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Through daily vertical movements, mesopelagic fishes contribute to global carbon export and, when eaten, link primary consumers to higher trophic level predators. Although the importance of mesopelagic fishes as prey to individual predator species has been explored, a comprehensive assessment of mesopelagic fishes as prey at the scale of a large marine ecosystem would advance our observing, modeling, and predicting of biodiversity and ecosystem function. We use diet samples from over 105,000 individual predators from 143 taxa in the California Current Ecosystem (CCE) to quantify and evaluate the role of mesopelagic fishes as prey. For 11 predator taxa, including protected mammal species, pelagic squids, a shelf-edge-associated rockfish and highly migratory species, mesopelagic fishes occurred in greater than 25% of all diet samples, likely comprising an important source of prey. Of the 143 taxa represented, individuals from 36 taxa, or 25% percent of all predator taxa in the database, consumed at least one mesopelagic fish species, including economically important fishery species such as Bluefin tuna (16% of all non-empty diet samples), Albacore (19%), Swordfish (50%), Humboldt squid (52%), and Pacific hake (4%). Compared with coastal pelagic fish species (essential prey in the CCE), mesopelagic fish were more frequently encountered in the diets of 21 predator taxa. Lanternfish (family Myctophidae) were the most common prey and consumed by the greatest diversity of predators (32 taxa), but an additional 16 families of mesopelagic fishes were also consumed by predators, highlighting the diversity of organisms inhabiting mesopelagic depths. Mesopelagic fishes were found in the diets of predators collected from shelf depths to well offshore, accentuating the role of mesopelagic fishes as prey across habitats, especially for predators foraging over the slope and further offshore. Our work illuminates the importance of mesopelagic fishes as prey to a diversity of economically valuable and protected species, underscoring the need to incorporate mesopelagic fishes more comprehensively into food web models, global carbon budgets and ultimately our understanding of ecosystem function.
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Introduction

Mesopelagic fishes are among the most abundant vertebrates on earth, with a biomass likely exceeding that of total global fisheries landings (Beamish et al., 1999; Irigoien et al., 2014). Historically, mesopelagic fishes have been of little direct economic value due to their small size, waxy composition, and difficulty of capture in loose aggregations at deep depths. In recent years, however, there has been growing interest in developing industrial fisheries, particularly as potential fishmeal and fish oil for aquaculture operations that produce more desirable fish species (Standal and Grimaldo, 2020). Beyond economic value, mesopelagic organisms contribute to global carbon export through their vertical migration into surface waters to feed and their subsequent return to depth. In the California Current, mesopelagic fishes are estimated to account for 15–17% of all carbon exported from surface productivity (Davison et al., 2013). In addition to their role as consumers, mesopelagic fishes are vital as prey to higher trophic-level predators, including economically valuable fish species and protected marine mammals (Pauly, 1998; Brodeur and Yamamura, 2005; Duffy et al., 2017). While the importance of mesopelagic fishes as prey to individual predator species is regularly stated, the complex trophic interactions between diverse mesopelagic species and potential predators can be best examined at an ecosystem level. As a case study, we use a unique database of diet data from diverse predators within the California Current Ecosystem (CCE) to investigate the role of mesopelagic fishes as prey. This work benefits future biodiversity and ecosystem function modeling and provides context to inform ongoing and potential future fisheries management actions.

The mesopelagic zone, occurring at depths of ~200–1000 m, is one of the largest habitats on earth, and one of the least understood (St. John et al., 2016). Organisms inhabiting mesopelagic depths often form complex aggregations of diverse taxa referred to as “deep scattering layers”; their initial discovery was via strong acoustic backscatter (Eyring et al., 1948). The mesopelagic environment is connected to epipelagic processes such as upper thermal mixing and pycnocline layers that structure and concentrate primary production and secondary consumers in pelagic systems. Mesopelagic organisms typically depend on raining organic matter from the surface for food or interact with upper waters directly during a daily vertical migration to feed. During these nighttime sojourns to the surface, mesopelagic organisms are prone to predation by epipelagic nocturnal predators. While it is assumed that most mesopelagic fishes return to depth during the day to avoid predation by visually oriented predators (see review by Longhurst, 1976), which can vary by species and life-history (Benoit-Bird et al., 2017), some predators are capable of hunting mesopelagic prey during the daytime by foraging at mesopelagic depths. Thus, mesopelagic fishes are vulnerable to predation by both daytime diving predators as well as nocturnal predators foraging near the surface.

Mesopelagic fishes have been recorded in the diets of cephalopods, elasmobranchs, fishes (including tuna, salmon, and groundfish species), seabirds, pinnipeds, and cetaceans (Gjosaeter and Kawaguchi, 1980; Pauly, 1998; Brodeur and Yamamura, 2005; Spear et al., 2007), among others. Myctophids, one of the most abundant and diverse families of fish in the mesopelagic, are noted for their high energy density (Van de Putte et al., 2006), which makes them a particularly important prey for predators with high energy demands. While Myctophids are an important link between primary consumers and higher trophic level predators in epipelagic surface waters, they additionally connect surface production to deep-ocean food webs (Choy et al., 2017). While some predator species specifically target mesopelagic fishes (e.g., Northern elephant seal (Goetsch et al., 2018)), other predators may rely on mesopelagic prey during times of decreased coastal prey (e.g. Kittiwakes, Paredes et al., 2014). Myctophids are also important consumers of krill, and in their central role between primary consumers and higher trophic level predators, they may stabilize krill-dominated food webs, such as in the Southern Ocean, during periods of warming temperatures and declining krill (Saunders et al., 2019). In the CCE, mesopelagic fishes may likewise be important as prey for higher trophic level predators during periods of variable oceanographic conditions. Survey data from both the southern and central California Current indicates mesopelagic fishes may fluctuate out of phase with other forage species, with mesopelagic taxa tending to be more abundant, (Hsieh et al., 2009; Koslow et al., 2011; Ralston et al., 2015; Santora et al. 2021), and more diverse (Santora et al., 2017), in years defined by warmer ocean temperatures. Thus, during warm periods, when other forage species are likely to decline, mesopelagic fishes may provide similar resiliency for predators in the CCE.

The California Current is an eastern boundary current upwelling ecosystem that is characterized by seasonally strong upwelling-favorable conditions and associated high levels of primary productivity (Checkley and Barth, 2009). This productivity supports robust coastal pelagic species and economically important fisheries, considered indispensable to the CCE food web (Miller et al., 2010). The biomass of mesopelagic fish has been estimated to be approximately equivalent to that of the epipelagic forage community (Davison et al., 2015), but with far greater uncertainty regarding total abundance and species composition. Although previous work in the region has attempted to summarize trophic relationships between mesopelagic prey (and other forage species) and higher trophic level predators (Dufault et al., 2009; Szoboszlai et al., 2015), these studies were based on literature reviews rather than analysis of raw diet data and were consequently limited in their ability to evaluate the importance of mesopelagic prey to predators with fine-scale taxonomic resolution. Our study is the first to use a meta-synthesis of raw diet data to conduct a comprehensive examination of the role of the full suite of mesopelagic fishes as prey to the broader predator community of the CCE. The results should inform future ecosystem modeling efforts, by providing guidance on complex trophic interactions and aid ongoing management efforts, such as the current moratorium on new fisheries for mesopelagic fishes and other forage species in the California Current.





Materials and methods

Examining the diet of higher trophic level predators is an imperfect method for describing predator consumption patterns and trophodynamics. While there are limitations with sampling a snapshot in time, the inferences that can be made regarding the diet composition and relative importance of distinct prey items make gut content analysis nonetheless an indispensable method for understanding trophic interactions (Baker et al., 2014). In this study, we use the “California Current Trophic Database,” referred to as the CCTD (Bizzarro et al., 2023), available publicly via the NOAA Environmental Research Division’s Data Access Program (ERDDAP). The CCTD combines 24 separate datasets from 1967 to 2019 on food habit studies from predominately stomach, and some scat samples, from over 100,000 individual predators, including taxa of squids (n = 5), elasmobranchs (n = 13), bony fishes (n = 118), and marine mammals (n = 7).

We investigated and summarized the role of mesopelagic fishes in the diet of higher trophic level predators in the CCE. To identify which prey species could be categorized as “mesopelagic,” we reviewed all prey fish species from the CCTD database (total of 323 fish taxa). For each of these taxa, we searched Fishbase (https://www.fishbase.se/) for available depth range values. In those cases where data were missing for a given species, or for higher level taxonomic groupings (i.e., family or genus as opposed to species), we additionally looked up the taxon of question in “Pacific Coast Fishes,”(Eschmeyer et al., 1983) “Guide to the coastal marine fishes of California,” (Miller and Lea, 1972) and/or “Deep-sea fishes” (Priede, 2017), and in some cases the broader literature (see Supplementary Table S1 for additional references). We define a taxon as “mesopelagic” if its daytime adult distribution is pelagic and occurs at depths of ~200–1000 m. Many “mesopelagic” taxa have distributions that extend beyond 1000 m into the bathypelagic zone. In this study, what we consider to be “mesopelagic” also includes those prey species with distributions extending into the bathypelagic zone. For specifics, see Supplementary Table S1. For broader taxonomic categories, we chose depth criteria based on representative species within a given taxa in the prey list, or other representative species from those taxa available in Fishbase, and only included the broader grouping as “mesopelagic” if all available representatives were mesopelagic. In total, there were 62 taxa that we consider to be mesopelagic, or ~19% of all identified fish prey species within the database (62/323 fishes).

Frequency of occurrence (FO) is a robust metric in diet analysis studies for quantifying prey prevalence, while avoiding the pitfalls inherent in other gut content metrics (Baker et al., 2014), especially as methods of diet sample collection and processing varied across taxa and collections. FO is calculated as the total number of stomachs [or scats for marine mammals inhabiting onshore colonies, see (Lowry et al., 2022)], containing a prey taxon of interest, divided by the total number of non-empty stomachs for that given predator taxa. We first determined which of the predators in the CCTD database had consumed any mesopelagic fish prey (Figure 1A). The FO was then calculated as the number of predator diet samples containing mesopelagic fish prey divided by the total number of non-empty diet samples for that predator (Figure 1B). To compare the relative contribution of mesopelagic fishes to that of coastal pelagic fishes, as defined by the Pacific Fishery Management Council, and considered to be essential prey in the CCE, we calculated a combined FO for Pacific sardine Sardinops sagax, Pacific (chub) mackerel Scomber japonicus, Northern anchovy Engraulis mordax, Jack mackerel Trachurus symmetricus, Pacific herring Clupea pallasii pallasii, and Jacksmelt Atherinopsis californiensis. We then compared the relative contribution of mesopelagic fishes to that of the combined coastal pelagic fish species for predator taxa that consumed mesopelagic prey (Figure 1B).




Figure 1 | (A) Phylogeny of predator taxa that consumed a minimum of one mesopelagic fish prey. In total 36 predator taxa had mesopelagic fishes in their diet samples, equivalent to ~25% of all predator taxa within the California Current Trophic Database (CCTD). Of those predator species, 16 are federally managed or under international agreement (shown in blue), and six are protected marine mammal species (orange) or in the case of specific Salmonid stock/species both federally managed and protected. (B) FO of mesopelagic (blue) and coastal pelagic (gray) fish prey. The top 11 predator taxa had FO values greater than 0.25 (or 25% of all individuals within these taxa had consumed mesopelagic prey), indicating mesopelagic fish may be especially important for these predator taxa.



Of the mesopelagic fish consumed (Figures 2A, B), we were also interested in which mesopelagic fish taxa were most frequently encountered in predator diets, as this could indicate abundance and/or trophic importance of specific mesopelagic prey types. We chose to group by mesopelagic fish family as opposed to individual taxa due to challenges associated with reliably identifying gut/scat material to the species level between different collections. We calculated a FO per mesopelagic fish family as the number of unique predator stomachs containing prey from each family of mesopelagic fish, divided by the total # of non-empty stomachs per predator species. We then plotted this family level FO value for each predator taxa and examined trends in predator diet across mesopelagic fish families (Figure 3). Myctophids were the most frequently encountered mesopelagic fish prey, so we further examined the percentage occurrence of specific species of Myctophids contributing to this abundance (Figure 2C).




Figure 2 | (A) Phylogeny representing the diversity of mesopelagic fish prey found in predator diet samples. (B) Pictures of representative families of mesopelagic families. (C) Of those fishes from the Myctophidae family that were identified to species, the most abundant Myctophid species as percent of total identified Myctophids.






Figure 3 | Diversity of mesopelagic fish prey consumed by predators within the CCTD depicted as the proportion of mesopelagic prey consumed for a given predator taxa. Myctophids had the greatest number of predators (32), followed by Bathylagids (14), Paralepididae and Microstomatidae (12 each), Melamphidae (5), Scopelarchidae (Pearleye) (4), and Stomiidae (7). Myctophids were also consumed by the greatest number of unique predators (2,621) followed by Paralepididae (526) and Bathylagidae (482) among others.



The CCTD database contains information on the method and location of predator diet sample collections. Predator collections were identified with a collection id that was unique in time and space, although the number of predator samples collected in any given collection was variable. Although collection information is not necessarily unique to an individual predator, the position of each collection provides valuable information on predator foraging habits and the proportion of predators at a given location that consumed mesopelagic prey. Location information was available for > 90% of mesopelagic predator collection records. For each predator collection location record in the database, we plotted the proportion of predators that had consumed mesopelagic fishes (Figure 4). For each collection record, we then assigned “habitat” type based on bottom depth: shelf (0–200 m), slope (200–1000 m), deep (> 1000 m), or scat samples from onshore marine mammal colonies (for California sea lion and Northern fur seal). We removed records for diet samples that were collected from strandings, as these samples did not accurately reflect foraging position. We used NOAA bathymetry data from the R package {marmap} (Pante and Simon-Bouhet, 2013) to extract information about the underlying bottom depth for each collection record. Although diet samples in the CCTD were not sampled evenly across habitat types, and we did not have sufficient data available to compare the actual depth of predator capture; we examined predator foraging habitat trends by comparing the number of collection locations that captured predators that had consumed mesopelagic prey (Figure 4 inset) and the composition of predator taxa that had consumed mesopelagic prey by habitat type (Figure 5). All quantitative analyses were conducted using the R programming language (R Core Team, 2022) in Rstudio (RStudio Team, 2022).




Figure 4 | Map describing the location where predator collections occurred. Circle size corresponds to the number of predators captured at a given location while color describes the proportion of those predators that had consumed mesopelagic prey. Figure 4 inset: Depth distribution of predator collections that had consumed mesopelagic prey. Depths correspond to bottom depths.






Figure 5 | Comparison of predator composition (for those predator taxa that consumed mesopelagic fish in our database), across habitat types defined by bottom depth. For each habitat type, the total number of diet samples that contained mesopelagic fish prey and the total number of diet samples collected for that predator taxa (in parentheses) are displayed. Note that these values do not necessarily reflect the total number of diet samples collected, just those that had collection position information available in the database.



Prey length can be an important determinant of predation susceptibility. Most mesopelagic fish lengths were measured as standard length (SL) values, but total length (TL), fork length (FL), and in some cases back calculated SL measurements were also available. We used SL or back calculated SL measurements to compare the length frequency distribution of mesopelagic fish prey between families and compared SL of mesopelagic fish to coastal pelagic fish prey. For those prey records that lacked SL information, but had FL or TL measurements, we converted to SL using length to length conversion values available from fishbase.org. In total, we had length information for 3,267 mesopelagic fish prey, which were plotted for those mesopelagic fish families with at least 10 length records available (Figure 6A). We also compared the length frequency distribution of mesopelagic fishes with that of coastal pelagic prey for those predator species that consumed mesopelagic fishes within the database, to assess whether mesopelagic fishes had overlapping or distinct length distributions to coastal pelagic fishes (Figure 6B).




Figure 6 | (A) Mesopelagic fish length values by family, for those families with at least 10 length measurements available. (B) A comparison of length frequencies for mesopelagic and coastal pelagic fish prey for those predator species that consumed mesopelagic prey. All length values are reported in mm from standard lengths and were either measured directly, back-calculated, or estimated from another either TL or FL measurements.







Results

The FO analysis revealed mesopelagic fishes to be important prey for multiple phyla of higher trophic level predators. For 11 predator taxa, greater than 25% of all diet samples contained mesopelagic fish prey. Although there was variability in the total number of samples examined, we classify a FO value greater than 25% as an “important” prey item. For four dolphin species, Northern right whale dolphin Lissodelphis borealis, short-beaked common dolphin Delphinus delphis delphis, Pacific white-sided dolphin Lagenorhynchus obliquidens, and long-beaked common dolphin Delphinus delphis bairdii, 89, 86, 48, and 29% of samples, respectively, contained mesopelagic fish prey. Pelagic squids also appear to rely on mesopelagic fishes as prey, with four of the five squid taxa in the database containing percentages of mesopelagic fish in diet samples greater than 25%: Armhook squid Gonatidae spp., (75%) Cock-eyed squid Histioteuthis spp. (55%), Humboldt squid Dosidicus gigas (52%), and Hooked squid Onychoteuthidae spp. (38%). Additionally, Silvergray rockfish Sebastes brevispinis (52%), Bigeye thresher shark Alopias superciliosus (51%), and Broadbill swordfish Xiphias gladius (50%) all had a prevalence of mesopelagic fishes of 50% of samples or greater (Figure 1B and Supplementary Table S2). Just below our 25% criteria, Albacore Thunnus alalunga (19%) and Canary Rockfish Sebastes pinniger (19%) had a relatively high frequency of mesopelagic prey in their diet samples followed by the Sandpaper skate Bathyraja kincaidii, Pacific Ocean perch Sebastes alutus and Bluefin Tuna Thunnus orientalis, which each had a percent FO of 16% followed by Northern fur seal Callorhinus ursinus, 15% FO.

In addition, 36 total predator taxa in the CCTD database had a minimum of one record of a mesopelagic fish in their diet. This included six of the seven marine mammal species, 19 bony fishes including: swordfish, tuna, and salmon species, seven elasmobranchs and four of the five squid taxa, indicating that mesopelagic fish may be an occasional prey source for an even greater diversity of predators in the California Current. When we compare the contribution of mesopelagic fish with that of coastal pelagic fish species in the diet of predators, there were 21 taxa for which mesopelagic fishes were more frequently encountered in the diet than all coastal pelagic fish species combined and included: Northern right whale dolphin Lissodelphis borealis, short-beaked common dolphin Delphinus delphis, Armhook squid Gonatidae, Cock-eyed squid Histioteuthidae, Humboldt squid Dosidicus gigas, Silvergray rockfish Sebastes brevispinis, Bigeye thresher shark Alopias superciliosus, Broadbill swordfish Xiphias gladius, Pacific white-sided dolphin Lagenorphynchus obliquidens, and others; see Supplementary Table S3 for full list.

Myctophids were the most common family of prey, eaten by the greatest diversity of predator taxa, 32 in total (Figure 3), although we are not able to resolve whether this is a result of their abundance within the mesopelagic zone or predator selectivity. Myctophids comprised the top 8 most frequently encountered prey items according to the highest resolution taxon categories, and when aggregated by family, Myctophids were the dominant mesopelagic prey (Figure 3), occurring in the diets of 2,621 unique predators and not considering the actual count of individuals per predator or multiple species of Myctophid per diet sample. It was not possible to identify all Myctophids to species, such that 939 of a total of 4,372 Myctophid records were only identified to family. Of those Myctophids that were identified to 15 species, the following occurred in the greatest number of unique diet samples (Figure 2C): Northern lampfish Stenobrachius leucopsarus (~20%), Bigfin lanternfish Symbolophorus californiensis (16%), Blue lanternfish Tarletonbeania crenularis (15%), California headlightfish Diaphus theta (13%), Dogtooth lampfish Ceratoscopelus townsendi (10%), Broadfin lampfish Lampanyctus ritteri (9%), Mexican lampfish Triphoturus mexicanus (9%), Sunbeam lampfish Lampadena urophaos (5%), and California flashlightfish Protomyctophum crockeri (3%). The remaining taxa comprising less than 1% of the identified Myctophid samples.

While Myctophids had the greatest number of predator species and FO, likely attributable to their abundance, our work also highlights the prevalence of additional mesopelagic fish families (Figure 3): Paralepididae (Barracudina) occurred in 526 individual diet samples from 12 predator taxa, followed by Bathylagidae (Deep-sea smelts), 482 individual samples from 14 predator taxa, Microstomatidae (Pencil smelts), 147 samples from 12 predator taxa, Melamphaidae (Ridgehead), 66 samples from five predator taxa, Scopelarchidae (Pearleye), 66 samples from four predator taxa and Stomiidae (Dragonfishes), 52 samples from seven predator taxa. The remaining families represented less than 1% of the total number of diet samples. While some predator taxa consumed a limited number of mesopelagic fish taxa, other predator species consumed a wide diversity of mesopelagic taxa. Of the predators in our database, Humboldt squid Dosidicus gigas consumed the greatest number of mesopelagic taxa (30), followed by California Sea lion Zalophus californianus and short-beaked common dolphin Delphinus delphis delphis (22 taxa each), Pacific hake Merluccius productus (21), Northern right whale dolphin Lissodelphis borealis (19), and Sablefish Anoplopoma fimbria, Albacore Thunnus alalunga and Bluefin tuna Thunnus orientalis (13 each), (see Supplementary Table S4 for complete list), indicating that while Myctophids were the dominant mesopelagic fish prey encountered, additional mesopelagic fish families were also represented in predator diets.

Mesopelagic predator collection records occurred over a similar geographic extent as those of all predator collections, ranging from British Columbia south to Baja and out into the North Pacific Gyre (see Figure 4). The proportion of collection records with predators that had consumed mesopelagic prey was greatest in deep waters, 40% (bottom depths > 1000 m), followed by 29% for slope collections (bottom depths of 200–1000 m). These values were similar to the 36% observed from scat sample records collected onshore at marine mammal colonies. Contrastingly, but not surprising, given the deeper distribution of mesopelagic fishes, was the relatively small percentage (2%) of predator collection records that had consumed mesopelagic fish from bottom depths associated with the shelf (0–200 m); see Figure 4 inset.

The species composition of mesopelagic predators varied across habitats. The collection location of predators that had consumed mesopelagic fish was greater in deep habitat (bottom depths > 1000 m) for short-beaked common dolphin Delphinus delphis delphis, cock-eyed squid Histioteuthidae, Shortfin mako shark Isurus oxyrinchus, Northern right whale dolphin Lissodelphis borealis, Longspine thornyhead Sebastolobus altivelis, Albacore Thunnus alalunga, Pacific bluefin tuna Thunnus orientalis, and Broadbill swordfish Xiphias gladius (for those taxa with at least 10 diet samples collected, see Figure 5). This contrasted to predator taxa whose greatest number of collections containing mesopelagic fish prey occurred over the slope (bottoms depths from 200 to 1000 m): Bigeye thresher shark Alopias superciliosus, Common thresher shark Alopias vulpinus, Sablefish Anoplopoma fimbria, Sandpaper skate Bathyraja kincaidii, Humboldt squid Dosidicus gigas, and Pacific hake Merluccius productus. Longnose Skate Beringraja rhina, Chinook Salmon Oncorhynchus tshawytscha, Pacific Ocean perch Sebastes alutus, Silvergray Rockfish Sebastes brevispinis, and Canary Rockfish Sebastes pinniger were unique in having the greatest number of collections with mesopelagic prey occur over shelf depths (bottom depths from 0 to 200 m), shallower than the distribution of most mesopelagic fish species.

The comparison of length frequencies between mesopelagic and coastal pelagic fish prey revealed substantial overlap but with a mesopelagic fish length peak occurring at shorter lengths than coastal pelagic prey (Figure 6B); mesopelagic fish lengths were centered around ~50 mm (5 cm), while coastal pelagic species around ~125 mm (12.5 cm). In general, the range of length values for coastal pelagic and mesopelagic fishes were similar (11–466 mm for mesopelagic fish and 2–505 mm for coastal pelagic fish), but most mesopelagic fishes that were consumed by predators in our database were smaller than coastal pelagic fish species. When we compared length frequencies by mesopelagic fish family (for those families with at least 10 length samples available) (Figure 6A), there were disparities among families, with fishes from Bathylagidae and Myctophidae peaking around 50 mm (5 cm), and Microstomatidae, Paralepidiade, and Tetragonuridae peaking at greater lengths: ~175 mm (17.5 cm) for Microstomatidae/Paralepidade and ~300 mm (30 cm) for Tetragonuridae, indicating that distinct mesopelagic fish families cannot be easily categorized into one size class. For a full breakdown of mean SL per taxa, see Supplementary Table S5.





Discussion

Our study represents an important step in the use of compiled diet data from numerous existing predator diet studies to evaluate the importance of mesopelagic fish as prey at the scale of a large marine ecosystem. In total, 25% of all 143 predator taxa in the CCTD consumed a minimum of one mesopelagic fish, including economically important fishery species such as bluefin tuna (16% of samples), albacore (19%), swordfish (50%), Humboldt squid (52%), and Pacific hake (4%). Mesopelagic fishes were also prevalent in the diet of marine mammals, occurring in four species greater than 25% of the time (Dolphins and Pinnipeds). For 11 of these predator taxa, mesopelagic fishes occurred in more than 25% of all individuals examined, and thus likely represent an important source of prey. The diversity of evolutionary and ecological niches represented among these 11 predator taxa [four pelagic squid, a shelf-edge associated rockfish, Sebastes brevispinis, two vertically migrating pelagic predators (the Bigeye thresher shark Alopias superciliosus and Broadbill swordfish Xiphias gladius), and four species of dolphins], suggest that mesopelagic fishes are important across a variety of trophic levels and habitats. The CCTD includes data for a limited number of predator species and does not currently account for many deep water predator species, especially mesopelagic dwelling predators, who are known to prey on mesopelagic fishes (Dufault et al., 2009; Choy et al., 2013). The CCTD does not yet include data from seabirds, which are also significant global predators of mesopelagic fishes (Watanuki and Thiebot, 2018), so our assessment is still incomplete for the California Current. Finally, although invertebrate prey were accounted for in the CCTD database and there is evidence that mesopelagic invertebrates (e.g., Gonatidae squid and Sergestidae shrimp) are important components of the forage base for higher trophic level predators in the California Current (Szoboszlai et al., 2015), we did not include them in our study. Thus, although our results demonstrate the value of mesopelagic fishes as prey to higher level predators, the true contribution of mesopelagic organisms to the ecosystem is likely underestimated.

Mesopelagic fishes inhabit daytime depths of ~200–1000 m, so we would expect predators of mesopelagic fish to forage over bottom depths at least this great. Indeed, we found the proportion of collection records with predators that had consumed mesopelagic prey to be greatest in deep waters; 40% in waters with bottom depths greater than 1000 m and 29% over the slope (bottom depths between 200 and 1000 m). As neritic prey decreases with increasing distance offshore, mesopelagic fishes may play an increasing role as prey to predators foraging further offshore. Of the 11 predator taxa with FO values of mesopelagic fish greater than 25% (i.e., those species for which we consider mesopelagic prey to be important), six of these 11 predator taxa were most often collected having consumed mesopelagic prey over deeper waters (bottom depths > 1000 m). This total increases to nine of the 11 predator taxa if we include predators that were most often collected with mesopelagic prey over the slope (bottom depth 200–1000 m). This contrasts to only one predator taxa, Sebastes brevispinis, that was captured exclusively over shelf depths, but still had a high incidence of mesopelagic prey. The 11th species, Pacific white-sided dolphin Lagenorhynchus obliquidens was collected with mesopelagic prey in similar proportions over the shelf and slope. Our comparison of predator taxa across collection habitats thus provides evidence that mesopelagic fishes are increasingly important as prey to predator taxa with increasing distance offshore.

Our results also revealed, however, that mesopelagic species were being consumed by predators collected onshore (in scat samples collected from marine mammal rookeries) and over the shelf (bottom depths 0–200 m). Nineteen predator taxa that had consumed mesopelagic prey were collected over shelf depths (Figure 5), which raises the question of how do inshore predators find mesopelagic prey? In the Main Hawaiian Islands, mesopelagic organisms can migrate up to 1.8-km onshore each night to feed (Benoit-Bird et al., 2001), during which time they are vulnerable to nocturnal, shallow predators. Predator taxa that were exclusively collected over shelf depths, indicating an unlikeliness to forage offshore in deep regions, such as three rockfish species in our analysis (Silvergray rockfish Sebastes brevispinis, Blue rockfish Sebastes mystinus, and Canary rockfish Sebastes pinniger), may be specifically targeting locations where mesopelagic fishes are transported. Yellowtail rockfish Sebastes flavidus, which were collected in both shelf and slope habitats, but that had only consumed mesopelagic fishes over shelf depths, for example, have been observed preying upon large numbers of Myctophids transported from adjacent submarine canyons (Pereyra et al., 1969). Submarine canyons are a common feature of the U.S. west coast shelfbreak where they facilitate the concentration and persistence of krill abundance hotspots (Santora et al., 2018). Myctophids, many of which prey upon krill, are known to aggregate along submarine canyon walls (Bosley et al., 2004). Research has shown that abrupt topographic features, including canyons, but also including banks, pinnacles, and other shelf features, can aggregate and trap mesopelagic zooplankton and fishes, making them more susceptible to predation (Isaacs and Schwartzlose, 1965; Genin et al., 1988; Genin, 2004) and provide opportunities for predators around these features to encounter mesopelagic prey. Predators collected over the shelf break such as Pacific hake Merluccius productus in our study (Figure 5), where there is a high diversity and abundance of mesopelagic fishes (Pearcy, 1964), may likewise be intercepting mesopelagic fishes trapped after getting transported during vertical migration from deeper depths, as was documented for European hake Merluccius merluccius residing along shelf breaks in the Western Mediterranean (Cartes et al., 2009). In the Southern Ocean, during high wind periods, Myctophids have been advected onto shelf regions where they are likewise consumed by land-based predators (Perissinotto and McQuaid, 1992). It is likely that a similar mechanism is responsible for conveying mesopelagic prey to shelf associated predators in our study, although more research in this area would be beneficial.

So far, we have discussed mechanisms whereby mesopelagic fish and predator interactions are facilitated by the daily vertical migration of mesopelagic fishes into the upper water column. Also referred to as “running the gauntlet” of predators (Robison et al., 2020), the daily movement of mesopelagic organisms into the upper water column over distances upwards of hundreds of meters is assumed to be a tradeoff between increased prey availability in surface waters and avoiding predation by visual predators during the day. While it is estimated globally that ~50% of mesopelagic organisms undergo vertical migration, up to 90% are estimated to migrate in the Eastern Pacific where our study takes place (Klevjer et al., 2016). Many species of Myctophids (Lanternfishes), the most frequently encountered mesopelagic prey in our study, migrate vertically (Watanabe et al., 1999; Brodeur and Yamamura, 2005), although there is considerable variability among species and life stages. For those groups of mesopelagic fishes that do not migrate vertically or for migrating species at mesopelagic depths during the daytime, there is still the risk of predation by deep-diving predator taxa. In the CCTD, we did not have sufficient data about the capture depth of predators to infer foraging depths, but for some predator taxa, we know that individuals forage consistently at mesopelagic depths. Broadbill swordfish Xiphius gladius, for example, which have a FO of mesopelagic fishes in their diet of ~50% are known to target deep-scattering layers when foraging (Dewar et al., 2011) and can dive to depths of up to 2878 m (fishbase.org). One limitation of our study is the bias within the CCTD toward nearshore and epipelagic predators (Figure 4), which likely leads to an underestimation of the role of non-migrating mesopelagic fishes in predator diets. For example, Gonostomatidae (Bristlemouths), considered one of the most abundant families of mesopelagic fishes in the world, were only represented in our database by a single predator record. While this could be attributed to the inherent difficulty in identification, due to the fragile nature of these fish, more likely Gonostomatidae play an increasingly important role as prey to deeper water predator communities that were not included in the diet database. Future work would benefit from the inclusion of diet data from deeper dwelling predatory species.

While Myctophids dominated the mesopelagic prey in our study in terms of FO and diversity of predators that consumed them, it was beyond the scope of this study to examine whether this was a function of predator selectivity or the abundance of Myctophids within the mesopelagic zone. Research indicates that Myctophids likely dominate the biomass of mesopelagic fishes within the Southern California Current (Davison et al., 2015), so their prevalence in the diets of predators in our study is likely due to this abundance more than any predator selectivity. While our results highlight the importance of Myctophids to predator diets, we additionally described 16 families of mesopelagic fishes encountered in predator diets, highlighting the diversity of species inhabiting mesopelagic depths and the need to account for the complexity of the mesopelagic community more appropriately when evaluating the role of mesopelagic fishes in the broader ecosystem. Previous work to characterize predator-prey interactions within the California Current, for example, have exclusively considered Myctophids (Szoboszlai et al., 2015), or Myctophids and Viperfish (Dufault et al., 2009) to describe mesopelagic forage. Likewise, ecosystem models for the California Current, which can be used to evaluate the dependence of top predator populations on their forage base (Smith et al., 2011), often include a single functional group to describe mesopelagic fishes (Field et al., 2006; Horne et al., 2010; Kaplan et al., 2013). As the 16 mesopelagic families in our study inhabitant distinct depths and likely respond to oceanographic variability in distinct ways, reducing this complexity to a single functional group could reduce our ability to interpret the impact of any changes to the mesopelagic zone on higher trophic level predators. Furthermore, for taxa with consistent diet data available over decadal timescales, it could be possible to identify shifts in the mesopelagic community in response to ocean climate variability and even develop a standardized mesopelagic indicator index for ecosystem assessment and function. There is considerable uncertainty in current ecosystem-based models regarding the effect of changing mesopelagic fish populations on higher trophic level predators. For example, when Kaplan et al. (2013) estimated the effect of reducing mesopelagic fish on Albacore populations using two different models, declining mesopelagic fish either had no effect or reduced Albacore populations by over 20% depending on the dependence of Albacore on mesopelagic fishes. By incorporating a diversity of mesopelagic fish species previously not considered and refining our understanding of the importance of mesopelagic prey to specific predator taxa, our study expands our collective understanding of trophic interactions between mesopelagic fishes and their predators, thereby supporting basic needs for the monitoring and modeling of ecosystem function now and into the future.

The U.S. National Marine Fisheries Service protects unfished forage fish along the U.S. West Coast, including mesopelagic fishes from the families: Myctophidae, (Lanternfish) Bathylagidae (Deep-sea smelt), Paralepididae (Barracudina), and Gonostomatidae (Bristlemouths) (50 CFR §660.5-.6), members of which were found in the diets of predators in our study. Similar to a ban on fishing krill in federal waters [50 CFR §660.505(o)], this move recognizes the value of protecting a diverse forage base for higher trophic predators, specifically salmon, groundfish and highly migratory species. Our study provides evidence that this decision is justified, given the presence of mesopelagic fishes in the diets of each of these management units (salmon, groundfish, and highly migratory species). Our results further indicate that this action would protect a considerable amount of mesopelagic biomass, as 96.6% of all mesopelagic fish taxa counted from unique predator diet samples were from protected families. However, only ~56% of mesopelagic species identified in the database are from protected mesopelagic fish families, meaning there are many species still within the mesoepelagic zone that are not named for prohibitions on future fisheries. The families Microstomatidae, Melamphaidae, Scopelarchidae, and Stomiidae, for example, are not currently included in the ban, although they account for some of the most frequently encountered mesopelagic fish families after Myctophids, Paralepididae, and Bathylagidae. These species are protected, however, by a more general ban on the use of the type of net gear that would be needed to catch mesopelagic fish [50 CFR §600.725(v)]. Furthermore, while National Marine Fisheries Service regulations safeguard mesopelagic fishes within federal waters (3-200 nautical miles from shore), most mesopelagic habitat lies outside national jurisdiction in the high seas. Although these areas beyond national jurisdiction are overseen by the UN Convention on the Law of the Sea, currently there are inadequate provisions for governing potential emerging mesopelagic fisheries (Wright et al., 2020; Gjerde et al., 2021).

Our results demonstrate that the contribution of mesopelagic fishes to the diets of top predators is more diverse than what was previously known. Mesopelagic fishes are important prey to a diversity of higher trophic level predators, including 11 taxa, mostly caught over bottom depths > 200 m, which had mesopelagic fishes present in over 25% of all diet samples examined. Mesopelagic fishes were also found in diet samples of predator taxa collected over shallower depths (onshore to 200 m), highlighting the interconnectedness of mesopelagic fishes to nearshore and epipelagic habitats and predators. Changes in the availability of mesopelagic prey to higher trophic level predators, especially as a result of climate change, could have bioenergetic consequences, impacting economically valuable fisheries and protected species. Mesopelagic ecosystems are chronically under studied (St. John et al., 2016; Martin et al., 2020) and the response of mesopelagic fishes to oceanographic variability is still uncertain, especially for many less studied species and at different life stages [as most mesopelagic fishes inhabit epipelagic depths as larvae (Ahlstrom, 1969)]. Our study utilized a publicly available database to provide an ecosystem-level assessment of the importance of mesopelagic fishes to the predator community of the California Current and highlights the need to incorporate mesopelagic fishes into future management.
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