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Understanding the diet of deep-diving predators can provide essential insight to the trophic structure of the mesopelagic ecosystem. Comprehensive population-level diet estimates are exceptionally difficult to obtain for elusive marine predators due to the logistical challenges involved in observing their feeding behavior and collecting samples for traditional stomach content or fecal analyses. We used quantitative fatty acid signature analysis (QFASA) to estimate the diet composition of a wide-ranging mesopelagic predator, the northern elephant seal (Mirounga angustirostris), across five years. To implement QFASA, we first compiled a library of prey fatty acid (FA) profiles from the mesopelagic eastern North Pacific. Given the scarcity of a priori diet data for northern elephant seals, our prey library was necessarily large to encompass the range of potential prey in their foraging habitat. However, statistical constraints limit the number of prey species that can be included in the prey library to the number of dietary FAs in the analysis. Exceeding that limit could produce non-unique diet estimates (i.e., multiple diet estimates fit the data equally well). Consequently, we developed a novel ad-hoc method to identify which prey were unlikely to contribute to diet and could, therefore, be excluded from the final QFASA model. The model results suggest that seals predominantly consumed small mesopelagic fishes, including myctophids (lanternfishes) and bathylagids (deep sea smelts), while non-migrating mesopelagic squids comprised a third of their diet, substantially less than suggested by previous studies. Our results revealed that mesopelagic fishes, particularly energy-rich myctophids, were a critical prey resource, refuting the long-held view that elephant seals are squid specialists.
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INTRODUCTION

The deep sea ecosystem is the largest on the planet with an estimated biomass between 7 and 10 billion metric tons (Kaartvedt et al., 2012; Irigoien et al., 2014). The main contributor to this biomass is found in the deep scattering layers of the mesopelagic (200–1,000 m) and the bathypelagic (1,000–4,000 m) depth zones (Sutton, 2013; Davison et al., 2015). The deep scattering layers are composed of dense aggregations of fishes, squids, and other micronekton (organisms 2–20 cm) that provide an abundant prey resource to those deep-diving predators able to access them (MacLeod et al., 2003; Harvey et al., 2013; Howey et al., 2016). Despite the ecological significance of the deep ocean, it has been understudied, with scant information for many species, communities, and life histories, as well as limited understanding of the complex trophic interactions occurring therein (Webb et al., 2010; St John et al., 2016). In many cases, the only information available for deep-sea species are reports of their existence (e.g., Stemonosudis rothschildi, a deep sea barracudina) with little to no description of their biology, let alone their position or importance in the food web (Drazen and Sutton, 2017; Priede, 2017).

Understanding the diet of mesopelagic predators like the northern elephant seal (Mirounga angustirostris) can provide valuable insights into the deep ocean food web (Benoit-Bird and Lawson, 2016; Benoit-Bird et al., 2016). Yet, obtaining dietary information on these elusive predators is notoriously difficult, limiting our knowledge to that gained from stomach contents (from dead seals or stomach lavage) and fecal studies (from enemas or scat) (Antonelis et al., 1987; Staniland et al., 2003). Further, samples obtained from elephant seals on shore are biased toward hard parts that resist digestion and toward their last meal, as these animals may have been fasting for days or weeks since leaving their primary foraging areas. Improved technology in the form of animal-borne biologging cameras have provided tantalizing glimpses of feeding behavior and diet of marine predators, but are limited to a few individuals over short timescales (Davis et al., 1999; Naito et al., 2013; Krause et al., 2015; Volpov et al., 2015). Diet studies on other mesopelagic predators, such as sperm whales (Physeter macrocephalus) and beaked whales (F. Ziphiidae), have been limited to a few stranded individuals or those taken either in commercial whaling or as fishery by-catch (Walker et al., 2002; Ohizumi et al., 2003; Harvey et al., 2013).

Northern elephant seals utilize the entire eastern North Pacific Ocean, foraging for 9–10 months of the year and diving continuously into the mesopelagic zone (LeBoeuf et al., 2000; Robinson et al., 2012), where they feed almost exclusively below 400 m (Naito et al., 2013). Stomach content analyses have suggested that adult elephant seal diet is dominated by pelagic squids (Huey, 1930; Condit and Le Boeuf, 1984; Antonelis et al., 1987, 1994). In contrast, juvenile elephant seals appear to have a more diverse diet, mostly feeding over the continental shelf on a range of intertidal and neritic organisms (Sinclair, 1994). Recent studies using jaw motion analysis and videography suggest that small mesopelagic nekton, such as lanternfishes (F. Myctophidae), could be an important component of adult seal diet (Naito et al., 2013, 2017), but such studies are either indirect (i.e., jaw motion event frequency as a proxy for prey size) or subject to the same biases as stomach content analyses. Though mesopelagic fishes have not been confirmed in the diet of northern elephant seals, multiple lines of evidence indicate that their Southern Ocean congeners, southern elephant seals (Mirounga leonina), feed predominately on deep ocean fishes (Bradshaw et al., 2003; Cherel et al., 2008; Banks et al., 2014). Since northern and southern elephant seals display similar morphology, life histories, foraging dive behavior, and migration strategies, it is reasonable to hypothesize that northern elephant seals may also consume more fishes than indicated by stomach contents studies.

Biomolecular techniques, such as fatty acid (FA) analysis, stable isotope analysis, and DNA barcoding, have become standard in determining the diet of cryptic marine predators (Boecklen et al., 2011; Bowen and Iverson, 2012; Ramos and González-Solís, 2012). These techniques complement traditional methods of diet determination (i.e., stomach content and fecal analyses) by overcoming the well-known biases of those methods toward prey with indigestible hard parts and against small, soft-bodied prey (Harvey and Antonelis, 1994; Bowen, 2011). However, biochemical methods also have constraints. Stable isotope analysis is excellent for determining the trophic position of both prey and predators, but obtaining species-level estimates of trophic level and diet composition has been problematic due to difficulties with prey signature resolution, baseline isotopic values, and trophic discrimination factors (Hobson et al., 1996; Newsome et al., 2010). Conversely, DNA barcoding provides diet estimates that are highly resolved to species level since it is not dependent on undigested remains; yet, it is limited by what is in the digestive tract at the time of sample collection (Tollit et al., 2009; Bowen and Iverson, 2012). FA analysis is able to provide diet information that is resolved to species level and is integrated over longer timescales of weeks to months (Budge et al., 2004, 2006; Iverson et al., 2004; Bowen and Iverson, 2012).

Quantitative fatty acid signature analysis (QFASA) has become a widespread method of diet determination for diverse marine predators, such as sea birds, seals, sea lions, fish, and polar bears (Thiemann et al., 2008; Tucker et al., 2009; Meynier et al., 2010; Budge et al., 2012; Conners et al., 2018). The basic concept of FA analysis is that, molecularly speaking, “you are what you eat,” albeit with some predictable metabolic processing. Reliable species-specific calibration coefficients that quantify the metabolic changes in FAs from ingestion to tissue deposition are crucial for accurate QFASA diet estimates (Rosen and Tollit, 2012; Bromaghin et al., 2016a). Using calibration coefficients and a subset of dietary FAs common to both predator and prey, the QFASA model finds which combination of prey minimizes the distance between prey and predator FA signatures (Iverson et al., 2004; Budge et al., 2006). Typically, studies utilizing QFASA have used small to moderate prey libraries (<30 prey species); however, QFASA can effectively differentiate among larger numbers (~30–50) of potential prey species (Piché et al., 2010; Conners et al., 2018). This capability is important for determining the diets of mesopelagic predators, because the deep scattering layer is a highly interconnected food web where many prey species exploit similar resources.

Our study evaluated the efficacy of QFASA to quantify the diet of free-ranging northern elephant seals. Limited knowledge of elephant seal diet necessitated the use of a large library of potential prey species. However, having more prey species in the library than FAs in the analysis produces non-unique diet estimates, so we developed a novel method to reduce our prey library. We estimated the diets of adult female northern elephant seals resolved to prey species and functional groups, using the QFASA model and the reduced prey library. Furthermore, we used a combination of diagnostic analyses to evaluate QFASA model performance and quantify model error. Ultimately, we used our diet results to examine the hypothesis that mesopelagic fishes contribute significantly to northern elephant seal diet at the population-level, based on inferences from their diving behavior during their foraging migrations and recent video data.

MATERIALS AND METHODS

Ethics Statement

The protocol for animal use was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of California Santa Cruz and the Japan Ministry of Agriculture, Forestry and Fisheries. Elephant seal sampling was authorized by National Marine Fisheries Service permits 14636 and 14535 and conducted in accordance with the guidelines set forth by the ethics committee of the Society of Marine Mammalogy and the Canadian Council for Animal Care. Prey sampling on the vessel T/S Oshoro-maru was conducted under the United States Department of State, Bureau of Oceans and International Environmental and Scientific Affairs permit U2012-013.

Field Methods

Elephant Seal Sampling

Adult female northern elephant seals (n = 155) were instrumented with Argos or GPS satellite transmitters (Wildlife Computers, Redmond, WA; SPOT4, SPOT5, MK10-AF) at Año Nuevo State Reserve, San Mateo, CA, USA (37°59′N, 122°169′W) during January–March for the short (post-breeding) and May–June for the long (post-molt) foraging trips in 2005–2006 and 2009–2012. Seals were sedated for instrument attachment and recovery using established protocols (see Robinson et al., 2012). During handling, we collected a full depth blubber biopsy (5–7 days after the seal's return) from the seal's lateral side, ~13 cm anterior of the hip, using a 6 mm biopsy punch. Female seals typically lose up to 40% of their body mass, mainly fat stores, when they fast on land during breeding and molting (Crocker et al., 2014). When they return to sea for their foraging migrations, they gain mass consistently and rapidly to replenish fat stores in the blubber, so blubber sampled upon their return should be reflective of diet. The blubber samples were divided into inner and outer halves with each half placed into a glass vial with a Teflon-lined cap with 3 ml of 2:1 chloroform:methanol (v/v) and 0.01% BHT. Previous studies have shown that elephant seal blubber is stratified with the outer layer being more structural in nature for streamlining and thermoregulation, whereas the inner layer is more metabolically active and, thus, a better indicator of diet (Best et al., 2003; Strandberg et al., 2008; Crocker et al., 2014). Vials were kept frozen at −20°C until analysis.

Collecting the Prey Library

We collected mesopelagic fishes and squids from onboard the research vessel T/S Oshoro-maru (Hokkaido University) along a north-south transect through the Subarctic Pacific and North Central Pacific (also called the Transition Zone) mesopelagic biogeographic regions (Sutton et al., 2017). This transect was determined at sea by the real-time Argos locations of 16 concurrently tracked female elephant seals (Figure 1), and sampling was conducted at depths where elephant seals routinely forage (Robinson et al., 2012). Potential prey samples were collected during four midwater trawls (10 mm mesh at the cod end, 314 m2 net mouth, and tow speed of 3.5–4 knots; Saijo et al., 2017), two during the day (maximum depths of 730 and 720 m), and two at night (both at 650 m). Automatic squid jigs (surface to 650 m, Towa-denki Seisakusho Co., Ltd.) were also used to collect samples of active, vertically migrating squid. Additionally, one Stigmatoteuthis dofleini, a mesopelagic squid, was sampled opportunistically (May 22, 2014) from a commercial fishery vessel off the coast of Oregon-Washington. All samples were identified to the lowest possible taxonomic level (Food Habits Lab, National Marine Mammal Laboratory, Seattle, WA) and measurements of mass and length (standard length for fishes, dorsal mantle length for squids) were recorded (Tables 1, 2). In total, we collected 865 samples, representing 62 mesopelagic genera (50 fish and 12 squid species). Prey samples were kept whole at −20°C until analysis.
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FIGURE 1. Locations of the midwater trawls (4) and squid jigs (2) where samples were collected to establish the prey library during July 7–9, 2012. Sampling locations span the boundary between the Subarctic Pacific and North Central Pacific mesopelagic biogeographic provinces and overlap with the concurrent foraging paths (orange lines) of 16 satellite-tagged, free-ranging female northern elephant seals (tracks shown are a subset of the 155 total seals analyzed for diet composition).




Table 1. Squid species (n = 11; one species has two age classes) in complete prey library.
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Table 2. Fish species (n = 39) in complete prey library.
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Prey Classification

We compiled information on distribution, behavior, and physiology from existing literature (Table S1), and, subsequently, classified prey by taxonomic group, behavioral and ecological traits, and primary distribution. We defined 11 functional groups (2 squid groups and 9 fish groups, Tables 1, 2, and Table S1).

The two squid functional groups were classified by diel migration behavior, body composition, and hunting strategy: (1) vertically migrating, muscular squids (hereafter migrating squids) and (2) meso-bathypelagic, neutrally buoyant squids (hereafter non-migrating squids). The migrating squids show strong diel migration from the mesopelagic or bathypelagic zone during the day into the epipelagic at night in pursuit of prey. They are active hunters with a thick, muscular mantle and include commercially important species, such as Ommastrephes bartramii, Onychoteuthis borealijaponica, and Gonatopsis borealis. Other species in this functional group are Gonatus berryi, Abraliopsis felis, and Berryteuthis anonychus; the latter two form dense schools in the upper epipelagic zone at night. The non-migrating squids are neutrally buoyant, sit-and-wait hunters with no mantle musculature (Chiroteuthis c.f. calyx, Galiteuthis phyllura, Taonius borealis) to weak mantle musculature (S. dofleini and Octopoteuthis deletron). They remain in the meso- and bathypelagic depths and are rarely, if ever, found in the epipelagic zone. A possible exception to this is C. calyx which has been classified in some studies as a midwater migrator (Roper and Young, 1975), since it undergoes ontogenic migration (i.e., depth distribution becomes deeper with age). However, adult C. calyx typically do not migrate into the epipelagic zone (Burford et al., 2014).

The largest component of our prey library consisted of fishes from the mesopelagic deep scattering layers. We grouped fishes based on diel migratory strategy and diet guild (Table S1). Vertical migrator categories included surface migrators (species that migrate within 20 m of the surface at night), midwater migrators (migrate at night to the epipelagic, but remain below 20 m), bathy-midwater migrators (migrate from the bathypelagic into the mesopelagic at night), and non-migrators (no diel pattern, but can be vertically mobile, and typically remain in the same depth zone). Diet guilds included zooplanktivores, gelativores, piscivorous micronektivores (hereafter piscivores), macrocrustacean micronektivores (hereafter crustacivores), and generalists (Drazen and Sutton, 2017). The zooplanktivore guild consumes mainly tiny crustaceans like nauplii, copepods, ostracods, and euphausids, and includes the families Myctophidae (lanternfishes), Sternoptychidae (hatchet fishes), Melamphidae (bigscales), and Notosudidae (wary fishes). The gelativore guild feeds primarily on medusae, ctenophores, salps, and other gelatinous species. Gelativores include the Bathylagidae (deep sea smelts), Opisthoproctidae (barreleyes and spookfishes), and Platytroctidae (tubeshoulders) families. The piscivore guild includes the Paralepididae (barracudinas), Stomiidae (dragonfishes), Gempylidae (snake mackerels), and Scopelarchidae (pearleyes). Crustacivores mainly feed on midwater shrimps and larger mysids and are represented by the Howellidae (oceanic basslets), Melanonidae, and Nemichthyidae (snipe eels). Our final reduced prey library (see Prey Library Reduction section) had fish species representing nine functional groups: (1) surface migrating zooplanktivores, (2) surface migrating piscivores, (3) midwater migrating zooplanktivores, (4) midwater migrating piscivores, (5) bathy-midwater migrating gelativores, (6) non-migrating zooplanktivores, (7) non-migrating gelativores, (8) non-migrating piscivores, and (9) non-migrating generalists.

Lipid Analysis

Lipid Extraction

Given that small, fragile otoliths from mesopelagic fish species would not be preserved in elephant seal digestive tracts, we had limited a priori evidence to determine which fish species to retain in our final prey library. Analyzing all our collected fish samples for lipids was not possible; thus, we limited our analysis to species with three or more intact individuals (n = 39, Table 2). In contrast, squid beaks, being indigestible, are well-preserved in elephant seal stomachs (Harvey and Antonelis, 1994). Since mesopelagic squid are notoriously difficult to obtain (Hoving et al., 2014), all intact squids (n = 11, Table 1) reported in previous stomach content studies were retained, regardless of sample size. Elephant seals use suction feeding to consume prey whole, so we homogenized each whole prey item separately, then combined mass-specific aliquots from each individual into a species-homogenate (n = 3–15 individuals/homogenate). Three to five 1.5 g subsamples (replicates) were taken from each prey-homogenate, except when there was a single representative individual (Conners et al., 2018). Using a prey-homogenate gives an average prey FA profile but eliminates data on within-species variation between individuals in FA composition; however, within-species variability is likely small compared to between-species variation (Budge et al., 2002). Following a modified Folch extraction method, we isolated lipids from the prey-homogenates and blubber (n = 155 seals), using 2:1 chloroform:methanol (v/v, Folch et al., 1957; Budge et al., 2006).

Gas Chromatography and FA Profiles

We used an acidic methanol (H2SO4/MeOH) transesterification process (Hilditch method) to transform lipids to fatty acid methyl esters (FAME), increasing their volatility for gas chromatography (details in Budge et al., 2006). FAME composition was quantified using a Scion 436 gas chromatograph (GC) on a split injection setting with a silica column coated with 50% cyanopropyl polysiloxane (0.25 μm film thickness; J&W DB-23, Agilent Technologies, Folsom, CA, USA, operational setting details in Budge et al., 2006). Peaks in the output chromatographs were identified using standard FA mixtures (Nu-Check Prep, Elysian, MN, USA) and integration software (Varian Galaxie Workstation). When necessary, we used gas chromatography mass spectrometry (GC-MS) with electron ionization and identical GC conditions to determine FA structures. To account for small shifts in retention time, each chromatograph was manually adjusted for accuracy in peak identification and integration of peak areas. To generate a FA profile, peak areas of constituent FAs (n = 76) were reported as mass percent of total FAs and a mean was taken of replicate injections (two per sample). We eliminated extremely low FAs (< 0.2%), unless that FA was at least partially sourced from diet (i.e., minimally biosynthesized, Budge et al., 2006), giving a FA profile of 55 FAs.

Fatty Acid Subset

We defined the dietary FA subset to only include FAs that are sourced from diet (n = 46). In addition, we excluded three FAs that have been included as dietary FAs in previous QFASA studies for other species. FA 16:4n-3 was excluded because its calibration coefficient was zero, meaning it was not present in the captive seal. FAs 18:1n-11 and 20:1n-11 had calibration coefficients indicating likely in vivo short-chaining of 22:1n-11, making them unreliable as dietary tracers in this study (Cooper et al., 2006). This provided a final dietary subset of 43 FAs (Table 3). The 43 FA proportions in each profile were then rescaled (i.e., normalized) to sum to one (Iverson et al., 2004; Budge et al., 2006).


Table 3. Mean fatty acid values ± standard deviation (% ± SD) and calibration coefficients for female northern elephant seals (n = 155).
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QFASA Diagnostics

Unless otherwise stated, all analyses were conducted in R v.3.4.1 (R Core Team, www.R-project.org1). All QFASA modeling and diagnostics were done with the QFASAR package v.1.2.0 (Bromaghin, 2017). For all model runs, we converted prey FA values to the predator optimization space (Bromaghin et al., 2015), and used the Aitchison distance measure (Bromaghin et al., 2015, 2016b).

Calculation of Calibration Coefficients

We calculated calibration coefficients to account for in vivo FA modification due to predator metabolism (Iverson et al., 2004; Budge et al., 2006), using data from a captive adult female elephant seal and her known diet. We collected a blubber sample and a random selection of prey from her long-term diet, 18 individuals each of capelin and herring. The captive seal's diet proportions of ~70% herring and 30% capelin for the year prior to sampling were used as weights to calculate combined diet FA values. For each FA, k = 1, . . ., 55, we calculated every possible combination of herring FA proportion (Hi), i = 1, . . ., 18, and capelin FA proportion (Cj), j = 1, . . ., 18, resulting in 324 combinations. The ratio of the FA proportion from the captive seal blubber to the corresponding FA proportion from each of the 324 diet combinations was calculated, and the 10% trimmed mean of those ratios was taken as the estimated calibration coefficient for that FA (Table 3):
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We compared our elephant seal calibration coefficients to those reported from formal captive feeding trials of four other phocids: monk seals (Neomonachus schauinslandi), gray seals (Halichoerus grypus), harbor seals (Phoca vitulina), and harp seals (Pagophilus groenlandicus).

Predator FA Values Outside the Range of the Prey

If seal FA values fall outside the range of prey FA values after converting the prey values to the predator optimization space, this may indicate incorrect calibration coefficients and/or an incomplete prey library (Bromaghin et al., 2016b). We explored our data for indications of these problems using the function pred_beyond_prey (R package QFASAR) to find the proportion of seal FA values that were outside the range of the prey values (Bromaghin, 2017).

Prey Library Reduction

QFASA requires that the number of FAs in the analysis equal or exceed the number of potential prey in the prey library. Including more prey than FAs generates diet estimates that are non-unique (i.e., multiple diet estimates provide an equally good fit to the predator profile data, Bromaghin et al., 2013; Phillips et al., 2014). Most previous studies have dealt with this problem by pooling prey species with similar FA profiles into a common prey type prior to QFASA, reducing the number of prey types in the model to below the number of dietary FAs (Piché et al., 2010; Iverson et al., 2011; Bromaghin et al., 2013; Haynes et al., 2015). Conversely, Meynier et al. (2010) took a post-hoc approach, estimating diet using each individual prey animal as a distinct prey type and subsequently pooling those prey type estimates into their respective species groups. Neither approach is ideal: the a priori approach could potentially result in pooled prey types with mean FA profiles that do not resemble actual prey, while the post-hoc approach does not guarantee that the pooled diet estimates will be unique. Since we had more prey in the library (n = 51) than dietary FAs (n = 43), we needed either to select one of these approaches or find an alternate method to decrease the number of prey types prior to modeling.

All the squids in our library, except for B. anonychus, were previously documented in seal stomach contents (Condit and Le Boeuf, 1984; Antonelis et al., 1987, 1994) and were retained in the prey library, but we had no previous elephant seal diet data to justify excluding any mesopelagic fish species. The a priori pooling approach was a viable option, since it would avoid the problem of non-unique diet estimates. However, we only considered the Meynier et al. (2010) post-hoc approach as a last resort because there does not appear to be an accepted method of testing the uniqueness of the pooled diets. To assess whether we could justifiably use the a priori approach, we analyzed the prey FA profiles with non-metric dimensional scaling (NMDS) and leave-one-prey-out (LOPO) analysis.

Non-metric Dimensional Scaling

To visualize the similarity/dissimilarity among the FA profiles of prey species, we used a three-dimensional NMDS with the Aitchison distance measure for compositional data (Aitchison, 1986). We looked for the presence of natural clusters that would allow us to combine fish species into a smaller number of prey types. We found a clear separation between fish and squid FA profiles (Figure 2). However, since we lacked data on within-species variation in prey FA profiles, we were unable to assess the degree of overlap among species or ecological groups (i.e., migrator type, diet guild, and mesopelagic biogeographic region). Although there were some species that were close to each other within ecological groups, there were no distinct, clearly defined clusters based on ecological characteristics (Figure S1). Thus, we were not confident that the degree of similarity within ecological groups was enough to justify pooling those species.


[image: image]

FIGURE 2. Three-dimensional NMDS analysis of prey dietary fatty acid profiles using the complete prey library (n = 51 prey types). Red spheres are squids (n = 12), while blue spheres are fishes (n = 39). Squid fatty acid profiles cluster distinctly from fish fatty acid profiles. Size of the sphere indicates position on the z-axis (NMDS3), larger spheres are closer and smaller spheres are farther away.



LOPO Analysis

Leave-one-prey-out (LOPO) analysis is a cross-validation technique used to assess the ability of the QFASA model to distinguish between prey profiles (i.e., degree of “prey confounding”). When prey FA profiles are highly similar (high prey confounding), model performance is decreased and there is less certainty in the diet estimates (Bromaghin et al., 2015, 2016b). Also, high prey confounding may indicate potential clusters of prey that could be grouped, allowing us to reduce the prey library. In our study, the LOPO results may be somewhat biased toward the removed prey profile, since, by design, there is low variation between the homogenate FA profiles. However, any consequential misidentifications would still be evident and informative. While two prey species (subadult O. borealijaponica and Winteria telescopa) showed some degree of confounding, no other prey species did (Figure S2). Thus, based on both the NMDS and LOPO analyses we determined that pooling species into a smaller number of prey types prior to QFASA was not justified.

Drop Core Prey (DCP) Analysis

To solve our “more prey than FAs” problem, we developed a novel method to exclude non-contributing prey species and create a reduced prey library. We could not simply exclude prey species that were not present in the original diet estimates generated with the complete prey library (51 species), because those prey might have had larger contributions to diet in other equally viable estimates. Hence, excluding them could have resulted in removing prey from the library that actually were present in elephant seal diet. We reasoned that if we dropped apparently important core prey from the library (DCP) and forced the model to generate new diet estimates, any prey that were never present in any of the DCP diet estimates would (1) truly be absent from the diet and (2) be isolated from the non-uniqueness problem and, therefore, could justifiably be excluded permanently.

We identified 36 core prey (present in at least one seal's diet at proportions > 0.001) in the original diet estimates. Each core prey was then iteratively removed from the library (50 prey) and the QFASA model was rerun. We compared the objective functions, or the values of the minimized Aitchison distance, between the new DCP diet estimates and the original diet estimates, and we considered the DCP estimates equally valid if the objective functions were less than or equal to those from the complete prey library. The majority of the DCP diet estimates fit the data as well as or better than the original diet estimates, confirming that the results using the full prey library were not unique. Finally, we identified 10 prey species that were never present in the diet across all the DCP diet estimates (36 core prey × 155 seals = 5,580 diet estimates): A. felis, Abraliopsis infans, Howella sherborni, Ichthyococcus elongatus, Lampadena yaquinae, Melanonus zugmayeri, Nannobrachium regale, O. deletron, Pseudobathylagus milleri, and Sigmops gracilis. We excluded these prey from the library, resulting in a final reduced prey library of 41 prey, which numbers less than the 43 dietary FAs.

Quantitative Fatty Acid Signature Analysis

Final Diet Estimation

Final diets were estimated for each elephant seal (n = 155) with the dietary FA subset and the reduced prey library. The raw diet output (% lipid mass from each prey type) was then adjusted for the lipid content of the prey (Table S2) to give the final diet estimates (% biomass of each prey species). To quantify generalized elephant seal diet and the relative importance of specific prey, we calculated three traditional diet metrics: (1) mean occurrence (%) of prey i in the population-level diet with standard deviation, (2) maximum occurrence (%) that prey i occurred in any individual seal's diet, and (3) frequency of occurrence (%) of prey i across all seal diets (number of diets with prey i > 0.01% divided by the total number of seal diets).

Quantifying QFASA Model Error: Diet Simulations

To further assess QFASA model performance, we employed a strategy utilizing simulated diets. We used a semi-random, partially supervised method to construct 550 simulated diets per prey species, pi (n = 41), using the Dirichlet distribution, the multivariate case of the beta distribution (0–1) for compositional data. To ensure that we had a sample of simulated diets representing the range of all possible seal diets, we assigned prey i a vector of proportional values with the sequence pi(1-11) (0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 0.99). The composition of the remainder of each simulated diet (1 – p) was randomly generated from the Dirichlet distribution (α = 0.25). The simulated diets (n = 22,550) were used to generate pseudo-predator FA profiles (Bromaghin, 2015), which were then evaluated by the QFASA model to determine an estimated diet for each simulated diet. For each prey species, we plotted the prey proportion in the known simulated diet against the proportion in the model-generated estimated diet (Figure S3). We also calculated the difference between the simulated diet proportion of prey i and its corresponding estimated diet proportion as a measure of model error. Due to the lack of variation in the homogenized diet replicates for each species, we had no basis on which to simulate variance in the pseudo-predator FA profiles. Consequently, our simulations likely underestimated the model error, giving results for a best case scenario. Regardless, the simulations provided a comparison of how well the model estimates the presence of each prey item in the diet relative to the others.

RESULTS

We report the mean FA profile (mass percent of total FAs) from 155 female elephant seals (± SD) with respective calibration coefficients in Table 3. The mean FA profiles of the complete prey library (51 species) with prey lipid content (percent of wet weight) is provided in Table S2.

QFASA Diagnostics

Reliability of the Calibration Coefficients

The elephant seal calibration coefficients fell within the range reported for other phocids (Figure 3). The FA 20:1n-11 had a calibration coefficient (8.06) that was higher than other phocids (gray seal: 3.42, harbor seal: 1.87, harp seal: 2.83, and monk seal: 3.36). Also, the calibration coefficient of FA 18:1n-11 (12.98) was higher for the elephant seal than all other phocids except for gray seals (15.04). Our captive elephant seal was likely chain shortening FA 22:1n-11, resulting in elevated levels of 18:1n-11 and 20:1n-11 which were not attributed to diet alone (Cooper et al., 2006). However, we could not be certain if our calibration coefficients accurately reflected chain shortening. For this reason, we did not use these FAs as dietary tracers and excluded them from the dietary FA set. Overall, only 1.5% of seals had any FA values beyond the range of prey FA values (Figure 4). For most of the dietary FAs, we found only a low number of seals had FA values outside the range of the prey values (Figure 4). Only four dietary FAs (16:0:10.8%, 17:1a:21.2%, 16:3n-4:13.5%, and 18:1n-7:8.3%) resulted in more than 5% of all seals having FA proportions that fell outside the range of the prey.
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FIGURE 3. Calibration coefficients for an adult female northern elephant seal (n = 1, this study) compared with those reported for four other phocid seals. FAs 16:4n-3, 18:1n-11, and 20:1n-11 (*) were not designated as dietary fatty acids in this study. Values for 16:4n-3 were only available for northern elephant seals, harbor seals, and monk seals. Values for 24:1 were only available for northern elephant seals, gray seals, and harp seals. Data for gray seals and harbor seals taken from Rosen and Tollit (2012). Data for harp seals taken from Iverson et al. (2004). Data for monk seals provided by S. Iverson and first reported in Iverson et al. (2011). Figure modified with permission from Iverson et al. (2004, 2011).
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FIGURE 4. Overlap of elephant seal fatty acid (FA) values with the range of mean prey FA values indicates that the calibration coefficients are consistent with the prey library. Blue triangles indicate dietary FA proportions for prey (one mean value per species, n = 51 for each FA). Prey values have been transformed to predator FA optimization space with the calibration coefficients. Black circles indicate FA proportions for individual elephant seals (one value per individual, n = 155 for each FA). Orange lines indicate the proportion of individual seals that fall outside the range of prey values for each FA. Less than five percent of seals (proportion < 0.05) have FA values outside the range of the prey.



Degree of Prey Confounding

The LOPO analysis showed good discrimination among prey FA profiles by the QFASA model (i.e., a low degree of prey confounding). Most species that were eventually dropped from the model (A. felis, A. infans, H. sherborni, I. elongatus, L. yaquinae, M. zugmayeri, P. milleri, and S. gracilis) were almost never misidentified as other species, with nearly 100% of their diet estimate attributed to themselves (Figure S2). The remaining two dropped prey, N. regale and O. deletron, still had high proportions correctly attributed: 77% and 84%, respectively. The myctophid, N. regale, was most often misattributed to A. infans (7%), which was also dropped from the model, and M. lugubris (5%). O. deletron was most often misassigned to other squids (gonatid squid species: B. anonychus, G. berryi, and G. borealis, and the mesopelagic squid S. dofleini), all < 3%. Only two species besides N. regale were self-attributed < 80%: subadult O. borealijaponica (54%) and W. telescopa (77%). Subadult O. borealijaponica was most often misidentified as the squid species O. bartramii (27%), T. borealis (7%), O. deletron (5%), and adult O. borealijaponica (3%). The spookfish W. telescopa was most often misidentified as the gelativore, M. bericoides (6%), or the two barracudinas, S. rothschildi (4%) and L. ringens (4%).

Simulations and Prey-Specific Error

Diet simulations confirmed that the QFASA model reliably estimated the simulated diets (Figure 5A and Figure S3). The highest underestimation error was found in the piscivorous fishes Benthalbella dentata (0.8%) and Diplospinus multistriatus (0.6%) across the range of possible proportions in the diet (0–100%). The highest overestimation error was for the squid B. anonychus and S. dofleini (both 0.5%). The variation in error for all species was also low (range: −0.27 to 2.6%) with the aforementioned species having the highest variation in error (B. dentata: −2.6 to 0.9%, D. multistriatus: −2.1 to 0.8%, B. anonychus and S. dofleini: −0.8 to 1.7%) Several species were estimated nearly perfectly with error close to 0% (G. borealis, C. c.f. calyx, T. borealis, and T. macropus). C. c.f. calyx and G. borealis also had the lowest variation in error (both −0.3%). The two functional groups with the highest average simulation error were the non-migrating piscivore group (underestimated by 1.4%) and the migrating squid group (overestimated by 1%). The functional group with the lowest simulation error was the bathy-midwater migrating gelativore group (underestimated by 0.08%). The other functional groups were over- or underestimated by < 0.9%.
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FIGURE 5. (A) Mean error and standard deviation (SD) of QFASA model, calculated as the difference between the proportion of each prey species in the simulated diets (i.e., truth) and the respective proportion in the QFASA estimated diets. Prey with model error > 0 were overestimated by the QFASA model while prey with model error < 0 were underestimated. (B) Average diet for female northern elephant seals (n = 155) determined by QFASA. Thirty-three prey from 11 functional groups are represented in the overall diet. The prey represented are a subset of the reduced prey library that were present in at least one seal's diet. The inset highlights the finding that fishes (63.7%), rather than squids (36.3%), dominate the mean population-level diet of elephant seals. Refer to Table 4 for exact percentages and absent species. Gray bars indicate SD. ZPL, zooplanktivore; GEL, gelativore; PSC, piscivore; GEN, generalist.



Diet Characterization

Of the 41 species in our reduced prey library, 33 (25 fishes and 8 squids, Figure 5B) were present in the diet of at least one seal. Combined mesopelagic fishes dominated the population-level diet of elephant seals at 63.7%; although the average diet had a high proportion of non-migrating squids, total squids only had a mean occurrence of 36.3% (Figure 5B, Table 4). Surface migrating zooplanktivores were the most common fish group (24.5% mean occurrence and 98.7% of diets), followed by the non-migrating piscivore group (17.8% mean occurrence and 93.5% of diets), and the non-migrating gelativore group (11.7% mean occurrence and 82.6% of diets). Within the surface migrating fish group, Tarletonbeania taylori and Electrona risso, both myctophids, were the most common species (9.8% and 5.9% mean occurrence), but E. risso was present in more seal diets than T. taylori (83.2% vs. 70.3%). Nearly all the species of myctophids represented in the average diet were in the surface migrating zooplanktivore group. The non-migrating zooplanktivore and bathy-midwater migrating gelativore groups had low mean occurrences (2.5% and 4%, respectively), but they were both present in a large proportion of seal diets (91.6% and 86.5%).


Table 4. Mean dietary composition for northern elephant seals as determined by QFASA using the reduced prey library (n = 41 prey types): occurrence (% ± SD) in the population-level elephant seal diet, maximum occurrence (%) in any individual seal's diet, and frequency of occurrence (%) across all seal diets (n = 155).
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The most common species from the non-migrating piscivore group were S. rothschildi and Chauliodus macouni (9.9% and 6.5% occurrence, respectively). S. rothschildi was present in 87.7% of all diets and C. macouni in 56.8% of diets. Gelativores, both migrating and non-migrating, were important prey (15.7% combined mean occurrence). Of these, the bathylagids, M. bericoides, L. ochotensis, and B. pacificus (combined mean occurrence 13.9%) was the most common family. In the non-migrating gelativore group, M. bericoides was the most common species (9.9% occurrence in 73.5% of diets). Lipolagus ochotensis (bathy-midwater gelativore) and Melamphaes lugubris (non-migrating zooplanktivore) only occurred in low mean proportions (3% and 2.5% occurrence, respectively), but were present a high number of diets (82.6% and 91.6% of diets, respectively). Some species were only important in a few seals' diets: W. telescopa (non-migrating gelativore), adult O. borealijaponica (migrating squid), and B. pacificus (midwater migrating gelativore) had maximum occurrences of 34%, 28.6%, and 24.8% respectively.

Meso-bathypelagic non-migrating squid was the most represented functional group (33.2%) in mean population-level diet, occurring in 100% of seal diets (Figure 5B, Table 4). The maximum occurrence of this group in a single diet was 59%. C. c. f. calyx was the dominant representative of the non-migrating squid group and was also the most frequently occurring species in the population-level diet (26.6% mean occurrence in 99.4% of diets). S. dofleini was the next most common non-migrating squid species (6.2% mean occurrence and 41.3% of diets). The maximum occurrences of C. c. f. calyx and S. dofleini were 45.8% and 43.8%, respectively. Vertically migrating squids only occurred in small proportions (3.1%) but were present in over half of the seals' diets and one seal had just under 30% of its diet as this functional group.

DISCUSSION

Diet of Female Northern Elephant Seals

Female northern elephant seals overwhelmingly consumed energy-dense, meso- and bathypelagic fishes contrary to previous stomach content studies which determined squids to be the dominant prey (Antonelis et al., 1987, 1994). Moreover, these fishes comprised a substantial proportion of their diet over long time periods of months to years. Further, our findings are consistent with recent observations from head-mounted cameras showing that northern elephant seals more frequently feed on fishes than squids (Naito et al., 2017). In addition, our diet estimates for northern elephant seals now align with similar results from multiple studies showing the importance of mesopelagic fishes in the diets of their Antarctic congener, the southern elephant seal (Bradshaw et al., 2003; Cherel et al., 2008; Banks et al., 2014). Our study highlights the importance of using complementary methods of diet determination like QFASA to reveal critical “hidden” prey species that cannot be adequately detected by traditional stomach contents analysis alone.

The two fish groups which dominated the diet were surface migrating zooplanktivores and non-migrating piscivores. Surface migrating zooplanktivores were the largest fish component accounting for a quarter of the average diet for elephant seals, and were represented by five species from the family Myctophidae (Diaphus perspicillatus, Diaphus theta, E. risso, Symbolophorus californiensis, T. taylori), the most abundant family in the deep scattering layers (Catul et al., 2011; Irigoien et al., 2014). These myctophids have high lipid content, making them one of the most energetically-rich prey resources (i.e., E. risso ~12,100 kJ kg−1) available to elephant seals (Sinclair et al., 2015). Within the non-migrating piscivores, the viperfish C. macouni and the barracudina S. rothschildi were the most commonly consumed. The family Stomiidae is the most abundant group of fish predators in the mesopelagic (Choy et al., 2013), with C. macouni being the most abundant species of this group caught in our trawls (Saijo et al., 2017). C. macouni is energy-rich (~4,500 kJ kg−1), but still only has around half as much energy as most myctophids (Sinclair et al., 2015). C. macouni employs a sit-and-wait hunting strategy (Drazen and Sutton, 2017), which may make them easier to capture. In contrast, barracudinas are small, fast-moving hunters, with a lower gross energy content than Stomiidae due to their smaller size (Spitz et al., 2010). This suggests they would be an unfavorable prey item for elephant seals, since chasing and capturing a single barracudina would be energetically expensive. However, it is hypothesized that barracudinas form large, dense schools (Harry, 1953; Fukui and Ozawa, 2004). Given that elephant seals employ suction feeding and rapid jaw movements, they can likely capture many barracudinas at a time, increasing net energy gain compared to capturing one alone.

Gelativores of the family Bathylagidae (deep-sea smelts), both in the bathy-midwater migrating and the non-migrating gelativore groups, were also important prey species for elephant seals. This was especially true for some individuals, for whom bathylagids represented over a third of their total diet. In addition, bathylagids were identified in recent video footage from free-ranging feeding female elephant seals (Naito et al., 2013, 2017). Despite being less energy-dense than myctophids (Sinclair et al., 2015), bathylagids are the second most abundant group of mesopelagic fishes in the eastern North Pacific (Brodeur and Yamamura, 2005), which supports their prevalence in elephant seal diet. The non-migrating gelativore, Icosteus aenigmaticus, has been identified in video footage as a species consumed on particularly deep dives (>900 m, Naito et al., 2017). However, this species was not included in our prey library, so we cannot comment on the hypothesis of Naito et al. (2017) that it may be an important dietary item for larger, deeper diving females.

Although female northern elephant seals predominately consumed fishes, non-migrating squids were still a key component in the diet of nearly all seals. Non-migrating squid are less energy dense (~2,000 and 4,000 kJ kg−1) than the other functional groups in our study (Sinclair et al., 2015); however, they are generally slow moving, sit-and-wait hunters which may make them easy targets for seals. In contrast to previous studies, we found that C. c.f. calyx was the most dominant species followed by S. dofleini. Antonelis et al. (1987, 1994) found that O. deletron was the most common squid in the diet of adult females, followed by two histioteuthid squids, Histioteuthis heteropsis and S. dofleini. The discrepancies between our results and those of Antonelis et al. (1987, 1994) may be due to seals foraging in the California Current as they return to the rookery, since O. deletron is more associated with the California Current than C. calyx, and squid beak retention in the stomach is biased toward more recently consumed squids. Another possibility could be interannual differences in the distribution and abundance of squid species between their study period and ours.

Vertically migrating squids, while highly abundant in the eastern North Pacific, were not a major contributor to the diet of elephant seals, similar to the findings of Antonelis et al. (1987, 1994). Chasing and capturing these fast-moving, agile squids would increase energy expenditure of foraging seals, considerably reducing the net energy gain from this prey type. Since vertically migrating squids are less energy-dense (~3,000–6,000 kJ kg−1) than many mesopelagic fishes (~10,000–15,000 kJ kg−1, Sinclair et al., 2015), they may be less favorable prey despite their larger size, explaining their relative infrequency in elephant seal diet. However, there were a few individual seals that consumed higher proportions of migrating squids (e.g. ~30%), suggesting some individuals may specialize on this prey type.

According to optimal foraging theory, predators should prefer prey items that maximize their net energy gain (Charnov, 1976; Pyke, 1984; Stephens and Krebs, 1986), accounting for both prey energy content as well as the energy and time expended while foraging. Mesopelagic fishes have an average energy content (gram/wet weight) up to an order of magnitude higher than that of squids (Sinclair et al., 2015), so there may be an energetic advantage to this prey type, if seals can capture them efficiently. In addition, mesopelagic squids can be distributed more sparsely compared to fishes (Hoving et al., 2011), potentially making them difficult to catch frequently or in large numbers. Jaw motion analysis provides additional evidence that elephant seals often feed on many, small prey rather than single, large prey, despite the differences in gross energy content (Naito et al., 2013, Y. Naito and H. Louis, unpublished data).

The estimated diets in this study, with seals consuming both migrating and non-migrating fishes, are also consistent with the documented foraging behavior of female northern elephant seals observed with time depth recorders. Female seals display a marked day/night pattern in their foraging dives (mean day: ~620 m, mean night: ~450 m), as well as a diurnal bimodal dive distribution (modes: 385 m and 641 m, Robinson et al., 2012; Naito et al., 2017), which mirrors the vertical distribution of the deep scattering layers elephant seals forage upon (Frost and McCrone, 1979; Klevjer et al., 2016; Proud et al., 2018). Migrating mesopelagic fishes, like myctophids, rise from depths of ~300–700 m during the day to < 20 m at night (Watanabe et al., 1999; Brodeur and Yamamura, 2005). Since adult northern elephant seals typically do not feed at depths shallower than 400 m (Naito et al., 2013), it is likely that they are consuming these myctophids at deeper depths during the day and during twilight as they move upward in the water column. Yet, even at night many seals exhibit deep foraging dives that range from 650 to > 1,000 m (Naito et al., 2013, 2017), which is consistent with the presence of non-migrating species in their diets.

As a large endothermic predator with high prey requirements, northern elephant seals may exert top-down effects on the mesopelagic ecosystem. Thus, determining the diet of this top predator is a critical first step to unraveling complex food web interactions in the mesopelagic community of the North Pacific. Recent energetic studies using doubly-labeled water have shown that, on average, an adult female ingests ~64–141 MJ per day (Maresh et al., 2015). Based on the energetic content of a mesopelagic squid (Octopoteuthis deletron, 3.08 MJ kg−1) and myctophid fish (Myctophidae, 0.02 kg, 11.88 MJ kg−1) and assuming a simple monophagus diet, Maresh (2014) calculated that a single female elephant seal would need to consume ~5,600 kg of squid or 1,600 kg of fish per year from the North Pacific mesopelagic ecosystem. The current population estimate for northern elephant seals is ~240,000 (Lowry et al., 2014), with adult females representing around 22% of the population or ~53,000 individuals (Lowry et al., 2014). Scaled up to the population level, female seals are likely extracting ~286 million kg (286 thousand metric tons) of squid or 82 million kg (82 thousand metric tons) of fish per year, and that may be a conservative estimate. However, the paucity of data on the standing biomass of mesopelagic fauna makes it difficult to assess whether this level of prey extraction by elephant seals would result in any appreciable top-down effects on the North Pacific mesopelagic ecosystem.

Our prey library did not include two species, Pacific hake (Merluccius productus or Pacific whiting) and pelagic red crab (Pleuroncodes planipes), that have previously been reported as important prey items for elephant seals (Antonelis et al., 1987). Pacific hake is most likely not a significant component of diet of most female seals, as its distribution is confined largely to the demersal regions of the continental shelf and slope (Agostini et al., 2006). Female seals do not spend a significant portion of their foraging trips utilizing the continental shelf and slope regions (Robinson et al., 2012; Naito et al., 2013), so it is more likely that they opportunistically feed on hake near shore as they return to the rookery for breeding or molting (Sinclair, 1994). Pelagic red crab was only observed in the diet of seals during the 1984 El Niño (Antonelis et al., 1987, 1994) and was likely a unique event. Future diet analyses could focus on expanding the prey library to include species from the California Current biogeographic province and from the coastal shelf regions, which would facilitate diet estimation for seals that exclusively forage in those areas.

Evaluating QFASA

We developed a novel method, the drop core prey (DCP) analysis, to exclude prey species from the library based on quantitative criteria in order to resolve the problem of non-unique diet estimates. A non-arbitrary method of decreasing the number of prey was critical, as we lacked a priori information on which mesopelagic fishes were likely to be in the elephant seal diet. Our method iteratively eliminated core prey species from the complete prey library, and subsequently identified whether QFASA could estimate equally valid diets with the reduced prey library. From this, we inferred that any prey species that failed to appear in any of DCP diets, was truly absent from the diet. We permanently removed those absent prey species to obtain a final reduced prey library. The DCP analysis extends the applicability of QFASA to predators with access to many potential prey, where available data are insufficient to narrow those options.

NMDS ordination allowed us to see the relations of prey species in FA space, and, importantly, showed distinct separation between fish and squid FA profiles. Squids can be problematic in QFASA models (Conners et al., 2018), because most of their lipids are found in the large digestive gland, rather than other tissues like the mantle (Phillips et al., 2002). This results in a FA profile that may strongly resemble that of recently consumed prey present in the digestive gland. Since squids consume deep scattering layer fishes and other squids, they are more prone to be misidentified as their own prey. This problem is not limited to QFASA, but also occurs in stomach contents analyses, where it cannot be verified whether some prey remains were eaten by the predator of interest or if they were in the stomach of a prey item (Harvey and Antonelis, 1994; Bowen and Iverson, 2012). However, the separation between fishes and squids in the NMDS analysis combined with low error in the diet simulations suggests that this may not be a major source of error in our model.

The LOPO analysis and the diet simulations provided complementary information, which, when used together, allowed us to evaluate the ability of QFASA to distinguish among the species in our prey library. Several species (e.g., G. borealis and T. macropus) that had nearly zero estimated error in the simulations were occasionally misidentified as other species in the LOPO analysis. G. borealis was misidentified, though rarely, as C. calyx and O. deletron, whereas T. macropus was occasionally misidentified as B. dentata and M. lugubris. Consequently, we are confident that while the QFASA error for these species is likely not zero, it is still very low. Furthermore, the two species that had the highest rates of misidentification in the LOPO analysis (subadult O. borealijaponica and W. telescopa) had low error in the simulations, increasing our confidence in their estimates. No species with extremely low error in the simulations was self-attributed at < 87% in the LOPO analysis. When examined separately these methods were both likely to underestimate model error; however, interpreting them together allowed us to more accurately assess model performance in the absence of within-species variation in FA profiles.

Care must be taken in the selection of calibration coefficients because they represent the highest source of error and bias in QFASA modeling (Rosen and Tollit, 2012; Bromaghin et al., 2016b). Fortunately, we had access to a single captive adult female elephant seal and were able to compare her known diet to her FA profile. This provided a non-traditional method of calculating the elephant seal calibration coefficients. We found that our calibration coefficients were comparable to those of other phocids in formal captive feeding studies (Iverson et al., 2004, 2011; Rosen and Tollit, 2012). Therefore, while not a substitute for the traditional method, ours is a reasonable alternative for obtaining species-specific calibration coefficients when conducting a full captive feeding trial is not an option.

CONCLUSIONS

Using QFASA, we obtained the first quantitative estimates of the population-level diet of adult northern elephant seals, one of the top predators in the eastern North Pacific. Our findings change the prevalent view of northern elephant seals as specializing on squids, and, instead, confirm a broad diet dominated by deep-sea fishes. Myctophids and bathylagids are both critical prey groups that elephant seals exploit on their deep foraging dives into the deep scattering layers of the mesopelagic zone. Additionally, though still undeniably an important prey type, non-migrating mesopelagic squids only account for about a third of the population-level diet, far less than previously thought. Since non-migrating squids are also common prey items for sperm whales, fur seals, and beaked whales feeding in the eastern North Pacific (MacLeod et al., 2003; Gallo-Reynoso and Esperón-Rodríguez, 2013; Harvey et al., 2013), our study provides further evidence that these squids play an important role in the mesopelagic food web. Given the magnitude of mesopelagic biomass consumed by northern elephant seals, this study provides essential information on food web structure and function for the difficult to observe deep-ocean ecosystem of the North Pacific.
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Family n Mantle length (cm) Mass (g) Homogenate Functional
Species mean & SD mean & SD replicates group

Chiroteuthidae —Sworditail squids

Chiroteuthis c. f. calyx 2 19.25 + 14.64 48,65 + 38.68 1 Non-migrating
Cranchiidae —Glass squids

Galiteuthis phylura 3 4327 £ 1.7 86,83 + 61.15 3 Non-migrating

Taonius borealis 2 388£75 168.45 + 43.77 1 Non-migrating
Enoploteuthidae —Armed squids

Abraliopsis felis 14 451072 437 £ 111 1 Vertically migrating
Gonatidae —Armhook squids.

Beryteuthis anonychus 6 9.32 +0.48 2547 45 3 Vertically migrating

Gonatopsis borealis 15 2362 £2.23 42452 + 12617 3 Vertically migrating

Gonatus berryi 1 19.7 1029 1 Vertically migrating
Histioteuthidae —Cock-eyed squids

Stigmatoteuthis dofleini 1 120 565.0 2 Non-migrating
Octopoteuthidae —Octopus squids

Octopoteuthis deletron 3 142 £07 1282 + 7.26 3 Non-migrating
Ommastrephidae—Flying squids

Ommastrephes bartramii 9 414 +£285 2104 + 669.11 3 Vertically migrating
Onychoteuthidae —Hooked squids

Onychoteuthis borealjaponica 10 3098 £ 2.12 6796 + 123.95 3 Vertically migrating
(aclult)

Onychoteuthis borealijaponica 10 2194 £2.86 264.07 £ 95.04 3 Vertically migrating
(subadutt)

Mean mantle length < standard deviation (cm < SD) and mean mass (g < SD) for the individuals prey items (n)in the homogenate sample. Mass-specific aliquots of each homogenized
indlvidual were combined into a species-homogenate.
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59+96 59.5
0.1£06 6.4
98+98 382
0£0.2 16
0+0.2 16
0£05 6.5
00 0
005 6.5
00 0
0+0 0
00 06
3+53 237
3+£53 237
00 0
445 275
1+39 248
3+25 2
25+17 72
00
005 59
25+17 f
0+0.2 26
1.7+97 424
99+96 42.4
0+0 0
01£08 10.1
17+564 34
004 52
17.8+ 126 723
02413 8.4
994656 26.6
0£02 16
6.5+ 10.2 52.1
11+24 14
0+03 4.2
004 5.1
0+04 5.1

Frequency of
occurrence (%)
across all seal
diets

100
99.4
9
0
413
52.9

29

06
14.2
271
06

98.7

432
36.1
83.2
52
703
13

13
13

06

06
36.8

368

86.5

97
826
91.6

06
916
13
826

735

19
148
06
93.5

32
87.7
39
56.8
29
0.6
0.6

0.6
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Family
Species

Anoplogastridae—Fangtooths.
Anoplogaster cornuta
Bathylagidae —Deep sea smelts.
Bathylagus pacificus
Lipolagus ochotensis
Melanolagus bericoides
Pseudobathylagus milleri
Gempylidae —Snake mackerels
Diplospinus multistriatus
Gonostomatidae —Bristlemouths
Sigmops gracilis
Howellidae —Oceanic basslets
Howella sherborni
Melamphaidae —Bigscales
Melamphaes lugubris
Poromitra crassiceps
Melanonidae —Melanonids
Melanonus zugmayeri
Myctophidae—Lanternfishes
Diaphus theta
Diaphus gigas
Diaphus perspicilatus
Electrona risso
Lampadena urophaos
Lampadena yaquinae
Lampanyctus jordani
Nannobrachium regale
Stenobrachius leucopsarus
Stenobrachius nannochir
Symbolophorus calforniensis
Tarletonbeania taylori
Nemichthyidae —Snipe eels
Avocettina infans
Notosudidae —Waryfishes
Scopelosaurus harryi
Opisthoproctidae —
Barreleyes/Spookfishes
Macropinna microstoma
Winteria telescopa
Paralepididae—Barracudinas
Lestidiops ringens
Stemonosudis rothschildi
Phosichthyidae —Lightfishes
Ichthyococcus elongatus
Platytroctidae —Tubeshoulders
Sagamichthys abei
Scopelarchidae—Pearleyes
Benthabella dentata
Sternoptychidae—Hatchetfishes
Argyropelecus aculeatus
Argyropelecus sladeni
Stomiidae —Barbeled dragonfishes
Avistostomias scintillans
Chauliodus macouni
Idiacanthes antrostomas
Opostomias mitsuii
Tactostoma macropus

15
16

15

15

15

15

16
15

16

11
15

10

Std. length (om)
mean & SD

10.6 £ 2.34

14.36 £ 1.1
7.74 £ 088

13+ 1.87
13.56 + 1.65

46.37 +£ 813

10.71 £ 0.82

7.78 £ 059

8.16 £ 0.68
10.37 £ 1.02

16.46 + 1.63

7.54 £ 06
8.62 + 0.36
7.73 £ 0.62
6.91 £ 0.47
10.6 £ 0.28
12.16 £ 1.02
911 +£0.37
17.78 £ 218
9.93 + 0.37
10.18 + 0.52
743 £05
429 +0.28

4757 +£9.14

13.55 £ 3.24

127 £1.13

8.68 = 0.61

18 + 0.42
11.14 £ 093

7.79 £ 099

19.57 £ 3.1

19.83 £ 1.91

4.56 £ 0.61
3.96 £ 0.44

3803 +2.71
22.78 + 1.31

327 £3.22
24.74 £ 584
31.52 +£3.09

Mass (g) Homogenate
mean & SD replicates
42.63 % 25.47 3
2067 + 4.49 3
385+ 1.36 3
12.46 £ 5.78 3
22.49 + 6.71 5
59.47 & 54.05 3
334+ 102 3
10.1 + 3.39 3
16.86 + 3.91 3
2113 £ 6.96 3
2596 + 5.76 3
843 +2.1 3
10.28 & 1.47 3
7.83 +2.47 3
7.68 £ 097 3
16.25  7.42 3
2481+ 692 3
89+ 1.1 3
54.58 + 16.16 3
14.78 % 1.64 3
1134 £ 14 3
515+ 087 3
085 +0.16 3
961 + 4.99 5
10.55 £ 7.97 4
40.1 + 953 3
17.63 + 3,64 3
556+ 007 5
1.98 + 0.63 3
519 +2.26 3
70.08 + 27.41 5
52.8 +17.31 3
26509 5
1.83 £ 0.6 5
91.87 + 23.91 3
491 £ 1034 3
10.74 + 3.66 3
7882 % 51.18 3
49.33 £ 155 3

Functional group

Non-migrating generalist

Bathy-micwater gelativore
Bathy-midwater gelativore
Non-migrating gelativore
Bathy-micwater gelativore

Midwater migrating piscivore

Non-migrating zooplanktivore

Bathy-midwater crustacivore

Non-migrating zooplanktivore
Non-migrating gelativore

Non-migrating crustacivore

Surface migrating zooplanktivore
Midwater migrating zooplanktivore
Surface migrating zooplanktivore
Surface migrating zooplanktivore
Midwater migrating zooplanktivore
Bathy-midwater zooplanktivore
Non-migrating zooplanktivore
Non-migrating piscivore
Midwater migrating zooplanktivore
Non-migrating zooplanktivore
Surface migrating zooplanktivore
Surface migrating zooplanktivore

Non-migrating crustacivore

Non-migrating zooplanktivore

Non-migrating gelativore
Non-migrating gelativore

Non-migrating piscivore
Non-migrating piscivore

Midwater migrating zooplanktivore

Non-migrating gelativore

Non-migrating piscivore

Midwater migrating zooplanktivore
Midwater migrating zooplanktivore

Midwater migrating piscivore
Non-migrating piscivore
Non-migrating piscivore
Non-migrating piscivore

Surface migrating piscivore

Mean standard length + standard deviation (cm + SD) and mean mass (g + SD) for the individuals prey items (n) in the homogenate sample. Whole prey were homogenized and

mass-specific aliquots of each individual were combined into a species-homogenate.
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Fatty acid Percent & SD Calibration Fatty acid Percent & SD Calibration

coefficient

14:0° 2.88 £ 0.49 0.96 18:3n-6" 0.1+ 002 121
14:1n-5* 0.11 £ 0.08 5.74 18:3n-4* 0.23 + 0.03 251
-15:0 0.14 £ 0.02 0.99 18:3n-3" 0.39 £ 0.07 0.83
15:0 0.33 + 0.04 0.68 18:3n-1* 021+ 0.02 06
16:0 10.41 £ 1.48 0.53 18:4n-3" 027 £ 0.09 0.44
16:1n-11 0.39 + 0.06 0.82 18:4n-1* 0.02 + 0.02 0.72
16:1n-9 0.35 + 0.04 1.93 20:0 021+ 0.03 1.23
16:1n-7* 4.04 £0.79 098 20:1n-11 1169+ 2.1 8.06
16:1n-5* 0.2 £0.03 0.51 20:1n-9" 7.03+£0.78 163
1710 0.12 4 0.03 0.45 20:1n-7" 049 £ 0.2 151
17:0 0.19 + 0.06 0.68 20:2n-9 0.16 + 0.03 1.82
16:2n-6* 0.01 +£0.01 0.65 20:2n-6" 0.42 £ 0.04 135
17: Tb" 057 £ 0.07 097 20:3n-6" 0.1 +£0.01 177
16:2n-4° 0.08 + 0.04 0.71 20:4n-6" 0.56 £ 0.07 052
17:0 0.32 + 0.04 09 20:3n-3" 0.16 £ 0.02 1.18
Phytanic acid 0.05 & 0.04 07 20:4n-3* 0.45 £ 0.08 122
16:3n-4* 0.03 + 0.01 0.47 20:6n-3* 1.63 + 0.62 0.23
17:1* 0.45 £ 0.07 1.08 22:1n-11* 9.56 £ 2.51 0.59
16:4n-3 0.08 +0.11 0 22:1n-9* 117 £0.26 088
16:4n-1* 0.01 +£0.02 0.33 22:1n-7" 0.15 £+ 0.04 0.59
18:0 282 +0.29 1.14 21:5n-3" 0.1140.03 0.82
18:1n-13 0.4 +£0.15 1.28 22:4n-6* 0.18 £ 0.05 242
18:1n-11 1.81 + 0.69 12.98 22:6n-6" 0.18 + 0.03 093
26.93 + 3.63 231 22:4n-3 0.07 £ 0.02 1.67
317 + 0.66 126 22:5n-3 133034 3.44
0.45 + 0.06 0.77 22:6n-3" 4.87 +0.81 0.42
125+ 0.17 157 24:1° 0.69 £ 0.19 0.42

0.06 + 0.02 0.76

* Dietary fatty acid. 117 C fatty acids with one double bond and a methyl branch; locations of the double bond and methyl branch are unknown but differ between 17:1a and 17:1b.
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