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Food availability is a key concern for the conservation of marine top predators,
particularly during a time when they face a rapidly changing environment and continued
pressure from commercial fishing activities. Northern fur seals (Callorhinus ursinus)
breeding on the Pribilof Islands in the eastern Bering Sea have experienced an
unexplained population decline since the late-1990s. Dietary overlap with a large U.S.
fishery for walleye pollock (Gadus chalcogrammus) in combination with changes in
maternal foraging behavior and pup growth has led to the hypothesis that food limitation
may be contributing to the population decline. We developed age- and sex-specific
bioenergetic models to estimate fur seal energy intake from May–December in six target
years, which were combined with diet data to quantify prey consumption. There was
considerable sex- and age-specific variation in energy intake because of differences in
body size, energetic costs, and behavior; net energy intake was lowest for juveniles
(18.9 MJ sea-day−1, 1,409.4 MJ season−1) and highest for adult males (66.0 MJ sea-
day−1, 7,651.7 MJ season−1). Population-level prey consumption ranged from 255,232
t (222,159 – 350,755 t, 95% CI) in 2006 to 500,039 t (453,720 – 555,205 t) in 1996,
with pollock comprising between 41.4 and 76.5% of this biomass. Interannual variation
in size-specific pollock consumption appeared largely driven by the availability of juvenile
fish, with up to 81.6% of pollock biomass coming from mature pollock in years of poor
age-1 recruitment. Relationships among metabolic rates, trip durations, pup growth
rates, and energy intake of lactating females suggest the most feasible mechanism
to increase pup growth rates is by increasing foraging efficiency through reductions
in maternal foraging effort, which is unlikely to occur without increases in localized prey
density. By quantifying year-specific fur seal consumption of pollock, our study provides
a pathway to incorporate fur seals into multispecies pollock stock assessment models,
which is critical for fur seal and fishery management given they were a significant source
of mortality for both juvenile and mature pollock.

Keywords: northern fur seals, Callorhinus ursinus, Bering Sea, walleye pollock, ecosystem-based fisheries
management, Pribilof Islands
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INTRODUCTION

Availability of food resources is a strong driver of population
dynamics, and changes in the abundance, type, or distribution of
resources can have wide-ranging impacts on wildlife populations
(Sillett et al., 2000; Roth, 2002; Oro et al., 2004). These
changes may occur through a variety of mechanisms, including
natural or human-driven environmental variability (Ogutu and
Owen-Smith, 2003; Trivelpiece et al., 2011), density-dependent
processes (Elliott et al., 2009; Kuhn et al., 2014a), or as a
result of human activities (Valeix et al., 2012). Identification
of the specific ways that these mechanisms affect vital rates
and population dynamics requires an understanding of energy
requirements and prey consumption, which are also necessary
for quantifying species- and community-level interactions. The
development of bioenergetic models—data-driven estimates of
individual- and population-level energy and prey requirements—
is thus crucial for wildlife conservation, particularly as it relates to
understanding the role of food availability in population declines
and management of commercially important prey species. This is
a pressing issue in marine environments, where food availability
has been implicated as a contributing factor to current population
declines of many seabirds and marine mammals (Becker and
Beissinger, 2006; Ford et al., 2010; Grémillet et al., 2016), and
fishing pressures may exacerbate the negative impacts of climate
change on prey populations (Essington et al., 2015; Lindegren
et al., 2018).

Northern fur seals (Callorhinus ursinus) are a sexually
dimorphic marine mammal that inhabits pelagic habitats
throughout the North Pacific. In the United States, the majority
of fur seals are managed as part of the Eastern Pacific Stock, which
includes seals that breed on Bogoslof Island and the Pribilof
Islands (includes St. Paul and St. George Islands) in the Bering
Sea. This stock was listed as “depleted” under the U.S. Marine
Mammal Protection Act in 1988 because the population had
declined to less than 50% of the population size during the
late 1950s. A portion of this decline was attributed to a female
harvest (York and Hartley, 1981), but this stock has experienced
a continual and unexplained population decline since the late-
1990s (Towell et al., 2006). This decline is mainly driven by St.
Paul Island, the largest breeding rookery, where the population
has declined at a rate of over 4% per year since 1998 (Muto
et al., 2020). In contrast, the fur seal population at St. George
Island has recently stabilized and the population at Bogoslof
Island continues to experience healthy population growth since
its colonization in the 1980s (Muto et al., 2020).

Food availability has long been hypothesized as a driving
factor of fur seal population declines (Trites, 1992), although this
hypothesis has yet to be adequately addressed for the current
decline. While all age classes forage at some point while in
the Bering Sea, lactating females are particularly susceptible
to changes in local prey resources because they must balance
energy gain at sea with the fasting ability of their pup during
an energetically demanding time period. Pup growth rates at
Bogoslof Island are almost double those at St. Paul Island (Banks
et al., 2006), which has population implications given offspring
mass at weaning is a strong determinate of survival probability

in many mammalian species (Ronget et al., 2018). Increases
in maternal trip duration adversely impact pup growth rates
and survival for many otariid species (Costa et al., 1989; Lunn
et al., 1993; Georges and Guinet, 2000), which is consistent with
observations that maternal trip durations are considerably longer
on the Pribilof Islands (5–9 days, Call et al., 2008; Kuhn et al.,
2014b) compared with Bogoslof Island (1–3 days, Kuhn et al.,
2014a). These long foraging trips and subsequent low pup growth
rates suggest that female fur seals from the Pribilof Islands may be
unable to find sufficient prey resources in close proximity to the
rookery and must therefore travel further and spend more time
at sea to find prey.

Northern fur seals consume a variety of prey but walleye
pollock (Gadus chalcogrammus, hereafter referred to as pollock)
has been a dominant fur seal prey species in the eastern
Bering Sea for the last 100+ years (Lucas, 1899; Kajimura,
1984; Zeppelin and Ream, 2006). There is temporal and spatial
variability in the dependence on pollock (Antonelis et al., 1997;
Zeppelin and Ream, 2006), which is likely driven by variability in
pollock abundance and differences in physical and environmental
features among the foraging habitats surrounding each breeding
site. Pollock is also the target species for the largest U.S.
commercial fishery by volume, which has harvested an average
of ∼1.2 million t annually in the eastern Bering Sea since 1977
(Ianelli et al., 2019). The fishery operates year-round, with the
majority of fishing effort during the “B” Season (the season
that overlaps with fur seal presence in the eastern Bering Sea)
occurring in foraging areas used by fur seals from St. Paul Island
(Haynie and Pfeiffer, 2013). In addition to fishery removals,
pollock biomass is predicted to decline considerably in the next
two decades as water temperatures increase and the size of the
cold pool—a region of low bottom water temperatures resulting
from ice formation on the Bering Sea shelf—decreases, which
adversely affects recruitment through reductions in energy gain
and increases in predation mortality (Mueter et al., 2011; Ianelli
et al., 2016; Spencer et al., 2016).

The pollock fishery is one of the most prominent examples
of long-term sustainability through an ecosystem approach to
single-species fisheries management (Livingston et al., 2011;
Dolan et al., 2016). In accordance with the Magnusson Stevens
Act, the fishery is managed using acceptable biological catch
from a single species assessment model and an annually invariant
mortality parameter, as is commonplace for assessment models
(Ianelli et al., 2019). Since 2016, harvest and biological reference
points from a multispecies assessment (CEATTLE, Holsman
et al., 2016; Ianelli et al., 2016) have been included as an
appendix to the assessment to provide additional ecosystem
context for setting the acceptable biological catch and to
help account for annually varying predation mortality. The
CEATTLE model includes the effects of climate and predation
by three fish predators—pollock (adults are cannibalistic),
arrowtooth flounder (Atheresthes stomais), and Pacific cod
(Gadus macrocephalus)—on pollock population dynamics. This
model does not explicitly account for mortality due to fur seals,
and while it is well established that pollock is an important prey
resource, there have been no efforts to estimate population-level
consumption since the early 1990s (Perez and McAlister, 1993).
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Early studies hypothesized that the fishery might be beneficial
to fur seals because removal of mature pollock would increase
the availability of juvenile fish (Swartzman and Haar, 1980),
evidenced from the combination of high pollock cannibalism
(Gaichas et al., 2015; Livingston et al., 2017) and early fur seal
diet data pointing toward the predominance of small pollock in
diets (Swartzman and Haar, 1980; Sinclair et al., 1993). Recent
diet studies indicate that fur seals consume both juvenile and
mature pollock (Gudmundson et al., 2000; Zeppelin and Ream,
2006; Call and Ream, 2012), placing them in direct competition
with the fishery and challenging this paradigm. There is thus a
need to quantify prey consumption of fur seals, particularly as it
relates to size-specific pollock consumption, to better understand
the potential role of prey availability in the population decline
and to inform fishery management. Our understanding of fur
seal behavior and energetics has markedly improved since the
early 1990s, allowing for the development of more accurate
bioenergetic models that better characterize the energy intake and
prey consumption of fur seals.

The goals of this study were to quantify energy intake
and prey consumption by fur seals breeding on the Pribilof
Islands, with a particular focus on estimating size-specific
consumption of pollock. To do this, we developed individual
bioenergetic models for each demographic group to estimate
the individual- and population-level energy intake of northern
fur seals. We combined estimates of energy intake with diet
composition and prey energy density to estimate species-specific
consumption and size-specific consumption of pollock during
5 of the 6 years that spanned 1995–2010. We compared
size-specific pollock consumption estimates with estimates of
pollock biomass and number of age-1 recruits from the stock
assessment, commercial fishery catches, and consumption by
the three predator species currently included in the CEATTLE
model. These comparisons provide insight into how pollock
consumption relates to estimated pollock abundance and the
overlap between fur seals, the commercial fishery, and other
pollock predators. By placing our results within the context
of other Bering Sea predators, we highlight the importance
of explicitly accounting for pollock mortality due to fur seal
predation in pollock stock assessment models.

MATERIALS AND METHODS

Fur Seal Life History and Foraging
Behavior
The annual life cycle of a northern fur seal involves a migratory
period of 6–8 months spent entirely at sea followed by the
breeding season where animals come ashore to rest, socialize, and
reproduce (Figure 1A). The exception to this is pups that disperse
from their natal rookery after the approximate 4 month lactation
period and may not return to land until they are 2-years-old,
a conclusion based on the comparatively few yearlings that are
observed on rookery and hauling grounds (Bigg, 1986). Arrival
times on breeding islands vary with age, sex, and reproductive
status, with adult males arriving first and juveniles last (Kenyon
and Wilke, 1953; Bigg, 1986; Figure 1A). Age- and sex classes

also segregate to some extent while on land (rookeries vs. hauling
grounds), with more mixing of age classes on rookeries in late
July and early August when adult males abandon their territories
(Bigg, 1986). During the breeding season, seals intersperse
periods spent onshore with foraging trips to sea. The duration of
foraging trips and onshore visits is also sex- and age-specific, with
lactating females exhibiting the shortest and most predictable
foraging cycle compared with other groups due to reproductive
constraints (Figure 1B). Departure from land on the annual
migration typically occurs between October and December, and
is again age- and sex-specific (Kenyon and Wilke, 1953; Zeppelin
et al., 2019). Thus, while fur seals are generally present on the
Pribilof Islands from May to December, the tenure of individual
seals and groups is considerably less than this due to this sex- and
age-specific variation in arrival and departure times.

Bioenergetic Model
We developed five separate bioenergetic models to accommodate
known variation in energetic costs, behavior, body size, and life
history among fur seals of different age-, sex-, and reproductive
classes. These groups were as follows: adult males (age 8+ years),
subadult males (age 4–7 years), lactating females (age 4+ years
with pup), non-lactating females (age 4+ years with no pup),
and juveniles (age 1–3 years). Within the juvenile and subadult
male models, we further partitioned individual seals by age and
sex (juveniles only) to accommodate differences in body size and
arrival/departure times. We focused on estimating the energetic
costs that fur seals experienced between the time of first arrival
onshore in the Bering Sea to departure on their annual migration,
regardless of the distance or final location of that migration
(hereafter referred to as the non-migratory or breeding season).
To do this, we simulated individual fur seals arriving in the
Bering Sea followed by alternating periods of resting ashore
with foraging trips to sea until the time of departure on the
annual migration (Figure 2). Because the actual population size is
unknown, the number of individual fur seals in each simulation
was derived from 11 different population models to incorporate
uncertainty into population-level estimates of fur seal energy
intake (Supplementary Text, Figure 2 and Supplementary
Figure S1), with separate simulations run for each population
model. We focused on 6 years that spanned the current
population decline (1995–1996, 2004–2006, 2010) based on
availability of fur seal data and because these years encompassed
a variety of environmental conditions, primarily as it related to
the extent of the cold pool (Supplementary Figure S2).

Models were parameterized using data specific to each group
whenever possible, with values largely derived from studies
conducted on the Pribilof Islands. To incorporate variability,
parameter values were generally drawn from distributions that
reflected the range of values exhibited by free-ranging fur seals.
We were able to use year-specific values related to lactating
female behavior (trip and shore durations) and reproduction
(pup growth rates, lactation duration), which allowed us to
quantify how natural interannual variability in these parameters
affected energy intake of lactating females. For the remaining
groups, parameter values were the same across all years due
to data limitations. We describe the energetic costs included
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FIGURE 1 | Annual life cycle of northern fur seals by group with inset photograph showing the size dimorphism between an adult male and lactating females (A) and
example foraging trips from satellite telemetry of seals in each group (except adult males, B). In (A), solid colors correspond to the time between the mean arrival and
departure time of seals in each group, representing the time when most fur seals in each age group were present in the bioenergetic model simulations. Transparent
colors correspond to the time between the minimum allowable arrival and maximum departure dates, which in conjunction with the solid colors, represent the total
allowable time fur seals in each age group were present in the bioenergetic model simulations. In (B), example foraging trips were from seals instrumented at the
same rookery. Photograph by R. Ream (AFSC-MML).

FIGURE 2 | Schematic illustrating the general structure and parameters of the bioenergetic model simulations and how additional data streams (population model,
diet) were incorporated to estimate energy and prey consumption of northern fur seals. In the bioenergetic model, black text represents individual parameters, red
text represents energetic costs, and line colors correspond to time at sea (blue) or onshore (gray). Parameter values were held constant for an individual, allowed to
vary across foraging trips (*), model years (†), or month and island within a year (‡). Energetic costs were met from prey (-) except when tissue catabolism offset
energetic needs (+). In the population model, each column represents a different model, with colors corresponding to each fur seal group (shown for a single year). In
the diet figure, pie graphs represent the percentage contribution by energy of different prey species to the diet of northern fur seals (shown for a single year) and are
separated by rookery complex to illustrate spatial variation in diet composition. The size of pie graphs relates to the proportion of pups born at each rookery complex
within each island, which was the variable used to assign individual seals to each rookery complex.
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in the models and how they were parameterized below; a
detailed description of parameterization of additional data used
in simulations, such as arrival and departure times and trip
and shore durations, can be found in Supplementary Text and
Supplementary Tables S1–S6. The equations used to calculate
the energy costs of an individual fur seal that are described in the
following section are also in Supplementary Text.

Energetic Costs
Fur seals must acquire prey resources that balance energy
expenditures within three categories: (1) field metabolic
rate (FMR) that includes costs associated with metabolism,
locomotion, thermoregulation, and digestion; (2) tissue
deposition; and (3) lactation (adult females with a pup only).
While FMR includes the energy an individual expends to capture
prey for growth and lactation, it does not include the energy
contained in the tissue (or milk) itself. These costs need to be
modeled separately to accurately estimate energy intake and food
consumption because individuals need to eat more than they
expend to support these costs. We assumed that costs associated
with skeletal growth were negligible and thus were not included
in the model. The costs associated with pregnancy were not
included in the model because implantation does not occur until
early November around the time of weaning and departure of
adult females from the Bering Sea (York and Scheffer, 1997).

Field metabolic rates were estimated differently for each
group depending on data availability. For adult females, we used
estimates derived from 48 free-ranging lactating northern fur
seals during summer (July and August) and fall (September and
October) using the doubly labeled water method (McHuron et al.,
2019; Supplementary Table S1). These data were collected in
1995 and 1996, but values are largely similar to a more recent
study of 20 lactating females conducted in 2011 (Jeanniard
du Dot et al., 2018). We used the same values for lactating
and non-lactating females given an absence of data for non-
lactating females and evidence that fasting metabolic rates are
unaffected by lactation status (Costa and Gentry, 1986; Costa
and Trillmich, 1988). Separate values were used for summer
(before September) and fall (September onward) because at-
sea FMR was higher during fall, presumably due to increased
metabolic costs associated with molting (McHuron et al., 2019).
Several studies have examined resting metabolic rates (RMR)
of captive juvenile fur seals (Dalton et al., 2015; Gomez et al.,
2016), but measurements of FMR from free-ranging fur seals
from this and other groups are lacking. As a result, we used the
ratio between Kleiber estimates of basal metabolic rate (BMR;
Kleiber, 1975) and at-sea FMR derived from the adult female
data to determine the BMR multiplier for juveniles, subadults,
and adult males, assuming that the seasonal differences in at-sea
FMR were due to molt (non-molt: 4.87 times Kleiber, molt: 5.24,
Supplementary Tables S2–S4).

The energy invested in tissue deposition (largely used to
support energy costs while on land) was quantified for all
groups, but the approach differed between adult females and
the other three groups. For adult females, we calculated these
costs based on the onshore duration following a foraging trip
and the estimated onshore FMR (Supplementary Table S1). This

assumes that adult females do not experience a net mass gain
across the season, which is consistent with empirical observations
of lactating females from St. Paul Island in 2005 and 2006
(Banks et al., 2006). For juveniles and subadult males, we used
mass change estimates from captive Steller sea lions (Eumetopias
jubatus, Calkins et al., 2013; Supplementary Table S2) and
free-ranging fur seals (Sterling and Ream, 2004; Supplementary
Table S3), respectively. These mass changes were coupled with
a 3:1 fat:protein ratio for tissue growth derived from captive
fur seals (Dalton et al., 2015) and the energy content of fat
and protein (39.3 and 18.0 MJ kg−1, respectively; Kleiber, 1975;
Schmidt-Nielsen, 1997; Supplementary Tables S2–S3). For adult
males, we assumed a fat:protein ratio of 5:1 (Boyd and Duck,
1991), with daily mass changes at sea estimated from mass
changes of captive fur seals (Supplementary Table S4). Because
captive data indicated adult males lost mass during the summer
and fall, the sum of tissue costs was subtracted from FMR when
this value was negative. We did not include any other costs
outside of the energy invested in the tissue itself, such as the cost
of synthesizing or metabolizing tissue, as these costs are likely
encompassed within our FMR measurement.

The cost of lactation was determined from empirical
measurements of northern fur seal pup milk intake (Donohue
et al., 2002), and more specifically from the relationship between
pup mass and daily energy intake. Lactation costs for each
foraging trip were calculated based on the simulated length of the
foraging cycle (days at-sea+ ashore) and the pup’s predicted mass
at the end of the foraging trip (and start of nursing period), which
was determined based on assigned growth rates (Supplementary
Table S5) as described in Supplementary Text. As above, we did
not include any costs associated with conversion of prey energy
to fat stores and subsequent remobilization to milk because these
costs (if any) are already included in the FMR measurement.

The energetic costs were summed across the model time
period to estimate the total net energy intake by each simulated
fur seal. The resulting values are less than actual (gross) intake
because they do not account for energy lost through urinary
and fecal excretion. Gross energy intake was calculated using
random draws from mixed distributions of metabolizable energy
(ME) to account for the fact that fur seals feed on a variety
of prey species that vary in energetic content, which influences
the amount of energy available for metabolism (Gomez et al.,
2016). These distributions were year- and rookery complex-
specific and were based on diet estimates and prey energy
density (see “Diet Composition”). Daily estimates of energy
consumption were calculated by dividing the total net or gross
value across the model time period by the number of days
spent at sea. We chose to calculate energy intake relative to
days spent at sea (instead of total days) since this is a more
accurate representation of fur seal behavior (i.e., they do not
eat while on land). Error bars (± SD) around energy intake
estimates for each group represents variability among individuals,
whereas error bars around the population-level energy intake
represents variability in population size estimates. We only
provide qualitative discussion (and not statistical comparisons) of
interannual variation in energy costs of lactating females and how
they did (or did not) vary among eastern Bering Sea temperature
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regimes because of extremely small sample sizes (n = 3 per
group), even for non-parametric statistics (Dwivedi et al., 2017).

Variation on Baseline Parameter Values
Because we parameterized the bioenergetic model using
behavioral and reproductive parameters during the current
population decline, the resulting estimates for lactating females
do not necessarily reflect the energy intake needed to achieve
the higher pup growth rates and wean masses characteristic
of a population exhibiting healthy growth. We focus here on
healthy growth (instead of a stable population) for two reasons:
(1) to achieve the Conservation Plan for the Eastern Pacific Stock
of re-designating northern fur seals as a non-depleted stock
under the Marine Mammal Protection Act, the abundance of the
stock would need to nearly double in population size, indicating
the Pribilof population, particularly St. Paul, likely needs to
exhibit considerable growth for this to occur (Muto et al., 2020),
and (2) we generally lacked longitudinal measurements of pup
growth rates from a stable population. We had pup growth rate
measurements from 1995 to 1996 (two of our model years), but
since the cause of the decline in pup production that began in
1998 is unknown, it is possible that the factors that contributed
to this decline began several years prior to 1998.

To provide insight into the mechanisms that could lead to
higher pup growth rates in the Pribilof Islands, we explored
how variation in pup growth rates, trip durations, and metabolic
rates altered estimates of energy intake by lactating females.
In other words, these variations altered both the lactation
component (by increasing the milk energy intake of the pup)
and metabolic overhead of the female (by changing metabolic
rates and/or reducing the proportion of time spent at sea).
We included variation in metabolic rates because it has been
suggested that female fur seals are currently operating at or
close to their metabolic ceiling (McHuron et al., 2019), thus
baseline metabolic rates may be higher than those of lactating fur
seals from a growing population. This variation was included by
running models where metabolic rates were 80, 90, and 100% of
baseline values.

Parameter values for pup growth rates and trip/shore
durations were derived from empirical measurements from
Bogoslof Island, where the population is currently increasing
(Muto et al., 2020), and historical estimates from the Pribilof
Islands. For the first scenario (Bogoslof Island), we used pup
growth rates and trip and shore distributions from satellite-
tagged females in 2005 and 2006 at Bogoslof Island (Banks
et al., 2006; Supplementary Table S7). For the second scenario
(Historical Pribilof), we used the pup growth rates from Bogoslof
Island (in the absence of pre-decline estimates from the Pribilof
Islands) and trip and shore durations estimated from VHF tags
(St. Paul) or visual observations of marked seals (St. George)
during 1984 (Supplementary Table S7). The average pup growth
rates at Bogoslof Island are within the maximum range exhibited
by pups in the Pribilof Islands during our target years, indicating
such high growth rates are achievable on the Pribilof Islands. Pre-
decline estimates of trip and shore durations from the Pribilof
Islands were not available, but August pup weights were high in
1984 and foraging distances of female fur seals were similar to

those described from the late 1800s (Lucas, 1899; Kozloff, 1986).
We included both scenarios because while we had good estimates
of pup growth and maternal behavior from Bogoslof Island, we
were concerned that maternal behavior of females from Bogoslof
Island was not reflective of the population at the Pribilof Islands
during the most recent periods of stable (1950s) or increasing
growth (early 1900s). Trip durations at Bogloslof Island are
exceptionally short, presumably because the foraging grounds are
within 20–70 km of the rookery (Kuhn et al., 2014a). In contrast,
pelagic sealing records indicated that the foraging grounds for
Pribilof Island fur seals in the late 1800s were 120–240 km from
the rookery (Lucas, 1899).

Sensitivity Analysis
We conducted a sensitivity analysis to examine the influence
of uncertainty/variability in key parameters on the bioenergetic
model output, focusing on lactating females since they provided
the greatest range of parameter variation from the interannual
estimates and Bogoslof and Historical Pribilof scenarios.
Specifically, we examined the sensitivity of the total energy intake
(summed across the season and all individuals) to population
size, metabolic rate, lactation duration, trip and shore durations,
pup growth rates, and metabolic efficiency. We used two metrics,
the partial correlation coefficient and the semi-partial correlation
coefficient, implemented using the pcc function in the R package
sensitivity (Iooss et al., 2020). These metrics allowed us to
assess the overall sensitivity of the model to each variable after
accounting for the influence of all other variables on model
output (partial correlation coefficient, pcc) and to examine the
effect of each variable, free of the influence of any other variables
(semi-partial correlation coefficient, spcc). The latter provided a
rank of the influence of variables on model output (i.e., which
variable had the strongest influence on energy intake).

Diet Composition
Scat (fecal) and spew (regurgitate) samples were collected at each
of the five Pribilof Islands rookery complexes where distinct
diets have previously been identified (Zeppelin and Ream, 2006;
Figure 2 and Supplementary Table S8). Samples were collected
from July to November in all years except 2005, with the majority
of sample collection occurring in late August. Scat samples
dominated the sample composition at all rookery complexes,
with the exception of the two complexes at St. George Island
in specific years (Supplementary Figure S3). Similar to Waite
et al. (2012), we chose to pool both sample types in diet analyses
because exclusion of spew samples can result in prey- and
size-specific biases and an inaccurate representation of the diet
(Gudmundson et al., 2000; Tollit et al., 2007). We recognize this
could introduce bias if the frequency of scats and spews in our
dataset did not reflect the natural occurrence on rookeries, but
if present, would have minimal impact on prey consumption
estimates because the majority of spews were collected at
rookeries on St. George Island where the population size is small
relative to St. Paul Island. We assumed that diet reconstruction
from samples were representative of all fur seal groups, but in
reality, they are likely biased toward adult females given sample
collection occurred on rookeries where adult females are the
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dominate group and because adult males fast while holding
territories (see section “Model Uncertainty” in “Discussion”).

Samples were rinsed through a series of nested sieves and prey
hard parts (e.g., otoliths, squid beaks, bones) were identified to
the lowest taxonomic level possible using identification guides
and reference specimen collections at Pacific Identifications,
Inc. (Victoria, British Columbia) and the Marine Mammal
Laboratory. A subset of species or species groupings were selected
for diet reconstructions based on their frequency of occurrence in
samples (Supplementary Table S9).

The minimum number of individuals (MNI) of each of these
prey species or groups was estimated by taking the maximum
count of left or right otoliths (fish) or upper or lower beaks
(squid) within each sample. When side could not be determined,
MNI was calculated following Tollit et al. (2003).

A condition score was assigned to each otolith/beak that
described the degree of erosion (good, fair, poor) following
Tollit et al. (2004). Otolith lengths and squid beaks were graded
based on condition and those in “good” or “fair” condition
were measured to the nearest 0.1 mm using hand-held digital
calipers or a stereo microscope eyepiece reticle. Species-and
condition-specific digestion correction factors (DCFs) were
applied to all otolith and beak measurements in fair condition to
account for partial digestion of these structures (Supplementary
Table S10). Species-specific regression equations were used to
estimate prey size and mass from otolith and beak measurements
(Supplementary Table S11 and Supplementary Figures S4, S5).
In the absence of species-specific DCFs and equations, we used
similar or related species as proxies. While the majority of prey
items in each sample were of sufficient condition to be measured,
there remained enumerated prey that lacked measurement data
(Supplementary Figure S6). In addition, in 1995 and 1996
some of the pollock otoliths were assigned to one of seven
fork length bins (2–4, 5–13.4, 13.5–19.4, 19.5–29.4, 29.5–36.4,
36.5–41.4, and 41.4+ cm) instead of being measured. The mass
of these prey items was estimated using the criteria shown in
Supplementary Figure S7.

We used estimates of MNI and prey mass in a Variable
Biomass Reconstruction (VBR) model to reconstruct the diet
of northern fur seals at each rookery complex in our target
years (Joy et al., 2006; Supplementary Figure S8). This model
pools prey across all samples, thereby allowing individual samples
to contribute variable weights to the overall total biomass of
each prey species. While all diet reconstruction approaches have
strengths and weaknesses, captive studies have generally shown
that the VBR model is reliable in reconstructing actual diets
of pinnipeds (Tollit et al., 2007; Phillips and Harvey, 2009;
Sweeney and Harvey, 2011). Species- and size-specific numerical
correction factors (NCFs) were applied to the mass estimate
of each prey item in scat samples to account for complete
digestion of some prey; similar species were used as proxies in
the absence of species-specific data (Supplementary Table S12).
NCFs were not applied to prey items from spews as these tend to
be comprised of larger individuals (Gudmundson et al., 2000) and
thus we assumed complete digestion was unlikely. Each species or
species groups was treated separately in the diet reconstructions,
with further separation of pollock, squid, and salmonids into size

classes due to large variation in the mass of prey items consumed.
These were subsequently recombined after analysis into the
following species or species groups for ease of interpretation and
visual presentation: hexagrammids/anoplopomatids, northern
smoothtongue (Leuroglossus schmidti), Pacific herring (Clupea
pallasii), Pacific sand lance (Ammodytes hexapterus), salmonids,
squid, and walleye pollock. As mentioned previously, year-
and rookery complex-specific estimates of diet composition
by biomass were used to estimate metabolizable energy and
therefore gross energy intake (Supplementary Figure S9). In
2005, we used the average rookery-specific diet composition in
the absence of diet estimates.

We also reconstructed the diet as a function of energy
composition, replacing the weight term in the VBR model
with energy using energy density estimates of prey to convert
biomass to energy (Supplementary Table S13). This avoided
the assumption that diet composition by biomass was the same
as energy when coupling the bioenergetic model output, which
is in units of energy, with the diet composition data. The
energy reconstruction diet estimates were broadly similar to
those from the biomass reconstructions, but unsurprisingly,
gave greater weight to energy-rich prey species (Supplementary
Figure S8). We calculated 95% confidence intervals (CI) around
point estimates of diet composition by energy using bootstrap
resampling methods, repeating the calculations 1,000 times from
n random sample draws with replacement from the total number
of samples (n; Supplementary Table S14). We also calculated diet
composition by energy using different DCFs for some species
(Supplementary Table S10) and without NCFs to show how
potential uncertainty in these values might have affected our
diet composition estimates. The results of these analyses are
shown in Supplementary Figures S10–S12 but were not used in
further analyses.

Prey Consumption
Year- and rookery-specific gross energy requirements from the
bioenergetic models were summed across all age classes and
combined with year- and rookery complex-specific estimates
of diet composition by energy. The resulting estimates of
energy consumption for each prey taxon (and size groups
within select taxon) were summed across all rookery complexes
and then combined with prey energy densities to estimate
the total prey biomass consumed by fur seals in each year.
For pollock, we also present size-specific consumption in each
year using the previously mentioned size bins. There were
11 estimates of prey consumption per year (one for each
population model), which were then averaged to create a
single estimate per year. We used the bootstrapped samples
to estimate the variation around prey consumption estimates
for each population scenario and then took the 95% CI from
all population estimates combined. These CI thus incorporate
uncertainty in diet due to sample effects and population size. We
did not estimate prey consumption in 2005 because diet data were
not available for this year.

The abundance of pollock in the eastern Bering Sea was
assessed using age-3+ pollock biomass and age-1 recruitment
from the 2019 stock assessment model (Ianelli et al., 2019).
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Age-specific pollock consumption by cannibalistic adult pollock,
arrowtooth flounder, and Pacific cod were extracted from the
multispecies stock assessment model described in Holsman et al.
(2016), with updated 2019 results (Holsman et al., 2019). Fur seal
pollock consumption was compared with fishery catches from the
eastern Bering Sea during the B Season (Ianelli et al., 2019). Given
our estimates of fur seal consumption were limited to 5 years, we
only provide qualitative comparisons with these datasets.

All simulations and analyses were run using R v.4.0.3 (R Core
Team, 2020).

RESULTS

The average daily net energy intake of lactating females was
43.4 ± 5.4 MJ sea-day−1, which was 1.76 times higher than
that of non-lactating adult females (Table 1). This value varied
across lactation due to increasing pup milk demands and to
a lesser extent increases in trip duration and metabolic rates.
Lactation comprised an average of 37.5% of a female’s total energy
budget, with male pups costing slightly more than female pups
because of differences in birth mass and growth rates (38.8 vs.
36.3%). The average daily net energy intake of the remaining
demographic groups ranged from 18.9 ± 3.1 MJ sea-day−1

(juveniles, age 1–3 years) to 66.0 ± 12.9 MJ sea-day−1 (adult
males, 8+ years; Table 1). Total net energy intake across the entire
foraging season ranged from 1,409.4 ± 647.1 MJ for juveniles
to 7,651.7 ± 2,339.6 MJ for adult males (Table 1). Gross energy
intake estimates were on average 21% higher than net estimates,
with slight variation among years in mean metabolizable energy
estimates due to dietary variation (0.81–0.84, Table 2). Energy
intake to support growth and/or metabolism on land was highest
for subadult males (38.3% of total energy intake), followed by
juveniles (20.3%), lactating females (8.6%), and non-lactating
adult females (4.1%). In contrast, energy intake by adult males
was often less than estimated metabolic demands at sea, with
an average of 9.0% of at-sea FMR met from tissue catabolism.
Adult males, subadult males, and juveniles lost a net average
of 41.8, 10.3, and 3.5 kg between the time of departure on
their first foraging trip to their final departure from the Pribilof
Islands, respectively. For juveniles and subadult males, this
net loss occurred despite mass gains on individual foraging
trips because of the amount of time spent fasting on shore
following trips.

Annual variation in energy intake associated with changes
in behavioral and reproductive parameters of lactating females
were within 4% of the average energy intake across all target
years (Table 2). There were no apparent trends in energy intake
associated with warm vs. cold years; daily net energy intake was
highest in 1995 (a cold year) and 1996 (a warm year) but this did
not necessarily result in higher total net seasonal intake (Table 2).
Lactating females spent from 60.9 to 63.7% of their total energy
intake on their own metabolic costs. Mean pup growth rates
were highest in 1996 (86.6 g day−1) and lowest in 2006 (60.0 g
day−1); females invested 4.3% (per season), 10.9% (per lactation
day), and 2.0% (per shore day) more energy on pups in 1996
compared with 2006.

Energy intake was higher under the Historical Pribilof and
Bogoslof scenarios compared with current estimates, at least
when metabolic rates remained unchanged (Table 3). Females
in the Bogoslof scenario spent an average of 61.4% (2005) and
63.8% (2006) of their time at sea, resulting in daily net energy
intake estimates that were 20.5% (2005, 51.7 MJ sea-day−1) and
19.6% (2006, 50.7 MJ sea-day−1) higher than estimates for the
Pribilof Islands population in 2005 (42.9 MJ sea-day−1) and
2006 (42.4 MJ sea-day−1). Females in the Historical Pribilof
scenario spent an average of 71.0% of their time at sea, with
daily net energy intake estimates that were 2.2–9.8% higher than
current estimates. Energy intake generally fell below current
estimates if metabolic rates were assumed to be 90 or 80% of
the rates exhibited by the current Pribilof Islands population.
The exception to this was daily net energy intake of females in
the Bogoslof scenario that remained high despite reductions in
metabolic rates (Table 3).

The gross energy intake of the entire Pribilof Island
fur seal population per year (mean ± SD) ranged from
1,391,344 ± 186,079 GJ to 2,329,593 ± 93,927 GJ (Figure 3A).
Population-level gross energy intake declined across the target
years, consistent with the decreasing population size. Lactating
females comprised the largest proportion of this intake (39.4%),
followed by adult males (22.4%), subadult males (17.9%), non-
lactating females (10.6%), and juveniles (9.7%). The sensitivity
analyses indicted that population size (rpcc > 0.99), metabolic
rate (rpcc = 0.97), lactation duration (rpcc = 0.78), and pup growth
rate (rpcc = 0.46) all influenced the population-level energy intake
of lactating females, but that population size was the most
influential of these variables (rspcc = 0.79) followed by metabolic
rate (rspcc = 0.18; Supplementary Table S15).

Mean estimates (95% CI) of total prey consumption ranged
from 255,232 t (222,159–350,755 t) in 2006 to 500,093 t (453,720–
555,205 t) in 1996 (Figure 3B). Across all years, pollock
comprised the greatest proportion of prey biomass consumed,
ranging from an average of 41.4% in 2006 to 76.5% in 1996. Squid
contributed less to the overall prey consumption estimate than
pollock, but it was present in all years in relatively consistent
proportions. The relative contributions of other species varied
among years, with Pacific herring increasing in 1995 and
2006, northern smoothtongue increasing in 1995 and 2004, and
salmonids increasing in 2004 (Figure 3B).

There was interannual variation in the contribution of pollock
size classes to the total pollock biomass consumed by fur seals
(Figure 4A). For example, juvenile pollock (<19.5 cm fork
length, age-0 and age-1) comprised 63.2% of pollock biomass
consumption in 1996 but only 16.6% in 2004. This variation
generally coincided with the number of age-1 recruits estimated
from the stock assessment. For example, age-1 recruitment of
pollock was above average in 1996 and 1997 but very low in 2004
and 2005 (Figure 4B), indicating age-0 and age-1 fish were likely
abundant in 1996 but not in 2004. Fur seals consumed similar
or greater quantities of pollock as adult pollock, arrowtooth
flounder, and Pacific cod in all years except 2010 (Figure 5A).
There was overlap in the age classes consumed, but fur seals
consumed more mature (>29.4 cm, age-3+) pollock than the
three fish predators (Figure 5B). Fur seal consumption of mature
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TABLE 1 | Summary statistics from the bioenergetic model simulations, including the mean (± SD) net and gross energy intake, trip duration, shore duration, arrival and
departure dates in the Bering Sea, and pup growth rates.

Juvenile Subadult male Adult female Adult male

Non-lactating Lactating

Net intake

Daily (MJ sea-day−1) 18.9 ± 3.1 53.0 ± 22.9 24.6 ± 4.3 43.4 ± 5.4 66.0 ± 12.9

Total (MJ season−1) 1,409.4 ± 647.1 3,844.0 ± 2,198.0 1,952.2 ± 511.2 3,890.0 ± 526.1 7,651.7 ± 2,339.6

Gross intake

Daily (MJ sea-day−1) 23.0 ± 3.8 64.3 ± 27.9 29.8 ± 5.4 52.6 ± 6.9 80.1 ± 15.9

Total (MJ season−1) 1,710.0 ± 788.1 4,661.7 ± 2,675.4 2,368.0 ± 626.9 4,718.6 ± 656.8 9,284.0 ± 2,861.9

Trip duration (days) 25.4 ± 7.8 17.6 ± 6.0 25.2 ± 7.0 6.6 ± 0.7 36.0 ± 3.1

Shore duration (days) 5.8 ± 1.5 10.3 ± 1.3 5.8 ± 1.3 1.9 ± 0.2 7.6 ± 2.4

Arrival/Departure Aug 1/Nov 5 June 10/Oct 14 July 22/Nov 3 July 8/Nov 9 June 7/Nov 18

Pup growth (g day−1)

Male 78.4 ± 19.9

Female 67.7 ± 13.9

Values were averaged across all target years for lactating females. Age- and sex groupings are as follows: juvenile (1–3 years), subadult (4–7 years), adult female (4+ years),
and adult male (8+ years).

TABLE 2 | Summary of bioenergetic model simulations for lactating females in each year, including mean (±SD) net energy intake, percentage of energy intake available
for metabolism (ME), percentage of total energy intake allocated to a female’s metabolic overhead (Allocation), percentage time at sea, trip, shore, and lactation
durations, and pup growth rates.

1995 1996 2004 2005 2006 2010

Net intake

Daily (MJ sea-day−1) 44.1 ± 5.2 44.8 ± 5.4 42.5 ± 5.2 42.9 ± 5.2 42.4 ± 5.2 42.2 ± 5.4

Total (MJ season−1) 4035.4 ± 530.1 3803.6 ± 494.6 3855.7 ± 525.2 3829.6 ± 504.0 3930.4 ± 537.1 3847.0 ± 528.4

ME (%) 82.9 ± 3.0 80.9 ± 2.5 83.1 ± 3.4 82.7 ± 3.2 84.1 ± 3.2 82.1 ± 2.5

Allocation (%) 61.3 ± 4.9 60.9 ± 5.1 63.0 ± 5.0 62.7 ± 4.9 63.7 ± 4.9 63.3 ± 5.1

Time at sea (%) 72.6 ± 2.2 71.2 ± 2.2 73.7 ± 1.7 73.1 ± 1.9 73.2 ± 2.5 74.0 ± 2.6

Trip (days) 6.4 ± 0.5 6.2 ± 0.5 7.1 ± 0.5 6.5 ± 0.5 6.6 ± 0.9 7.2 ± 0.9

Shore (days) 1.9 ± 0.2 1.9 ± 0.2 2.0 ± 0.2 1.8 ± 0.2 1.8 ± 0.2 1.9 ± 0.2

Lactation (days) 125.9 ± 6.2 119.2 ± 5.1 123.2 ± 6.7 122.1 ± 5.5 126.7 ± 6.5 123.2 ± 6.7

Pup growth (g day−1) 79.3 ± 14.7 86.6 ± 18.7 67.2 ± 12.3 70.1 ± 14.4 60.0 ± 15.5 64.9 ± 14.9

TABLE 3 | Summary of bioenergetic model simulations for the Bogoslof and Historical Pribilof scenarios, including mean (± SD) net energy intake, the percentage of
total net energy intake allocated to a female’s metabolic overhead (Allocation), percentage time at sea, trip and shore durations, and pup growth rates.

Bogoslof Island Historical Pribilof Islands

Current 90% 80% Current 90% 80%

Net intake

Daily (MJ sea-day−1) 51.2 ± 6.2↑ 48.9 ± 5.9↑ 46.6 ± 5.5↑ 46.2 ± 5.4↑ 43.9 ± 5.0↑ 41.5 ± 4.7↓

Total (MJ season−1) 3979.5 ± 514.7↑ 3797.4 ± 482.1↓ 3615.2 ± 450.0↓ 4043.2 ± 535.5↑ 3839.2 ± 500.4↓ 3635.2 ± 465.8↓

Allocation (%) 58.2 ± 5.0 56.2 ± 5.0 54.1 ± 5.0 59.3 ± 4.9 57.1 ± 5.0 54.8 ± 5.0

Time at sea (%) 62.6 ± 3.8 71.0 ± 2.7

Trip (days) 2.5 ± 0.4 6.3 ± 0.7

Shore (days) 1.3 ± 0.1 2.0 ± 0.3

Pup growth (g day−1) 98.0 ± 13.3 98.0 ± 13.3

Values represents averages across all individuals (Bogoslof, 2005–2006; Historical Pribilof, all years), with energy intake separated depending on whether metabolic rates
were the same as the current Pribilof Island population (Current), or 90 or 80% of those rates. Arrows correspond to whether the estimate shown is higher (↑) or lower (↓)
than the average for the current Pribilof Islands population.
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FIGURE 3 | Mean energy intake (A) and prey consumption (B) by northern fur seals from the Pribilof Islands from May to December. In (A), the blue denotes the
mean contribution of walleye pollock to the total energy intake for years where diet estimates were available. In (B), prey from similar species or type (squid) were
combined into a single prey category for ease of visualization. Error bars are standard deviations that represent the uncertainty in the actual population size (A) or
95% confidence intervals that represent uncertainty in diet estimates and population size (B).

FIGURE 4 | Size-specific walleye pollock consumption by northern fur seals from the Pribilof Islands with 95% confidence intervals that incorporate uncertainty in
diet and population size estimates (A) and actual (points) and average (dashed lines) biomass of age-3+ pollock and age-1 recruitment in the eastern Bering Sea
from 1995 to 2010 estimated from the 2019 stock assessment (B). In (A), the approximate size range of pollock targeted by the fishery is highlighted. In (B), target
years are colored based on their general classification as “warm” (red) or “cold” (blue) based on bottom water temperatures measured on the eastern Bering Sea
shelf in June and July.

pollock was on average 17.3% of the B Season fishery removal
from the eastern Bering Sea, with values for individual years
ranging from 4.7 to 26.6%.

DISCUSSION

Energy Intake and Prey Consumption of
Population
The wealth of available data for northern fur seals allowed us
to create separate bioenergetic models for each demographic
group that capture the natural behavior of this species during
the majority of their time in the eastern Bering Sea. While
there has long been interest in quantifying the amount of prey

consumed by northern fur seals, there has surprisingly been no
concerted effort to do so since the population began declining
in the late-1990s (Supplementary Table S16). There have been
a number of energetic studies aimed at better understanding
the role of prey availability in the population decline, such as
quantification of metabolic rates (Dalton et al., 2015; McHuron
et al., 2019) and energy assimilation (Gomez et al., 2016), and
much of these data were instrumental in this study. Our study
provides a much-needed update from pre-decline consumption
estimates, although it should be noted that our estimates are now
a decade old. As of 2018, the average number of non-pups in
the Pribilof Islands population was 282,946 seals, a reduction of
18.5% from the population size in our last target year (2010).
Thus, the prey consumption of the current population is likely
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FIGURE 5 | Total estimated consumption of walleye pollock by northern fur seals, pollock, arrowtooth flounder, and Pacific cod in each year (A), and the percentage
contribution of pollock age classes to each predator’s consumption (B). In (B), pollock age estimates for fish predators were derived from the multispecies CEATTLE
model (Holsman et al., 2016, 2019). Age-specific consumption of pollock by fur seals was based on fork length size classes: <age-2 (2.0–19.4 cm), age-2
(19.5–29.4 cm), and age-3+ (>29.4 cm).

to be considerably less than 2010 estimates, particularly given
the influential nature of population size on the population-level
energy intake.

Fur seals consumed an average of 9.8–25.6% of their body
weight in prey per day at sea during our target years (based
on an average prey energy density of 5.4 MJ kg−1), with the
lowest estimates for adult males and the highest for lactating
females. These values generally exceeded those used in previous
fur seal bioenergetic modeling efforts that were derived from
captive seals (6–8% day−1), even after adjusting for discrepancies
in the measurement interval (sea-day−1 vs. day−1). Our estimates
are, however, within maximum consumption rates of this species
(Rosen et al., 2012) and similar to estimates for lactating
fur seals based on stomach contents (26% sea-day−1; Perez
and Mooney, 1986) and juvenile fur seals based on metabolic
rates at water temperatures of 5◦C (14% day−1; Miller, 1978).
While not particularly surprising, these differences between
consumption estimates of captive and wild seals reaffirm that
bioenergetic models may underestimate energy requirements of
wild populations when based on food intake rates of captive
animals (Miller, 1978; Winship et al., 2006), particularly during
energetically expensive life history events. The large variation
in age- and sex-specific consumption estimates underscores the
importance of developing individual bioenergetic models when
there is considerable variation in factors likely to influence energy
intake (e.g., body size, energetic costs, behavior), as is the case for
northern fur seals.

The population of northern fur seals breeding in the Pribilof
Islands consumed an estimated 255,232–500,093 t (95% CI
range, 222,159–555,205 t) of prey in our target years, with

lower estimates in more recent years due to the population
decline. Our estimates generally exceeded historical estimates
(Supplementary Table S16), suggesting that the ecological
impact of fur seals in the Bering Sea and potential interactions
with the commercial pollock fishery have likely been vastly
underestimated. For example, the fur seal population in the
1960s–1970s was estimated to consume between 304,000 and
379,700 t of prey between June and November (Sanger, 1974;
McAlister and Perez, 1977) despite a total population size
that was over 50% greater than in our target years. These
underestimates are likely due to the fact that daily prey
consumption in many historical studies were assumed to be 6–
8% of body mass regardless of age- or sex class. It is important
to highlight that our estimates do not include prey consumed
by weaned pups or other age groups once they depart from the
Pribilof Islands on their annual migration but remain in the
Bering Sea for a period of time (Ream et al., 2005; Lea et al.,
2009; Zeppelin et al., 2019). Prey availability during this time
period may be critical for newly weaned pups and post-lactation
females, and quantifying energy needs during this time remains
an important next step (Trites, 1992). Currently, the majority of
fur seals leave the Bering Sea by February (Zeppelin et al., 2019),
but this could change in response to environmental changes that
affect prey spatial distributions and allow fur seals year-round
access to previously inaccessible areas (Stabeno and Bell, 2019;
Stevenson and Lauth, 2019).

Pollock played an integral role in meeting the energy needs
of fur seals, with a greater dependence on mature pollock during
years when juvenile pollock were less abundant. The importance
of fishery-sized pollock to northern fur seals to date has been
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largely overlooked, but our results suggest that they may play
a critical role in meeting energy needs during poor-recruitment
years. Temporal variation in age-specific pollock consumption
has also been linked with changes in the abundance of young
pollock for Steller sea lions (Tollit et al., 2015), but further
analyses that include additional diet data and a broad suite
of environmental and biological variables that characterize the
local conditions for each rookery complex are needed to better
understand the mechanisms driving variation in age-specific
pollock consumption. The magnitude of pollock consumption
by fur seals rivaled that of other Bering Sea fish predators,
indicating that they represent a significant source of mortality for
pollock and should be explicitly included in multispecies stock
assessment models.

Although pollock was the dominant prey, squid, herring,
northern smoothtongue, and salmonids all contributed to at least
5% of the population’s prey biomass consumption in at least one
of the target years. This broad pattern obscures fine-scale spatial
variation in prey consumption because it is strongly driven by
the number of fur seals using each rookery complex and as such,
is not necessarily representative of the relative importance of
each prey species at individual complexes. Temporal variation
in the importance of prey species likely reflected availability
given that fur seals are opportunistic foragers (Kajimura, 1984).
Diet variation from groundfish and seabirds in the Bering Sea
during our study years exhibited similar trends (Lang et al., 2003;
Kokubun et al., 2010; Renner et al., 2012), further supporting
this conclusion. Alternative prey resources likely play a critical
role in years when pollock are less available and may become
increasingly important to fur seals given projected declines of
pollock under future climate conditions (Mueter et al., 2011;
Spencer et al., 2016).

Lactating females comprised the greatest proportion of the
population’s energy intake, which resulted from the high cost of
lactation and because they constituted an average of 33.8% of the
population size. We estimated that lactating females consumed
1.7–1.8 times more energy than non-lactating females, which is
similar to the 1.6 estimated by Perez and Mooney (1986) based
on stomach contents of northern fur seals taken pelagically from
1958 to 1974. This resulted in greater consumption rates per
day at sea (relative to body mass) than what has been estimated
for other otariids (Winship et al., 2002, 2006; McHuron et al.,
2017), in part because of their small body size. In addition to
being one of the smallest otariids, northern fur seals have one
of the shortest lactation periods (Schulz and Bowen, 2004), the
combination of which likely make them particularly susceptible
to changes in prey availability. There was interannual variability
in female behavior and pup growth rates during our target years
that resulted in slight changes in estimates of daily energy intake.
The highest estimates occurred in 1995 and 1996, the 2 years
when pup growth rates were highest and trip durations were the
shortest. There were no apparent patterns with respect to eastern
Bering Sea temperature regime (warm vs. cold years) for either
daily or total energy intake. There was relatively little interannual
variation in total energy intake across the entire season, likely
due to a small range of lactation durations (119–127 days) and
because the metabolic overhead of females was reduced during

years of higher pup growth rates due to shorter trip durations.
These findings are consistent with those of Arnould (1997), who
found that Antarctic fur seals (Arctocephalus gazella) experienced
similar total energy expenditure across 2 years that contrasted
in prey availability and milk energy expenditure, indicating that
changes in energy allocation can be the sole driver of reduced pup
growth rates during periods of low prey availability.

Adult males were the second greatest contributor to the
population energy consumption despite comprising only about
9.8% of the total population size. The disproportionate influence
of males was due to the combination of extreme size dimorphism
and the long tenure of adult males in the Bering Sea compared
with other groups. This finding should be considered preliminary
because we had very limited empirical data for which to
parameterize the model, particularly with respect to how much
foraging occurs. Adult males are the first demographic group to
arrive in the Bering Sea, but much of the initial time is spent
fasting on land when males are actively holding or attempting
to hold territories (Gentry, 1998). Their behavior upon desertion
of their territories is largely unknown, but foraging undoubtedly
occurs given males can remain in the Bering Sea until December
or later (Kenyon and Wilke, 1953; Zeppelin et al., 2019). Peterson
(1965) found that 8 of 15 males returned to the spot they
held territory approximately 2–4 weeks after desertion, which
aligns with observations by pelagic sealers that adult males were
common in the Bering Sea during August and early September
(Fiscus et al., 1964). Our current estimates indicate that adult
males can be significant contributors to the population’s energy
consumption even when limited foraging occurs, but more
data are needed on their behavior and mass changes at sea
to better quantify the ecological importance of this group.
Further investigation into adult male vital rates and observability
during the breeding season is also warranted, as this would help
reduce the uncertainty in the size of this group among different
population models and life tables.

Model Uncertainty
There remains uncertainty in our energy and prey consumption
estimates despite efforts to incorporate known individual
variation in parameter estimates and uncertainty in diet and
population size estimates. In particular, we lacked estimates
of FMR from most groups and as discussed previously,
had limited data to parameterize the adult male model.
While our metabolic parameters appear reasonable given
comparisons with estimates of resting-, standard-, and active
metabolic rates of captive fur seals (Dalton et al., 2015;
Ladds et al., 2017a,b), future efforts that better capture at-
sea behaviors of free-ranging fur seals are warranted due to
the influential nature of metabolic parameters on bioenergetic
model output, as indicated by the sensitivity analysis and
other efforts (Winship et al., 2002; Bejarano et al., 2017).
Diet reconstructions from prey hard parts remain another
source of uncertainty because of inherent methodological and
introduced biases associated with sampling, which are discussed
in further detail below.

Differential digestion and passage rates among prey is a known
bias when using scat samples for diet reconstructions (reviewed
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in Bowen and Iverson, 2013). The use of correction factors and
hard parts other than otoliths/beaks can help minimize this bias,
which are typically derived from animals in captive settings. We
applied both DCFs and NCFs, but these values were derived
from other otariids (primarily Steller sea lions) and we did
not have species-specific correction factors available for every
prey species. While the derivation of these correction factors for
northern fur seals remains important, our sensitivity analyses
indicated that the DCFs and NCFs we used likely provided
conservative estimates of pollock consumption. We did not use
other prey hard parts in diet reconstructions, primarily due to
the challenges associated with quantifying MNI using other hard
parts (e.g., teeth, gill rakers) and because measurements from
other structures were not available in most of our target years.
For most prey groups, occurrence of their otoliths or beaks
was representative of their overall occurrence based on all hard
parts, but this method likely led to the underrepresentation of
at least one species group in diet estimates. For example, we
identified salmonid bones in samples where no otoliths were
present (Supplementary Figure S13), suggesting that NCFs are
likely insufficient to overcome this bias because at least one prey
item needs to be present for it to be applied. Additional detailed
quantitative hard parts data for known prey species (Zeppelin
et al., 2004) and the inclusion of complementary diet methods
(Tollit et al., 2017; Nielsen et al., 2018) would aid in resolving
these issues and improve future diet reconstruction estimates for
northern fur seals.

There were also several issues associated with the timing,
location, and effort of sample collection that may have introduced
bias or otherwise led to uncertainty in diet estimates. Sample
collection primarily occurred in August, which is problematic
if there was temporal variation in the availability of some
species. Based on stomach samples collected from 1954 to
1972, Kajimura (1984) found that while pollock remained the
most important prey item across key months of the breeding
season (July–September), the importance of other species varied
among months. Notably, herring was present in all months
but importance peaked in August (Kajimura, 1984), indicating
that our average estimates of herring consumption may be an
overestimate. This bias is unlikely to be completely captured by
the 95% CI because there were only 60% of years/complexes
where samples were also collected in other months. The location
of sample collection also likely biased diet reconstructions toward
adult females as previously mentioned. The diet of juvenile and
subadult males is broadly similar to that of lactating females
(Kiyota et al., 1999; Call and Ream, 2012), albeit with slight
size-specific differences in prey consumption, but there have
been no diet studies of adult males. Future studies examining
sex- and age-specific variation in diet are important given that
ongoing environmental changes in the Bering Sea may lead to
greater disparity in diet between lactating females and other
groups that are less constrained in their foraging behavior.
Lastly, while we generally had good sample coverage, there
were some rookery complexes where the number of samples
was considerably less than recommended (Trites and Joy, 2005),
particularly in 2010. The fact that we selected prey species with
high frequencies of occurrence and detected known spatial trends
in fur seal diet suggests that this issue, while important to

acknowledge, may have been less influential on our results than
other sources of uncertainty.

Mechanisms to Increase Pup Growth
Northern fur seals have two primary mechanisms by which
to increase their foraging efficiency and therefore the amount
of energy available for lactation. We explored the influence of
these mechanisms on energy intake using the Historical Pribilof
and Bogoslof scenarios to better understand the conditions
that might lead to increased pup growth rates in the current
Pribilof population. When foraging effort (metabolic rate) was
held constant, average daily net energy intake increased by
6.6% (Historical Pribilof) or 18.2% (Bogoslof), which could
theoretically be met by increasing prey consumption or switching
to more energy-rich prey. These seem unlikely avenues for
fur seals in the Pribilof Islands for two reasons: (1) the
similarity between current consumption estimates and those in
the 1960s and 1970s suggests that females may have limited
flexibility to physically increase prey consumption, even if
additional prey were readily available, and (2) energy-rich species
were inconsistently present in the diet and always comprised
considerably less of the population-level intake than pollock. As
an aside, there is no evidence that the energetic content of fur seal
diet was historically much higher than current estimates (Lucas,
1899; Kajimura, 1984; Zeppelin and Ream, 2006), indicating
that energy-rich prey is not a prerequisite to achieve population
growth in the Pribilof Islands. The most likely mechanism for
increasing pup growth rates is therefore a reduction in foraging
effort, which is unlikely to occur without increases in prey density
(Costa, 2008; Neises et al., 2017). Increase in prey density would
likely need to occur in relatively close proximity to the rookery
to keep trip durations from becoming too long, as long trip
durations adversely impact pup growth rates. High metabolic
costs not only reduce the energy available for lactation, but also
likely preclude females from accumulating fat reserves that can be
used to compensate for periods of poor foraging success. Fur seals
at Bogoslof Island accumulate fat reserves across the foraging
season (Banks et al., 2006), and the ability to do so and maintain
high daily energy intake (even when foraging effort is reduced)
may be facilitated by the greater availability of energy-rich prey at
this island (Zeppelin and Orr, 2010).

CONCLUSION

There has been a renewed interest in bioenergetic modeling
efforts for marine mammals in recent years, but many of these
efforts remain largely theoretical due to data limitations and the
difficulty in integrating results into management decisions for
predator and prey populations. Northern fur seals are a data-rich
species, with the first observations on their biology collected over
130 years ago and a long-term research program that has collected
demographic, diet, and behavioral data since the early part of the
twentieth century. At the same time, the pollock fishery in the
eastern Bering Sea is considered one of the best-managed fisheries
in the world, and the existence of a multispecies stock assessment
model provides a direct pathway to incorporate a protected
marine mammal species into fishery management decisions.
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Given they were a significant source of mortality for both juvenile
and mature pollock, explicitly incorporating fur seal predation
into pollock stock assessment models is a critical next step.
While the cause of the current population decline of northern
fur seals is unknown, our results suggest that pup growth rates
in the Pribilof Islands are unlikely to increase without concurrent
changes in both prey distribution and abundance to facilitate
reduced foraging effort and shorter trip durations. Our study is an
important contribution to the management of a declining fur seal
population and their commercially important prey species, and
one that will aid in future modeling efforts to quantify fur seal-
fisheries interactions and predict the impacts of climate change
on fur seal population dynamics.
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