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Abstract

Marine species’ distributions are predicted to shift due to rising ocean temperatures under climate change.
The bottom-up control of prey species on sea lions under future climate conditions is an important factor
to consider when evaluating their populations and the entire Pacific oceanic ecosystem. This study
developed species distribution models of California and Steller sea lions (Zalophus californianus and
Eumetopias jubatus, respectively) and their common prey items under the predicted climate scenario for
2050 to determine how their diets may be affected by changing prey distribution. Additionally, the
nutritional compositions of commercially available prey were analyzed to understand the impacts that a
dietary shift may have on meeting the sea lions’ nutritional needs. Results suggest that while common
prey items may remain available in the future, more energetically dense options such as Pacific jack
mackerel, Pacific salmon, and Pacific sardine could increase in importance in the diet of both sea lion
species, as currently predominant prey becomes less available at the furthest extents of their ranges. The
results inform not only actions that may need to be taken in their native habitats to maintain steady
populations, but also in the zoos that house these animals as species ambassadors.

Keywords: Bottom-up control, species distribution model, energy content, nutritional ecology,
nutrient analysis, dietary requirements

Introduction
Diet plays an important role in metabolic maintenance and reproductive success and,
therefore, individual and population fitness. Prey species exert bottom-up control via their ability
to meet the nutritional needs of marine mammals (Trites et al., 2007). As climate change affects
ocean temperature, the distribution of all marine organisms is subject to shift (Hodapp et al.,

2023; Weise & Harvey, 2008). Determining whether such shifts of predator and prey will align is
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important for illustrating whether the current diets of animals will be sustainable under future
climate conditions or whether species will need to adapt their diet based on changing prey
availability.

This phenomenon is relevant for the California sea lion (Zalophus californianus) and Steller
sea lion (Eumetopias jubatus), hereafter CSL and SSL, respectively. CSLs currently range from
Baja California and the Gulf of California to eastern Alaska (Aurioles, 2015), and SSLs range
from Central California to western Alaska (Gelatt, 2016). Both species have a diverse diet of
Pacific coastal pelagic fish, groundfish, and cephalopods, but may experience range shifts in the
future that could alter their diet in ways not fully understood. Prey items for CSLs and SSLs have
different compositions of macronutrients and are, therefore, selected to different degrees based
on their ability to meet energetic and nutritional needs. According to the junk-food hypothesis,
when nutritionally fulfilling prey is unavailable, predators are expected to experience lower
fitness because of the consumption of species with less optimally balanced nutrients (Fritz &
Hinckley, 2005). This was posited as one of multiple potential factors that caused a decline in the
western Alaskan population of SSLs between the late 1970s and early 1990s (Adame et al., 2020;
Miller et al., 2005; Trites et al., 2007). Consuming suboptimal prey (i.e. less energy-dense and
lower fat), as well as a less diverse diet (Trites et al., 2007), can make it difficult for juveniles
(whose metabolic needs are double those of adults) to sufficiently fuel their growth (McClatchie
et al., 2016), which can lead to delayed weaning. This puts further stress on mothers who must
also maintain their own metabolic needs, further reducing reproductive rates, resulting in a
population decline (Fritz & Hinckley, 2005; Sigler et al., 2009; Trites et al., 2007).

Diet composition significantly correlates with environmental conditions and can change with
temporal and seasonal variability (Costa et al., 2007; Weise & Harvey, 2008). CSL diets in the
1990s were dominated by Pacific sardine (Sardinops sagax) and northern anchovy (Engraulis
mordax) but later shifted towards a more diverse diet chiefly comprised of rockfishes, market
squid (Doryteuthis opalescens), and Pacific hake (Merluccius productus) (Robinson et al., 2018).
Similar shifts in diet may be responsible for the population declines of SSLs; after a significant
change in climate from 1976-1977, consumption of leaner prey species such as walleye pollock
(Gadus chalcogrammus) and Atka mackerel (Pleurogrammus monopterygius) is hypothesized to
have decreased juvenile survival (Miller et al., 2005), and lower-diversity diets dominated by

lower-energy prey correlated with higher rates of SSL population decline (Trites et al., 2007).
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Changes in prey distributions induced by rising global temperatures may force sea lions to
consume a lower diversity and/or a higher proportion of less energetically dense species, causing
nutritional stress via bottom-up control (Miller et al., 2005; Trites et al., 2007). Additionally,
interspecific competition could arise between SSLs and CSLs if they vie for high-energy prey in
sympatric foraging areas.

This study fills an important knowledge gap by integrating data on the nutritional contents of
the common prey of SSLs and CSLs with predictions on future range shifts of both sea lions and
their prey under climate change. It also predicts how the diets of CSLs and SSLs may differ with
these range shifts and explores whether their potential future diets are sustainable for population
maintenance.

Methods

Species Distribution Modeling

Species distribution models were created using AquaMaps version 10/2019 (Kaschner,
2019); AquaMaps have been validated to perform comparably to other models (Ready et al.,
2010). Distribution maps were generated for CSLs and SSLs under current conditions and those
projected for 2050 using the Intergovernmental Panel on Climate Change’s Representative
Concentration Pathways (IPCC RCP 8.5) for greenhouse gas emissions (Kesner-Reyes et al.,
2020). Temperature, depth, salinity, distance to land, primary production, sea ice concentration,
and administrative boundaries were used to derive the environmental envelope in which species
occurrence data points were used to generate the models, and mapping parameters for each were
reviewed to ensure accuracy.

Maps were also created for 13 prey items that were found in CSL and/or SSL fecal samples
in previously published studies (Costa et al., 2007; Lowry et al., 2022; Sigler et al., 2009; Weise
& Harvey, 2008; Womble & Sigler, 2006): capelin (Mallotus villosus), Pacific herring (Clupea
pallasii), Pacific mackerel (Scomber japonicus), market squid, arrowtooth flounder (Atheresthes
stomias), Pacific jack mackerel (Trachurus symmetricus), Pacific cod (Gadus macrocephalus),
Pacific hake, Pacific salmon (Oncorhynchus spp.), walleye pollock, Pacific sardine, northern
anchovy, and eulachon (Thaleichthys pacificus). Species were chosen because of their
predominance in the diet, occurring in at least 5% or accounting for at least 5% of biomass of the

samples in two or more published studies.
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Nutrient Analysis

Nutrient analyses of prey species were performed at Omaha’s Henry Doorly Zoo and
Aquarium’s (OHDZA) Comparative Nutrition Laboratory in 2024. Eight common sea lion prey
species were selected for nutrient analysis due to their commercial availability as whole prey
items: capelin, Pacific herring, Pacific mackerel, Pacific jack mackerel, Atlantic salmon (Salmo
salar), market squid, and Indian oil sardine (Sardinella longiceps). While other species are
important to wild sea lions’ diets, they were not available commercially as whole fish; Atlantic
salmon and Indian oil sardine served as proxies for Pacific salmon and Pacific sardine,
respectively, due to availability. Samples were procured from OHDZA, except for sardine, jack
mackerel, and walleye pollock which were purchased from local grocery stores.

At least 240g of each prey sample was cut into ~'2” thick pieces and freeze dried until
completely dry, with pre- and post-drying masses recorded to calculate 55°C dry matter. At least
two whole individuals were utilized, except for jack mackerel, for which only one fish was
sampled due to time constraints of the project. Consequently, each prey sample (except for jack
mackerel) consisted of flesh from multiple individuals to ensure accurate representation of the
species’ nutritional contents. Dried samples were ground into a meal using a knife mill and Wiley
mill until no further homogeneity could be obtained. One-gram samples were weighed into
crucibles, dried in a 105°C oven, and later, a 500°C furnace overnight and weighed back after
cooling to room temperature to obtain 105°C dry matter and ash content, respectively. Crude fat
(CF) was extracted from 1g samples using hexane as the solvent and crude protein (CP) was
determined by a LECO FP828 unit using the Dumas method. Metabolizable energy (ME) was
calculated using the Atwater caloric values system (Atwater, 1891; Sanchez-Pena et al., 2016),
assuming a carbohydrate content of zero for seafood (United States Food and Drug
Administration, 2018), yielding the equation ME = (4 x CP) + (4 x CF). For dry matter, organic
matter, and CF, all samples were run in duplicate, and for CP, triplicate, and the replicate results
were averaged. A coefficient variation of < 0.05 was required between replicates of each species
to ensure precision. If the value was above this threshold, samples in the appropriate number of
replicates were reanalyzed.

The results were combined with data from OHDZA, starting in 2013 and collected using the
same methods, for Pacific mackerel (n = 52), Pacific herring (n = 46), and capelin (n = 45).

Yearly means were calculated due to different sample sizes for each species and used in linear
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regression models comparing year and nutritional quality. Other species were not analyzed over
time due to low sample sizes.

Results

Species Distribution Models

The ranges of both CSLs and SSLs are projected to constrict at their southern ends and
expand northward by 2050, with CSLs changing more than SSLs. While CSLs will be
predominantly found in northern Baja California and southern California and SSLs in Canada
and Alaska, their ranges may overlap in the Pacific Northwest, Canada, and eastern Alaska

(Figures 1 & 2).
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Figure 1. Generated distribution maps for California sea lions (Zalophus californianus), a) currently and b) in
2050.
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Figure 2. Generated distribution maps for Steller sea lions (Eumetopias jubatus), a) currently and b) in 2050.

All prey items modeled follow this same trend under the projected climate conditions for

2050. For most of the common prey items for CSLs — mackerel, sardine, anchovy, hake, and jack
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mackerel - the ranges will still primarily overlap with those of CSLs and are predicted to extend
into the SSL range. Flounder and squid are less likely to occur in the southern portions of CSLs’
range, while jack mackerel is predicted to be absent from the northern Gulf of California (Figure
3).

SSLs’ common prey — herring, capelin, cod, eulachon, and pollock — will all still coincide
with SSLs’ forecasted range. Mackerel and sardine are both projected to have patchy

distributions throughout CSLs’ and SSLs’ ranges (Figure 3).
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Figure 3. Generated distribution maps for a) Pacific mackerel (Scomber japonicus), b) Pacific sardine
(Sardinops sagax), ¢) arrowtooth flounder (4Atheresthes stomias), d) northern anchovy (Engraulis mordax), €)
Pacific hake (Merluccius productus), ) Pacific jack mackerel (Trachurus symmetricus), g) market squid
(Doryteuthis opalescens), h) Pacific herring (Clupea pallasii), 1) capelin (Mallotus villosus), j) Pacific cod
(Gadus macrocephalus), k) eulachon (Thaleichthys pacificus), and 1) walleye pollock (Gadus chalcogrammus)
under projected climate conditions for 2050.

Pacific salmon, a seasonally important prey item for both SSLs and CSLs, consists of five
species — pink (Oncorhynchus gorbuscha), Chinook/king (Oncorhynchus tshawytscha), chum
(Oncorhynchus keta), sockeye (Oncorhynchus nerka), and coho (Oncorhynchus kisutch) — which
will all overlap more with the range of SSLs than CSLs in 2050 (Figure 4).
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Figure 4. Generated distribution maps for the five species of Pacific salmon — a) pink (Oncorhynchus
gorbuscha), b) Chinook/king (Oncorhynchus tshawytscha), ¢) chum (Oncorhynchus keta), d) sockeye
(Oncorhynchus nerka), and e) coho (Oncorhynchus kisutch) — under projected climate conditions for 2050.

Nutrient Analyses

Table 1. Nutrient composition for key prey species of CSLs and SSLs as measured in samples from 2024.

ME (as-
%DM %O0OM %CP %CF
Sample o %ADM fed)

(105°C) (DMB) (DMB) (DMB) (keal/kg)
Atlantic salmon 94.33 38.57 91.67 48.56 43.16 2247.20
Capelin 91.84 22.57 89.44 62.43 27.23 1116.74
Indian oil sardine 94.36 34.19 88.45 49.28 33.71 1711.35

Market squid 91.40 21.23 93.03 81.84 6.82 825.31
Pacific herring 95.18 24.63 89.81 62.44 27.05 1214.78
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Pacific jack 92.25 34.48 86.97 63.41 2228 1565.79
mackerel

Pacific mackerel 90.37 31.73 89.46 78.78 9.87 1281.84
Walleye pollock 92.25 21.17 82.29 77.94 6.27 779.47

Note. All values, except ME are on a dry matter basis (DMB). DM — dry matter, ADM — absolute dry matter, OM
— organic matter, CP — crude protein, CF — crude fat, ME — metabolizable energy, calculated as = (4 x CP) + (9 x
CF) x (ADM/100) x 1000.

As found in past studies, walleye pollock and market squid are low-fat and, consequently,
low-energy species (Adame et al., 2020; Trites et al., 2007) but have the highest CP. Mackerel
also had a relatively low fat content. Capelin and herring had very similar protein and fat
contents but slightly different ME values due to differences in percent dry matter. Salmon was
found to have the highest fat and energy content, but the lowest CP. Jack mackerel had the third
highest caloric value, yet relatively low fat and high protein content. CF and CP are inversely
related as they are both directly related to ME (Table 1).

Since 2013, capelin caloric content has remained relatively stable (r = -0.2905, R?>=0.0844, n
= 45). Pacific mackerel has increased in quality, as determined by ME, with r = 0.7518 (R? =
0.5652, n = 52). Pacific herring, on the other hand, has decreased in ME (r = -0.6575, R?=
0.4323, n = 46) and, accordingly, increased in CP.

Discussion

The ranges of both sea lion species are predicted to shift northwards by 2050, and their prey
are predicted to follow a similar pattern to varying extents. Although capelin and herring are
predicted to expand northwards and continue to be available throughout the SSL range in 2050,
these fish are not energetically dense. However, of the three predominant SSL prey species
analyzed for this study, herring had the highest energy content, agreeing with past findings
(Sigler et al., 2009). Walleye pollock also has a high probability of availability to SSLs in the
future but, in concordance with Trites et al., (2007), was found to be very low in energy and fat
and is therefore not ideal for individual and population maintenance.

Hake, anchovy, and jack mackerel are predicted to continue to overlap with the CSL range
and are predicted to be available to SSLs, particularly along the coast of the contiguous US and
Canada. Sardine and mackerel are predicted to be patchily distributed throughout the CSL range
and may not be as prevalent for northern populations. Market squid habitat may also be patchy in
the future, not likely extending to Baja California; however, the results of the nutrient analysis in

this study found market squid to be low-calorie and low-fat, agreeing with Adame et al. (2020),
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and, therefore, not nutritionally desirable. Despite this, market squid remains a very common
prey item for reasons that warrant further research. Arrowtooth flounder, another common fixture
in the CSL diet, is only predicted to occur with a high probability from northern Canada into
Alaska and would thus not be available as a prevalent energy source for a large portion of the
CSL population by 2050.

Comparing yearly averages for trends in ME as a measure of quality of the fish species that
have previously been analyzed at OHDZA reveals how sustainability in sea lion diet may not
only be a result of shifts in quality between prey species, but also within species. Differences in
herring, capelin, and mackerel nutrient values in this study compared to past studies highlight
potential shifts in quality over time (Corse et al., 1999; Slifka et al., 2002). With the decreasing
quality of herring and the poor quality of walleye pollock, SSLs may have to start relying on
other species to meet their nutritional needs and avoid a population decline.

All five species of salmon have a high probability of occurrence within the SSL range,
although with a complex migratory and spawning pattern, may continue to only be seasonally
abundant. Nonetheless, salmon could be a promising option for sustaining SSLs and northern
populations of CSLs, as it had the highest energy and fat content of the species analyzed in this
study. Other high-fat, energy-dense options for CSLs and southern populations of SSLs include
sardine or jack mackerel. Pacific mackerel, with its rising nutritional quality, could also be an
adequate option. Furthermore, SSLs could begin to consume important, northward-shifting CSL
prey, potentially leading to interspecific conflict with CSLs that may follow their prey as it
becomes limited at the southern end of their range.

Although the nutritional data presents a clear picture of which prey species might be better
for sea lions, factors such as preference, migratory patterns, and tolerance for warming ocean
temperatures obfuscate the issue. Walleye pollock continues to be a key diet item for SSLs
despite its low quality (Maniscalco, 2023), akin to the scenario with CSLs and market squid. In
the past, a high-diversity diet was linked to population increases (Trites et al., 2007); however,
following a heatwave in the northeast Pacific Ocean in 2014-2016, the recovering, endangered,
western Alaskan SSL population declined (Hastings et al., 2023) despite SSL diet diversity
increasing (Maniscalco, 2023). Moreover, some species, such as capelin, are highly temperature

sensitive (Maniscalco, 2023), while others, such as northern anchovy, are prone to consuming
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microplastics (Hoffman, n.d.), which increases the risk of biomagnification, highlighting the
importance of individual prey species.

These findings also have implications for zoo management, as pinnipeds, including SSLs and
CSLs, are often fed wild-caught fish. As zoos strive to ensure a high quality of care for their
animals, they must make sure to offer them nutritionally complete prey items. For a high-energy
diet, zoos could switch to feeding sardine, jack mackerel, or salmon, although a cost analysis and
preferences of individual animals should be considered. If alternatives are not feasible, Pacific
mackerel, as the highest-energy fish commonly fed at zoos, should be preferentially utilized.
Individual dietary needs, including specific protein and fat levels, should always be considered in
conjunction with routine veterinary and body condition scoring checks for all zoo-housed
pinnipeds.

As a predator and sentinel species, it is important to understand the nutritional ecology of sea
lions, especially as climate change affects ocean conditions. As sea lions and their prey shift
northward with warming waters, this study suggests that the availability of a stable, diverse, and
high-energy diet for these marine predators may decline and, in turn, threaten the ability of
southern populations of CSLs and the endangered western Alaskan population of SSLs to sustain
themselves. Better understanding of fish stock abundance, nutritional composition of prey, and
overall dietary needs and nutritional ecology of sea lions is needed to inform the management of
the populations and underlying prey fisheries. Further research should analyze more seafood

species and samples, as well as utilize different and more robust modeling methods.
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