they were ovulating at 4.3 y, although we cannot 

necessarily assume that was their first ovulation.  Yet, it is apparent from the data 

presented here that age at first reproduction was similar to that in the 1970s and justifies 

choosing females ≥ 5 years of age as part of this analysis for direct comparisons with 

earlier work on natality rates.   

The estimate of natality found in this study (69%) was similar to natality in the 

1970s (67%) [8], prior to the population decline in this region.  However, our value may 

be slightly underestimated because of the possible inclusion of older, post-reproductive 

animals.  There is some evidence that Steller sea lions become reproductively senescent 

at more than 20 years of age [14] and previously calculated natality for the 1970s did not 

include elderly, non-pregnant females because of potential biases [8].  At least two adult 

females of unknown age were included in our study and may have been post-

reproductive, as they never gave birth over the 4+ years they were observed.  Future 

studies of known-age individuals should help to clarify the extent of senescence in this 

species. 

In contrast, natality of Steller sea lions estimated in our study is substantially 

higher than the recently published estimate for the 2000s of 43% (Figure 1) which was 

inferred from a population dynamic model [13].  Our estimate of natality at Chiswell 

Island may be considered normal and indicative of a stable or increasing population, 

whereas the inferential model estimate [13] suggests a population that is still under stress, 

nutritional or otherwise.  Notwithstanding variation in survival, natality rates of 60% to 

75% have been generally associated with stable or increasing populations of pinnipeds 
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[20–22], whereas rates of 55% or lower have been associated with declining populations 

and related to the adverse effects of density dependant factors or food stress [8,23].   

There are at least two possible reasons for the large discrepancy between the two 

estimates which we will examine briefly in turn. One is that the population status and 

natality trends in Kenai Fjords are not representative of the greater GOA.  The other is 

that the methods for calculating natality were very different between the two studies 

making comparisons difficult; i.e. ours is a direct estimate, whereas the other [13] is a 

hypothetical value based on an inferential model.   

The inferential population dynamic model [13] was based on data from only the 

central GOA (Figure 3), and was assumed to represent a major portion of the WDPS of 

Steller sea lions. Population trajectories within the WDPS vary widely with location [12] 

and we do not assume that our estimate of natality in Kenai Fjords is necessarily 

representative of natality throughout the entire western range of these animals. However, 

the evidence presented below suggests that our findings may be representative of the 

eastern and central GOA (Chiswell Island lies in the transition zone between these 

somewhat arbitrary regions; Figure 3).   

Steller sea lions in the eastern GOA, which includes Chiswell Island, have 

experienced a 35% increase in their population over the period 2004 – 2008, while those 

in the central GOA increased by only 10% over that period [24], although it is argued that 

the large growth in numbers in the eastern GOA was due to a seasonal influx of animals 

from southeastern Alaska (the eastern distinct population segment) [24]. The increasing 

population trends of resident animals in the eastern GOA, therefore, are more equivalent 

to those in the central GOA.  Furthermore, the ratio of adults and juveniles to pups 
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counted in aerial censuses in the 2000s at Chiswell Island (median = 1.64) is the same as 

at other rookeries in both the central and eastern GOA (median = 1.71; Mann-Whitney U 

= 46.00, P = 0.296; based on data in [12]).  An additional similarity between the Chiswell 

Island rookery and other GOA rookeries is that measurements of maternal care are 

excellent at Chiswell Island [25] and are comparable to maternal care at other rookeries 

in the central GOA [26], suggesting prey is readily available across this broad area.  With 

similar trends in behavior, population trajectories, and observed ratios of age classes 

throughout these regions, we find no reason to suspect that natality of sea lions in this 

study is unusually high compared to sea lions elsewhere in the GOA.   

The previously published estimates of natality were based on long-term census 

counts of adults, juveniles, and pups across a broad range of the GOA [13].  However, the 

data suffer from several biases including, but not limited to, confounding influences of 

neonatal mortality, temporary immigration, and changing female sightability.  In order to 

estimate natality from counts of adult and pup Steller sea lions, and make them 

comparable to the pre-decline estimate, accurately determining neonatal survival is 

necessary to account for pups lost prior to the time of census.  Overestimates of pup 

survival would reduce the calculated number of pups actually born, thereby reducing 

apparent natality.  The authors of the population dynamic model [13] applied a survival 

correction to their life history matrices of 0.949 to account for neonatal mortality and 

assumed that it was constant over time.  That correction factor was derived from counts 

of live and dead pups found on rookeries in the 1970s.  However, the leading cause of 

mortality in young pups results from being washed away in high surf conditions with 

survival to three weeks of age estimated to be much lower in dedicated studies (0.679 
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[27] and 0.896 [28]).  Although there is currently no evidence that there was a significant 

change in Steller sea lion pup mortality over time [29], there can be significant variation 

in pup mortality between years [27,28] and a high estimate of survival, assumed to be 

constant, would have decreased all estimates of natality over the periods studied. 

Immigration, whether temporary or permanent, of animals from the growing 

southeastern Alaska population in recent years [12] will also skew census-based 

estimates of natality lower because animals that are not part of the breeding population 

may be counted as breeders. It is not known how much temporary immigration might 

have affected estimates of declining natality in the 2000s but some effect is probable. 

It is also likely that female sightability in the GOA has changed systematically 

between ocean climate regimes in recent decades causing the appearance of reduced 

natality based on estimates of the proportion of animals hauled out. That is, if more 

females were hauled out during surveys in recent years compared to earlier years, then 

there would have been an appearance of reduced natality based on relative proportions of 

females to pups.  The authors of the population dynamic model [13] assumed female 

sightability was constant over time and suggested that an increase of about 40% in the 

number of females observed would be necessary to counter the estimated decline in 

natality.   There is no direct evidence of a long-term, increasing trend in female 

sightability but some compelling indirect evidence is explained as follows.   

The availability of some important prey for Steller sea lions was probably reduced 

during the 1980s [6,8,15,29].  Therefore, females would have spent more time foraging at 

sea to adjust for prey deficiency during that time.  Such behavioral changes associated 

with food limitation in otariids make sense and have been observed in other studies [30-
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32].  As sea lion populations continued to decline through the 1990s, changing ocean 

climate regimes probably led to improved forage availability [15,16], which resulted in a 

systematic reduction in foraging durations by adult females (Figure 4).  Shorter foraging 

periods would effectively cause an apparent decline in natality rates when simply 

counting ratios of adults to pups because more adults would be counted in relation to the 

number of pups in later years.  There is no good information on perinatal periods (the 

time females spend on shore between giving birth and their next foraging trip to sea) in 

the 1980s, but perinatal periods are also greatly affected by nutritional limitation in the 

same way as foraging trip durations [30] and would therefore exacerbate the effect of 

female sightability across changing prey regimes. Hence, it may not be possible to 

accurately determine changes in pinniped vital rates based on census data without a 

complete understanding of how environmental factors affect sightability of different age-

classes throughout a region over extended periods. 

Further evidence of a healthy population in our study is indicated by lack of a cost 

of reproduction.  Female reproduction is normally believed to carry costs in terms of a 

reduced likelihood of survival and/or future reproductive potential [33].  This effect has 

been shown in some studies of pinnipeds [34,35] including Steller sea lions during the 

1980s when pregnancy was negatively correlated with lactation status [8].   We found the 

opposite effect in this study with reproduction being positively correlated with survival 

(though not significantly so) and future reproduction, suggesting variation in overall 

fitness between individuals rather than a reproductive effect on fitness.  Similar findings 

were reported for subantarctic fur seals (Arctocephalus tropicalis) [36], and strong 

evidence for an effect of individual quality on reproductive success has been seen in other 
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large mammals [37].  Such variable reproductive strategies between fit and unfit 

individuals are most evident when resources are plentiful.  Alternatively, when food 

resources are more limited, reproductive costs on future reproduction are more evident 

[37].   This provides additional evidence that lowered fitness and associated costs of 

reproduction in Steller sea lions during the 1980s were consistent with resource limitation 

[8], whereas the findings in this study of no cost of reproduction during the 2000s suggest 

that resources are more plentiful.  In recent decades, most researchers agree that prey 

limitation is not a problem for Steller sea lions in the GOA [4,38].   

This study found that natality in Steller sea lions at Chiswell Island is at a level 

similar to that before the population decline, and evidence presented above suggests that 

the animals in Kenai Fjords could be representative of those across the eastern and central 

GOA, but not necessarily further afield. Population losses during the 1980s are thought 

by some researchers to have been caused by nutritional stress resulting from the ocean 

climate regime shift in the mid-1970s [6,29,39], although others disagree [5,7,40].  

Indeed, there is good evidence that juvenile survival and recruitment was reduced by 

predation [5,41] and/or food limitation [19].  Nevertheless, it is plausible that decreased 

natality in the 1980s compared to the 1970s was caused by nutritional limitation during 

that period and that it may explain some of the population decline [6,8].  In more recent 

years, studies of juvenile health and maternal care provide no evidence of nutritional 

limitation in this species [25,27,38,42].  Disease, parasitism, and contaminants could 

adversely affect reproduction [8], but research has not shown significant trends over time 

or major problems in the current decade [43,44].  Other explanations for population 

losses, such as predation and fisheries related mortalities, could play a major role in adult 
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and juvenile survival but probably have less of an effect on natality, although exposure to 

predation risk does increase levels of stress in female Steller sea lions [45] and can 

decrease natality in other species of large mammals [46].   

Given the evidence presented here, we suggest that the apparent long-term decline 

in GOA Steller sea lion natality as inferred elsewhere [13] is probably due to an artifact 

of increasing female sightability as resources became more abundant from the 1980s to 

present.  Other factors such as neonatal mortality and immigration may have also affected 

those inferential estimates of natality.  Direct estimates during the 1980s provided 

sufficient evidence of a reduction in natality only during that time period [8], but those 

findings do not necessarily exclude the additional, possibly more important role of top-

down effects of predation in the collapse of WDPS Steller sea lions [5]. Our result 

suggests that natality of Steller sea lions in the 2000s is similar to that before the 

population decline (1970s) and is consistent with natality found in stable or increasing 

pinniped populations.   

The contrasting results presented here and by the authors of the population 

dynamic model [13] have major implications on our understanding of factors at play in 

the GOA ecosystem that affect Steller sea lion populations, and by association 

populations of harbor seals (Phoca vitulina) and sea otters (Enhydra lutris) that also 

collapsed during the same era in the same region [5,47,48]. There is no evidence of a 

nutritional mechanism that might have driven natality of Steller sea lions down to such a 

low level subsequent to the late 1980s as inferred by the population dynamic model [13], 

and low natality is opposite that which would be expected in an otherwise healthy 

population of animals. The different estimates also have important implications on 

demaster
Highlight
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management strategies that have been, and might be, enacted to help Steller sea lion 

populations recover. Resolving uncertainties that have arisen from the two approaches to 

estimate natality, i.e., whether there is a systematic difference between them, could easily 

be put to a direct test by applying them simultaneously at several rookeries in the GOA. 

Until then, attempts to explain the lack of recovery of the WDPS in the GOA should 

more fully explore alternative hypotheses to nutritional limitation, such as high predation 

mortality of juveniles as suggested by recent findings of Horning and Mellish [49]. 

 

Materials and Methods 

Ethics Statement 

This study meets all ethical standards based on an approved Animal Care and Use 

Committee permit and National Marine Fisheries Service permits to conduct research on 

Endangered Steller sea lions. 

 

Study Site and Observational Methods 

This study was conducted at the Steller sea lion rookery on Chiswell Island and 

nearby haulouts in Kenai Fjords (Figure 3) which lie within the range of the endangered 

WDPS.  The pattern and magnitude of population decline at the rookery were similar to 

other rookeries in the central GOA—that is, abundance fell by 90% from 1,459 adults 

and 564 pups in 1956 [50] to approximately 90 adults and 50-80 pups in the 2000s [25]. 

Beginning in 1999, up to six remotely operated video cameras were used to 

monitor Steller sea lions (see [25] for details).  Video images, which provided complete 

spatial coverage of the Chiswell Island rookery, were viewable and controllable in real-
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time from the Alaska SeaLife Center 65 km away.  Cameras were also installed and 

monitored at nearby haulouts beginning in 2000 (Figure 3).   

Most adult Steller sea lions can be individually identified by unique scars, fungal 

patches, and/or flipper patterns and longitudinal studies have been successfully conducted 

on animals identified by such means [25–27].  During the course of this study, female sea 

lions with unique markings were tracked and digital photos of those animals and their 

distinguishing marks were taken on a regular basis from all remotely-monitored sites in 

Kenai Fjords. A few breeding females were identified by flipper tags (n = 4) or brands (n 

= 2), and age was known only for those animals. Females that did not have at least two 

distinguishing marks and could not be reliably resighted from one year to the next were 

not used in this analysis.  Although pictures and data for some females were collected as 

early as 1999, they were not considered during1999-2002 in the analysis of natality rates 

because of more focused sighting effort on those giving birth over those that did not in 

those years.  All females with unique markings (an average of 68.9% ± 4.8% SE of the 

Chiswell Island female population in each year) were non-preferentially identified and 

tracked from 2003 onward whether or not they gave birth.  

Observations each year began with the arrival of the first female on the rookery in 

mid- to late-May and included full census counts of all sea lions by age-class 

(male/female adult, juvenile, yearling, and pup) on the rookery throughout the breeding 

season. Census counts were made at approximately 1100 h and 1900 h, and hour-long 

scan sampling for identifiable females and their pups was done four to ten times daily 

from 0600 h to 2200 h; earlier and later hours were added around the summer solstice 

when light levels were sufficient for viewing sea lions. After 10 August, observations 
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were recorded from approximately sunrise to sunset as diminishing daylight allowed. 

Events such as births and deaths were opportunistically recorded as they occurred or 

within 4 hr of their known occurrence [28].  Births that happened overnight were 

recorded the following morning as having occurred at the half-way point of non-

observation hours.   

Steller sea lion mothers in the WDPS will normally remain with their newborn 

pups for 8 to 12 days following parturition [25,26]. Given the duration and detail of 

observations in this study (frequent scans and complete spatial coverage of the rookery), 

it was highly unlikely that any births went unnoticed. Identified females were considered 

for this analysis if they were present on the Chiswell Island rookery during the pupping 

and breeding season from 15 June until 15 July. Females that gave birth earlier still had a 

definitive presence on the rookery during that time. That time period also included 

females that were present to copulate, and hence had a presumed intention to breed at this 

rookery, but excluded some females that hauled out briefly on Chiswell Island before 

leaving to potentially pup elsewhere.   

Typically, females that give birth to stillborns should not be considered 

productive.  However, all recent estimates of natality in Steller sea lions are compared to 

natality in the presumed healthy population during the 1970s and declining population in 

the 1980s.  Those earlier estimates were based on late-term pregnancies and could not 

account for stillbirths [8].  Therefore, full-term stillbirths were included as births in this 

study to make the data comparable to those earlier standards, but this probably had little 

effect on the estimates of natality because fewer than 2% of pups born at Chiswell Island 

were stillborn [28].  Furthermore, the published standards for natality were only 
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considered for reproductively mature females whose status was known by examination of 

ovaries [8,14]. It was not possible to verify reproductive maturity in this study even when 

age was known.  To reduce the chance of including pre-reproductive animals in our 

dataset, the first year of sighting of each apparently mature female of unknown age was 

removed whether or not she gave birth.  Those that gave birth in their first year of 

observation were removed to avoid bias toward more fecund animals.  Females of known 

age were included in this study beginning at 5 years of age to be consistent with the 

average age of sexual maturity at 4.6 yr [14], which would indicate that age of first 

pupping would be at about 5.6 yr.  

In order to decrease sample bias toward more fecund females that may spend 

proportionally more time at a rookery, nearby haulouts were also monitored during the 

pupping season to account for females that may have spent more time at those locations.  

Females at haulouts were included in the analyses if they met the abovementioned 

sighting and maturity criteria unless they were accompanied by juveniles that were 

known to be born elsewhere (i.e., not at the Chiswell Island rookery).   Many of the 

animals in the Chiswell Island population that were not giving birth on the rookery in any 

given year spent the summer elsewhere, presumably outside of the study area.  Females 

that returned to the study area later in the year without a pup were classified as not giving 

birth in that particular year because of known breeding-site fidelity in this species [51] 

and to ensure a conservative approach to estimated natality.   

 

Data Analysis 
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Multi-state models [52] were constructed using the logit link function in Program 

MARK with the following parameters being estimated over 7 years of observation (2003 

– 2009): 

 

Si
x = probability that a female in state x in year i survives until i + 1. 

Pi
x = probability that a female is resighted in year i in state x, given that it is 

present in the study area in year i.  

ψi
xy = probability that a female in state x in year i is in state y at i + 1, given that 

she survived from year i to i + 1.  

 

States were recorded as “B” – observed birth or with pup, “N” – observed but did 

not give birth or not seen with pup, and “0” – not observed.  Calculation of the proportion 

of females that were productive (natality) was performed using equation 2 in Nichols et 

al. [53] with corresponding estimates of variance.   

The Cormack-Jolly-Seber (CJS) modeling approach was chosen over models that 

account explicitly for temporary emigration because CJS models required fewer 

assumptions and constraints in addition to providing sufficient parameter estimates for 

animals that show breeding site fidelity [35] as Steller sea lions do, especially after 

breeding has been established [51].  Sighting probabilities for the two strata (B and N) 

were retained in tested models to express breeding-site fidelity and differences in the 

ability to detect those states.   

We compared models with Akaike’s Information Criteria (AIC)[54], corrected for 

small sample bias (AICc)[55] with additional comparisons for nested models using 
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likelihood ratio tests (LRT).  The general, fully time and state dependant model was 

initially tested for goodness-of-fit (GOF) with program U-CARE 2.2 [56] and the 

estimated overdispersion coefficient (ĉ) was used to adjust model results and convert 

AICc values to quasi-AICc (QAICc) values. QAICc weights, calculated from model 

differences in QAICc values (ΔQAICc), indicated relative support for the various models.  

Finally, we examined indicators of potential costs to giving birth in regard to 

survival and state transitions.  Cost is suggested if birthing in one year is associated with 

a significant reduction in survival probability for the following year.  Birthing in one year 

may also cause a reduction in the probability of birthing in the next year, as was indicated 

for Steller sea lions in the 1980s [8].  An effect of birthing on subsequent birthing is 

suggested if transitions from not birthing to birthing (ψnb) were greater than transitions 

from birthing to birthing (ψbb)[35]. 
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References 

1. Sease JL, Taylor WP, Loughlin TR, Pitcher KW (2001) Aerial and land-based 

surveys of Steller sea lions (Eumetopias jubatus) in Alaska, June and July 1999 

and 2000. Seattle: U.S. Department of Commerce, NOAA Tech. Memo, NMFS-

AFSC-122. 52 p. 

2. Dalton R (2005) Is this any way to save a species? Nature 436: 14-16. 

3. Berman MD (2008) Endangered species, threatened fisheries: Science to the 

rescue! Evaluating the congressionally designated Steller sea lion research 

program.  Mar Policy 32: 580-591.  

4. National Resource Council (2003) The decline of the Steller sea lion in Alaskan 

waters: Untangling food webs and fishing nets. Washington: National Academies 

Press. 179 p.  

5.   Springer AM, Estes JA, van Vliet GB, Williams TM, Doak DF, Danner EM, et al. 

(2003) Sequential megafaunal collapse in the North Pacific Ocean: an ongoing 

legacy of industrial whaling? Proc Nat Acad Sci 100: 12223-12228. 

6. Trites AW, Donnelly CP (2003) The decline of Steller sea lions Eumetopias 

jubatus in Alaska: a review of the nutritional stress hypothesis.  Mammal Rev 33: 

3-28.  



20 

7. Fritz LW, Hinckley S (2005) A critical review of the regime shift – “junk food” – 

hypothesis for the decline of the western stock of Steller sea lion. Mar Mammal 

Sci 21: 476-518.  

8. Pitcher, KW, Calkins DG, Pendleton GW (1998) Reproductive performance of 

female Steller sea lions: an energetics-based reproductive strategy? Can J Zool 

76: 2075-2083.  

9. York AE (1994) The population dynamics of northern sea lions, 1975-1985. Mar 

Mammal Sci 10: 38-51. 

10. Holmes EE, York AE (2003) Using age structure to detect impacts on threatened 

populations: a case study with Steller sea lions. Conserv Biol 17 1794-1806.  

11. Eberhardt LL, Sease JL, DeMaster DP (2005) Projecting the trend of Steller sea 

lion populations in western Alaska. Mar Mammal Sci 21: 728-738. 

12. Fritz LW, Lynn M, Kunisch LE, Sweeney K (2008) Aerial, ship and land-based 

surveys of Steller sea lions (Eumetopias jubatus) in the Western Stock in Alaska, 

June and July 2005 - 2007. Seattle: U.S. Department of Commerce, NOAA Tech. 

Memo, NMFS-AFSC-183. 70 p. 

13. Holmes EE, Fritz LW, York AE, Sweeney K (2007) Age-structured modeling 

reveals long-term declines in the natality of western Steller sea lions. Ecol Appl 

17: 2214-2232.  

14. Pitcher KW, Calkins DG (1981) Reproductive biology of Steller sea lions in the 

Gulf of Alaska. J Mammal 62: 599-605. 

15. Anderson PJ, Piatt JF (1999) Community reorganization in the Gulf of Alaska 

following the ocean climate regime shift. Mar Ecol Prog Ser 189: 117-123.  



21 

16. Hare SR, Mantua NJ (2000) Empirical evidence for North Pacific regime shifts in 

1977 and 1989. Prog Oceanogr 47: 103-145. 

17. Fowler SL, Costa DP, Arnould JPY, Gales NJ, Kuhn CE (2006) Ontogeny of 

diving behaviour in the Australian sea lion: trials of adolescence in a late bloomer. 

J Anim Ecol: 75: 358-367. 

18. Fowler SL, Costa DP, Arnould JPY, Gales NJ, Burns JM (2007) Ontogeny of 

oxygen stores and physiological diving capability in Australian sea lions. 

Functional Ecol 21: 922-935. 

19. Calkins DG, Becker EF, Pitcher KW (1998) Reduced body size of female Steller 

sea lions from a declining population in the Gulf of Alaska. Mar Mammal Sci 14: 

232-244.  

20. Testa JW (1987) Long-term reproductive patterns and sighting bias in Weddell 

seals (Leptonychotes weddelli). Can J Zool 65: 1091-1099. 

21. Lunn NJ, Boyd IL, Croxall JP (1994) Reproductive performance of female 

Antarctic fur seals: the influence of age, breeding experience, environmental 

variation and individual quality. J Anim Ecol 63: 827-840. 

22. McKenzie J, Parry LJ, Page B, Goldsworthy SD (2005) Estimation of pregnancy 

rates and reproductive failure in New Zealand fur seals (Arctocephalus forsteri). J 

Mammal 86: 1237-1246. 

23. Dabin W, Beauplet G, Crespo EA, Guinet, C (2005) Age structure, growth, and 

demographic parameters in breeding-age female subantarctic fur seals, 

Arctocephalus tropicalis. Can J Zool 82: 1043-1050. 

24. Fritz LW, Sweeney K, Gudmundson C, Gelatt T, Lynn M, et al. (2008) Survey of 



22 

adult and juvenile Steller sea lions, June and July 2008. U.S. Department of 

Commerce, NMFS, Alaska Fisheries Science Center, Memorandum For The 

Record. Seattle WA. 28 p. 

25. Maniscalco JM, Parker P, Atkinson S (2006) Interseasonal and interannual 

measures of maternal care among individual Steller sea lions (Eumetopias 

jubatus). J Mammal 87: 304-311.  

26. Milette LL, Trites AW (2003) Maternal attendance patterns of Steller sea lions 

(Eumetopias jubatus) from stable and declining populations. Can J Zool 81: 340-

348. 

27. Kaplan CC, White GC, Noon BR (2008) Neonatal survival of Steller sea lions 

(Eumetopias jubatus). Mar Mammal Sci 24: 443-461. 

28. Maniscalco JM, Calkins DG, Parker P, Atkinson S (2008) Causes and extent of 

natural mortality among Steller sea lion (Eumetopias jubatus) pups. Aquat 

Mammals 34: 277-287.  

29. Rosen DAS, Trites AW (2000) Assessing the role of nutritional stress in the 

decline of wild populations: A Steller case of scientific sleuthing. In: Baer CLK, 

editor. Proceedings of the Third Comparative Nutrition Society Symposium. 

Pacific Grove CA, pp. 182-186. 

30. Hood WR, Ono KA (1997) Variation in maternal attendance patterns and pup 

behavior in a declining population of Steller sea lions (Eumetopias jubatus). Can J 

Zool 75: 1241-1246. 



23 

31. Costa DP (2008) A model of the variation in parental attendance in response to 

environmental fluctuation: Foraging energetics of lactating sea lions and fur seals. 

Aquat Conserv: Marine and Freshwater Ecosystems 17:S44-S52. 

32. Boyd IL (1999) Foraging and provisioning of Antarctic fur seals: interannual 

variability in time-energy budgets.  Behav Ecol 10: 198-208. 

33. Bell G (1980) The costs of reproduction and their consequences. Am Nat 116: 45-

76. 

34. Boyd IL, Croxall JP, Lunn NJ, Reid K (1995) Population demography of 

Antarctic fur seals: the costs of reproduction and implications for life-histories. J 

Anim Ecol 64: 505-518. 

35. Hadley GL, Rotella JJ, Garrott RA (2007) Evaluation of reproductive costs for 

Weddell seals in Erebus Bay, Antarctica. J Anim Ecol 76: 448-458. 

36. Beauplet G, Barbraud C, Dabin W, Kussener C, Guinet C (2006) Age-specific 

survival and reproductive performances in fur seals: evidence of senescence and 

individual quality. Oikos 112: 430-441.  

37. Hamel S, Cote SD, Gaillard J-M, Festa-Bianchet M (2009) Individual variation in 

reproductive costs of reproduction: high-quality females always do better. J Anim 

Ecol 78: 143-151. 

38. DeMaster D, Atkinson S (2002) Steller sea lion decline: Is it food II. AK-SG-02-

02. Fairbanks: University of Alaska Sea Grant College Program. 78 p. 

39. Donnelly CP, Trites AW, Kitts DD (2003) Possible effects of pollock and herring 

on the growth and reproductive success of Steller sea lions (Eumetopias jubatus): 



24 

insights from feeding experiments using an alternative animal model, Rattus 

norvegicus. Brit J Nutrition 89: 71-82.  

40. Atkinson S, Calkins D, Burkanov V, Castellini M, Hennen D, et al. (2008) Impact 

of changing diet regimes on Steller sea lion body condition. Mar Mammal Sci 24: 

276-289. 

41. Springer AM, Estes JA, van Vliet GB, Williams TM, Doak DF, et al. (2008) 

Mammal-eating killer whales, industrial whaling, and the sequential megafaunal 

collapse in the North Pacific Ocean: A reply to critics of Springer et al. 2003. Mar 

Mammal Sci 24: 414-442.  

42. Rea LD, Castellini, MA, Fadely BS, Loughlin TR (1998) Health status of young 

Alaska Steller sea lion pups (Eumetopias jubatus) as indicated by blood 

chemistry. Comp Biochem and Physiol A 120: 617-623. 

43. Burek KA, Gulland FMD, Sheffield G, Beckmen KB, Keyes E, et al. (2005) 

Infectious disease and the decline of Steller sea lions (Eumetopias jubatus) in 

Alaska, USA: Insights from serological data. J Wildl Dis 41: 512-524. 

44. Myers MJ, Ylitalo GM, Krahn MM, Boyd D, Calkins D, et al. (2008) 

Organochlorine contaminants in endangered Steller sea lion pups (Eumetopias 

jubatus) from western Alaskan and the Russian Far East. Sci Total Environ 396: 

60-69. 

45. Mashburn KL, Atkinson S (2007) Seasonal and predator influences on adrenal 

function in adult Steller sea lions: gender matters. Gen Comp Endocrinol 150: 

246-252. 



25 

46. Creel S, Christianson D, Liley S, Winnie Jr. JA (2007) Predation risk affects 

reproductive physiology and demography of elk. Science 315: 960. 

47. Pitcher KW (1990) Major decline in numbers of harbor seals, Phoca vitulina 

richardsi, on Tugidak Island, Gulf of Alaska. Mar Mammal Sci 6: 121-134. 

48. Doroff AM, Estes JA, Tinker MT, Burn DM, Evans TJ (2003) Sea otter 

population declines in the Aleutian archipelago. J Mammal 84: 55-64.  

49. Horning M, Mellish JE (2010) Spatially explicit predation on individual pinnipeds 

from implanted post-mortem satellite data transmitters. Endang Species Res 10: 

135-143. 

50. Mathisen OA, Lopp RJ (1963) Photographic census of the Steller sea lion herds in 

Alaska, 1956–58. United States Fish and Wildlife Service, Special Scientific 

Report of Fisheries 424. 20 p.  

51. Raum-Suryan KL, Pitcher KW, Calkins DG, Sease JL, Loughlin TR (2002) 

Dispersal, rookery fidelity, and metapopulation structure of Steller sea lions 

(Eumetopias jubatus) in an increasing and decreasing population in Alaska. Mar 

Mammal Sci 18: 746-764.  

52. Brownie C, Hines JE, Nichols JD, Pollock KH, Hestbeck JB (1993) Capture-

recapture studies for multiple strata including non-Markovian transitions. 

Biometrics 49: 1173-1187.  

53. Nichols JD, Hines JE, Pollock KH, Hinz RL, Link WA (1994) Estimating 

breeding proportions and testing hypotheses about costs of reproduction with 

capture-recapture data. Ecology 73: 2052-2065. 



26 

54. Akaike H (1973) Information theory and an extension of the maximum likelihood 

principal. In: Petran BN, Csaaki F, editors.  International Symposium on 

Information Theory. Budapest, Hungary: Akadeemiai Kiado. pp. 267-281. 

55. Hurvich CM, Tsai C-L (1989) Regression and time series selection in small 

samples. Biometrika 76: 297-307. 

56. Choquet R, Reboulet AM, Lebreton JD, Gimenez O, Pradel R (2005) U-CARE 

2.2 user’s manual. CEFE: Montpellier, France. 53 p. 

57. Merrick RL, Loughlin TR (1997) Foraging behavior of adult female and young-

of-the-year Steller sea lions in Alaskan waters. Can J Zool 75: 776-786. 

 

 

 

 



27 

Figure Legends 

 

Figure 1. Estimates of Steller sea lion natality from 3 different studies spanning 4 

decades.   

 

Figure 2. Survival (S), sighting probabilities (p), and state transitions (ψ) estimated from 

the most parsimonious model (Sst pst ψst ).  

 

Figure 3. Location of the Chiswell Island Steller sea lion rookery and remotely monitored 

haulouts in Kenai Fjords, Gulf of Alaska.   

 

Figure 4.  Steller sea lion foraging trip durations at rookeries between the mid-1980s and 

2000s.   
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Table 1. Kenai Fjords Steller sea lion multi-state mark-recapture models tested in 

Program MARK.   

Model   #Par QAICc ΔQAICc Weight QDeviance 

Sst pst ψst 6 698.062 0.00 0.456    235.592 

S. pst ψst 5 698.151 0.09 0.436 237.751 

St pst ψst 10 701.873 3.81 0.068 231.006 

Sst.t pst ψst 16 703.552 5.49 0.029       219.715 

Sst pst ψst*t 16 706.039  7.98 0.008 222.201 

Sst pst.t ψst 16 708.604 10.54 0.002 224.767 

Sst pst ψ. 5 715.785 17.72 0.000 255.385 

Sst pst*t ψst*t 26 719.762 21.70 0.000 213.254 

Sst*t pst*t ψst*t 36 727.001 28.94 0.000 196.396 

 

Survival (S), resight probability (p), and state transition (ψ) were tested for effects of 

state (st; B/N), year (t), or neither (.).  All models tested were based on ĉ = 1.10.   
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