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ABSTRACT OF THE DISSERTATION

Responses of mesopelagic fish assemblages to environmental disturbance: ocean

deoxygenation and oceanic fronts

by

Amanda Nicole Netburn

Doctor of Philosophy in Oceanography

University of California, San Diego, 2016

Professor Mark D. Ohman, Chair

Throughout the global ocean, there is an abundant and diverse assemblage of
fishes aggregated at mesopelagic (200-1000 m) depths. These fishes are critical to
pelagic food webs and carbon transport. In the southern California Current Ecosystem,
with naturally hypoxic mesopelagic waters, mesopelagic fishes may be vulnerable to
predicted ocean deoxygenation. Additionally, water property discontinuities at oceanic

fronts can disproportionately affect abundance, compositions, and reproduction of marine
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animals. In this dissertation, I investigate responses of mesopelagic fishes to ocean
deoxygenation and fronts.

First, I correlated acoustically-detected Deep-Scattering Layers (DSL) of
mesopelagic fishes with midwater oxygen, irradiance, and temperature, and found that
the lower DSL boundary correlates most with oxygen. The upper boundary correlates
with both oxygen and irradiance. Assuming current deoxygenation rates, I predicted both
lower and upper boundaries will shoal. Next, I measured activities of the aerobic
enzymes Citrate Synthase and Malate Dehydrogenase, and the anaerobic enzyme Lactate
Dehydrogenase to test for changes in metabolic activities of mesopelagic fish in response
to dissolved oxygen. There was an apparent suppression of activity at low oxygen
concentrations for all species combined. There was no increased reliance on anaerobic
activity at depressed oxygen concentrations. Although there is evidence that some
mesopelagic fishes may have a rare alternate anaerobic pathway catalyzed in part by
Alcohol Dehydrogenase, I did not detect any Alcohol Dehydrogenase activity for 16
species studied.

Finally, I compared responses of mesopelagic fish assemblages at three frontal
systems. I found no abundance changes across fronts, except for larvae which were
elevated at the most stable system. Non-vertically migratory assemblages were uniform
across frontal gradients, while migratory and larval fish assemblages were typically
altered across fronts. Changes in population growth potential were detected across the
two more stable frontal systems for migrators and larvae, though not for non-migrators.

These results suggest that deoxygenation may cause habitat compression and

metabolic suppression, while changes to frontal frequency could impact the structure and
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population growth of mesopelagic fish assemblages. Ongoing monitoring of these
populations using existing and novel technologies will allow further understanding of

mesopelagic fish responses to these and other environmental changes.
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CHAPTER 1

INTRODUCTION



1.1 Overview

The mesopelagic region (i.e., “the twilight zone,” 200-1000m) is one of the
largest ecosystems on earth, and the resident fauna is both diverse and abundant
(Robinson et al. 2010). Deep-dwelling mesopelagic animals are important to global
marine food webs, fisheries, conservation, and biogeochemistry (Robinson et al. 2010),
yet remain understudied due to inaccessibility and the inadequacy of traditional sampling
tools (Robison 2009). Anthropogenic disturbances have only recently been recognized to
have effects on deep-sea environments (Devine et al. 2006, Robison 2009, Ramirez-
Llodra et al. 2011, Levin & Le Bris 2015, Quintana-Rizzo et al. 2015). Scientists and
conservationists are responding with demands to implement management of deep-sea
environments (Mengerink et al. 2014). For example, off the west coast of the United
States, the Pacific Fisheries Management Council has responded in part by pre-emptively
closing fisheries for many mesopelagic fish species, given the lack of available
information to access whether such a fishery could be sustainable (PFMC 2015). In
addition, climate change has been linked to disturbances in the pelagic environment that
include ocean deoxygenation (Stramma, et al. 2010a) and changes to frequency and
persistence of epipelagic fronts (Kahru et al. 2012). Little is known about how these
disturbances will affect mesopelagic communities. The indirect stressors of human
activity, including acidification, warming, and deoxygenation (Mora et al. 2013, Levin &
Le Bris 2015), combined with direct impacts from fishing, oil and gas extraction, mining
and pollution (Mengerink et al. 2014) could intensify pressures on the ongoing survival
of mesopelagic species. With many mesopelagic fishes performing a diel vertical

migration (DVM) into epipelagic waters (<200 m) (Pearcy et al. 1977), they are now



known to be important contributors to carbon transfer between the epipelagic and
mesopelagic realms, especially in more oligotrophic regions of the NE Pacific (Robinson
et al. 2010, Davison et al. 2013). Little is known about many aspects of their ecology
(Robison 2009), and in particular, how populations respond to perturbations to their
environment. With the predicted (Shaffer et al. 2009, Keeling et al. 2010) and observed
global expansion of oxygen minimum zones (OMZs; Stramma et al. 2008, 2010b, Bograd
et al. 2008) and observed changes in the frequency of oceanic fronts (Kahru et al. 2012),
the mesopelagic fauna may undergo changes in abundance and composition that, given
the current state of knowledge, could go mostly unnoticed by scientists, marine

managers, and conservation biologists.

1.2 Mesopelagic Fishes

Mesopelagic fishes include the vertebrate taxa with the highest biomass (the
family Myctophidae) and that with the greatest abundance (Genus Cyclothone, in the
family Gonostomatidae) (Gjosaeter & Kawaguchi 1980) on earth. Other dominant
mesopelagic families include the Bathylagidae, Stomiidae, Sternoptychidae and
Phosichthyidae (Brodeur & Yamamura 2005). With little sunlight reaching the
mesopelagic, there is no photosynthetic primary production at these depths, hence food
resources and density of animals are low in the mesopelagic zone compared with surface
layers. Still, due to the large ocean volume that they occupy, mesopelagic fish biomass
integrated over surface area is equal to or exceeds the biomass of the well-studied
epipelagic clupeid fish species (e.g., sardines, anchovies) (Davison et al. 2015). Global

mesopelagic fish abundance has been estimated at 10° tons (Gjosaeter & Kawaguchi



1980, Lam & Pauly 2005), however this estimate is based primarily on net trawls, which
generally underestimate abundance by an order of magnitude (Koslow et al. 1997,
Kaartvedt et al. 2012, Irigoien et al. 2014), so the actual value is likely higher. Biomass
is usually estimated as a static value. There are few studies that actually enumerate
trends in adult and juvenile abundance or biomass over time of any of the mesopelagic
fishes (but note Watanabe & Kawaguchi 2003). Mesopelagic ichthyoplankton have been
used as proxy measures of adult abundances in the California Current System, revealing
temporal changes in population stability (Moser et al. 1987, Moser & Smith 1993, Hsieh
et al. 2009), spawning locations (Moser 1996), variations in relation to dissolved oxygen
(Koslow et al. 2011), and multi-decadal changes in phenology (Asch 2015).

The biomass of mesopelagic fish correlates positively with surface productivity at
basin and global scales (Davison et al. 2013, Irigoien et al. 2014). The mesopelagic
fishes are significant consumers of global marine plankton production, as evidenced by
stomach content analysis and energetic modeling (Williams et al. 2001, Field & Francis
2006, Davison et al. 2013), and are themselves key prey to higher predators, including
commercially-exploited fishes such as tunas and billfishes (Bertrand et al. 2002, Potier et
al. 2007), squids (Field et al. 2007), marine mammals (Pauly et al. 1998, Guinet et al.
2014), and seabirds (Thompson et al. 1998, Bost et al. 2002).

The fishes that inhabit the mesopelagic have specialized adaptations to life in this
environment. Many, though not all, mesopelagic fishes perform a diel vertical migration
(DVM), migrating into shallower waters at night to forage (Pearcy et al. 1977). The
primary adaptive value of this behavior is thought to be predator avoidance: that is, the

animals trade off daytime occupancy at depths with low food availability in the midwater



environment in order to avoid detection by visually-oriented predators (Lampert 1993, De
Meester et al. 1999). Mesopelagic fishes have been described as “lillipution” (Murray &
Hjort 1912), because they are small compared with most epipelagic fishes. The largest
myctophids are rarely larger than ~15 cm (Catul et al. 2010), and many of the Cyclothone
are even paedomorphic, with reproductively mature individuals resembling larvae in size
and form (Miya & Nishida 1996). In general, shallower dwellers and vertical migrators
are blue-green to silver in color, while the non-migrators are brown to black (Badcock
1970, Catul et al. 2010), shading which acts as camouflage within the ambient light
regimes. Many mesopelagic fish are bioluminescent, with rows of photophores on their
ventral surface (e.g., most Myctophidae, Gonostomatidae, Sternoptychidae), or lures that
harbor bioluminescent bacteria (e.g., Lophiiformes (anglerfish), Idiacanthus sp.) (Davis
et al. 2014). Deeper-dwelling fishes within the same genus tend to be larger in size
(Miya & Nishida 1996) and have larger mouths, which Childress & Nygaard (1973)
attribute to adaptation to feed on calorically-rich migratory fishes, while those which
forage in epipelagic environments tend to feed on zooplankton. In general, non-migrators
have higher water content, lower carbon and nitrogen content, and lower metabolic rates
than their migrating counterparts (Childress & Nygaard 1973, Torres et al. 1979).

The mesopelagic fish fauna of the southern CCE is diverse, with approximately
100 species identified in CalCOFI tows conducted between 2010 and 2012 (Davison et
al. 2015 and unpublished data). Figure 1.1 shows the number of specimens of the most
common of these species. Tables 1.1 & 1.2 list some of the most common fishes
collected in the southern CCE, and summarizes key traits such as migratory behavior,

diet, and vertical range. Some of the most common vertical migrators include the



Myctophidae Triphotorus mexicanus, Diaphus theta and Nannobrachium ritteri and the
Bathylagidae Leuroglossus stilbius, and Lipolagus ochotensis. The common myctophid
Stenobrachius leucopsarus has migratory and non-migratory members, although it is
unknown whether individuals consistently either migrate or stay at depth each night or
whether different individuals migrate on different days (Pearcy et al. 1977, Watanabe et
al. 1999). Common non-migrating fishes include the members of the genus Cylcothone
and all of the Sternoptychidae. Due to their dominance in mesopelagic assemblages in
the eastern North Pacific, more studies have focused on S. leucopsarus than other

mesopelagic fishes in the region (Brodeur & Yamamura 2005).

1.3 Bioacoustics

Sonar has proven to be a useful method for remotely sensing organisms in the
ocean. In active acoustics, a pressure wave is generated and propagated in the direction
of interest (in the case of ship-mounted echosounders, this is generally directly downward
or laterally). The sound wave is reflected and scattered by any object that has a different
acoustic impedance than the surrounding water. Using the speed of sound in the water,
and the time difference between emission and detection of the reflected sound, the range
of the target is calculated. Echosounders were originally developed to detect the seafloor,
but their utility for studying water column and benthic organisms was soon realized, and
numerous studies over the last several decades have made use of bioacoustics for
surveying populations of marine animals. A scientific echosounder can be operated

throughout an oceanographic cruise without interfering with other scientific activities.



Acoustics are therefore a convenient and relatively low-cost method for surveying the
midwater community at high spatial and temporal resolutions (Koslow 2009).

The “holy grail” of fisheries acoustics continues to be what is called the inverse
scattering problem: that is, appropriately identifying targets that are detected
acoustically. There remains a great deal of uncertainty in identifying targets because
target strength is affected by the presence, size and shape of gas-filled swimbladders in
many fishes, tissue composition, size and life stage of the organisms, and orientation
relative to the sound source (i.e., tilt angle and rotation; Misund 1997).

Benoit-Bird (2009) summarizes well the three ways that multifrequency data are
used: 1) In the forward approach, the volume backscatter of animals collected by the net
(or other seatruthing method) is estimated based on models and then compared to the
measured acoustic return. 2) In the Inverse approach, samples are used to calculate
relative densities and sizes of scattering types, and to determine relevant acoustic-
backscattering cross sections, and a data-fitting approach is used to find the best
combination of the number of scatterers of each type and size to produce the observed
measurements of volume backscatter at each frequency. However, the inverse approach
requires that the frequencies used span the transition from Rayleigh to geometric
scattering, which is not the case for many fishes. 3) dB-differencing compares scattering
at multiple frequencies. Because different types of scatterers have a characteristic Target
Strength (TS)frequency spectra (e.g., Stanton et al. 1998, Figure 1.2), changes in TS at
different frequencies can be used to identify acoustic groups of animals with similar
frequency responses (Korneliussen & Ona 2002). Subtracting or dividing two

frequencies can be used to infer which acoustic group is present. Although seatruthing



with other types of observations (usually nets, but visual observations with cameras prove
informative as well) are required in order to interpret taxonomic information from
echograms (McClatchie et al. 2000), acoustic backscatter data can sometimes be used to
identify and study DSL distributions without the need for co-located trawl data (Tont
1975, Urmy et al. 2012, Bianchi et al. 2013). Herein, I use acoustic detections to detect

the mostly fish-derived component of the DSL.

1.4 Oxygen Minimum Zones and Ocean Deoxygenation

In some parts of the ocean there exists a permanent subsurface hypoxic layer,
called the oxygen minimum zone (OMZ), which arises due to the combination of limited
surface ventilation, respiratory oxygen consumption, and ocean circulation (Sverdrup
1938, Wyrtki 1962, Karstensen et al. 2008). OMZs are typically defined by a
concentration of oxygen less than or equal to 0.5 ml 1" (equivalent to 22 pM kg™). A
variety of different units and different thresholds are used to characterize oxygen in
different studies, such as uM kg'l, % saturation, ml 1", mg 1", and kPa (Levin 2003,
Seibel 2011). The most developed OMZs are in the tropical ocean and in eastern
boundary currents (Figure 1.3; Hofmann et al. 2011).

In the southern CCE, the pelagic OMZ depths (defined here by 0.5 m11™) vary
from approximately 300 m to over 500 m (Figure 3.2). There are seasonal, interannual,
and spatial variations in the depths of the upper and lower boundaries of the OMZ .

Increased ocean stratification and changes to global circulation patterns are
predicted to accompany global climate change, resulting in decreased dissolved oxygen

content and expansion of OMZs (Deutsch et al. 2006, 2011a, Shaffer et al. 2009, Keeling



et al. 2010). Such expansions have already been observed in the southern CCE (Figure
1.4) (Bograd et al. 2008, McClatchie et al. 2010), across the northern North Pacific
(Crawford & Pefia 2013, Watanabe 2003, Whitney et al. 2007), and in the tropics
(Stramma et al. 2008). For example, in the southern CCE, the upper boundary of the
hypoxic boundary (60 pmol kg™') has shoaled by as much as 80 m (Bograd et al. 2008).
In the southern CCE, oxygen concentrations have been associated with the strengthening
of the California Undercurrent (Bograd et al. 2014), and there is evidence that OMZs
could contract again in the future as a result of weakening tropical trade winds (Deutsch
et al. 2014a). Ocean acidification has a compounding effect on organisms in hypoxic
waters because reduced pH reduces the affinity of proteins such as hemoglobin for O,
(Seibel & Walsh 2001). As oxygen concentration and pH covary (Alin et al. 2012), this
may be especially problematic for organisms already living at the limits of their pH and
oxygen tolerances. Further, the effects of climate change on metabolic demands can vary
as well. Hypoxia-adapted species may decrease their metabolic levels due to metabolic
suppression in low oxygen conditions (Seibel 201 1a, Stewart et al. 2014), but metabolic
activity is increased in higher temperatures (Portner 2010, Gilly et al. 2013).

In the benthic environment, where sessile organisms are not able to simply swim
away from hypoxic water, dissolved oxygen has been observed to play a significant role
in shaping the resident communities. Low diversity and high species dominance are
common in OMZs, and significant zonation accompanies gradients in oxygen
concentration (Levin 2003), due to wide variation in hypoxia tolerance of different
benthic taxa (Vaquer-Sunyer & Duarte 2008, Seibel 2011a). Increases in upwelling

events of hypoxic waters fatal to some animals in shallow nearshore environments off the
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coast of Oregon has received significant attention from the public due to the effects of
severe hypoxia on commercial oyster farms and wild fisheries (Chan et al. 2008,
Grantham et al. 2004).

In the pelagic environment, biological impacts of OMZs and their expansion can
be harder to document, due to the ability of pelagic organisms to move throughout their
environment compared with sedentary benthic organisms. The term hypoxic boundary
(HB) has been used to describe an oxygen concentration that acts as an apparent
boundary to distributions of pelagic and benthic organisms (Bograd et al. 2008, Friedman
et al. 2012). There are several examples of specific oxygen concentrations acting as a
HB for pelagic animals. Strong zonation of pelagic plankton is coincident with gradients
of oxygen concentration in both the Arabian Sea and the eastern tropical Pacific OMZs
(Saltzman & Wishner 1997, Wishner et al. 2008). The deeper diving behavior of western
Atlantic istiophorid billfishes (e.g., marlins, sailfish) compared with their eastern Pacific
counterparts has been attributed to the lack of an OMZ in the western Atlantic (Prince &
Goodyear 2006, Stramma et al. 2011). The maximum depth range of the epipelagic fish
community off Peru, dominated by Peruvian anchovy (Engraulis ringens), is highly
correlated with a dissolved oxygen concentration of 0.80 ml I"' regardless of the time of
day, distance from shore or depth of that oxygen level (Bertrand et al. 2010). At their
open ocean aggregation sites in the central north Pacific, the diving depths of great white
sharks (Carcharodon carcharias) appears to be limited by the 1.5 ml I'" O, isopleth
(Nasby-Lucas et al. 2009).

Using larval abundance as a proxy for adult abundance, Koslow et al. (2011)

inferred that populations of mesopelagic fish in the southern CCE were reduced by over
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60% in years with relatively low midwater (200-400m) oxygen concentrations. Koslow
et al. (2011) postulate that the OMZ acts as a boundary to the mesopelagic fish fauna, and
the shoaling OMZ therefore forces the animals into shallower waters where irradiance is

higher, making the fishes vulnerable to predation by visually-oriented predators.

1.5 Deep Scattering Layers and the OMZ

Mesopelagic organisms are usually aggregated into one or more layers in the
ocean. These layers are referred to as deep scattering layers (DSL), due to the high
acoustic reflectance observed using sonar systems. Light is classically considered to be a
primary determinant of DSL depths (Kampa & Boden 1954, Tont 1975, Frank & Widder
2002). However, previous analyses have been conducted either in places that lack an
OMZ (e.g., Frank & Widder 2002), or have only considered the top of the DSL (e.g.,
Tont 1975), which is less likely to abut a hypoxic boundary than the bottom of the DSL.
Boden & Kampa (1965) suggested that hypoxia in a fjord may act as a bottom boundary
for euphausiids, but did not explicitly test this hypothesis. A study within the northern
CCE found that the bottom of the DSL over a stationary upward facing echosounder
descended from ~400m in the spring to over 700 m in September and August (Urmy et
al. 2012). The authors suggest that the change in depth is consistent with displacement of
the upper edge of the OMZ in the region, however they did not conduct a statistical
analysis or present the environmental measurements to support this hypothesis.

Different organisms display a wide range of tolerances to hypoxia (e.g., Seibel
2011), and Deutsch et al. (2015) predict range shifts of marine ectotherms based on the

metabolic constraints of increasing temperature and decreasing oxygen. In parts of the
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ocean, such as the Humboldt Current, DSLs have been observed within the OMZ
(Cornejo & Koppelmann 2006). The bulk of the acoustic backscatter observed by
Cornejo & Koppelmann (2006) came from Vinciguerria lucetia, which seem to be
especially tolerant of hypoxic conditions. With hypoxic conditions rising to very shallow
depths in that region, these fishes may be trading off exposure to hypoxia in order to
decrease predation risk. This tradeoff may not be necessary in the CCE due to the deeper
depth of hypoxic waters, accompanied by decreased predation risk. Triphoturus
mexicanus has been collected well within the OMZ in Gulf of California, at O,
concentrations as low as 0.17 ml I'' (Holton 1969). The range expansion of hypoxia-
tolerant Humboldt squid (Doscidicus gigas) observed in recent years has been attributed
to the expansion of the OMZ throughout the CCE (Field et al. 2007), although anecdotal
evidence suggests their range has subsequently contracted. Active populations of the
copepods are found at oxygen concentrations below 0.1 ml "' in the Eastern Tropical
Pacific and Arabian Sea (Wishner et al. 2000), and mesopelagic fishes of the Arabian Sea
are commonly captured within the OMZ (Luo et al. 2000, Karuppasamy et al. 2010).
Due to the relatively deep depth of the upper boundary of the OMZ in the southern CCE
(300 to >500 m, Fig. 3.2), pelagic fishes may not be adapted to living regularly within the
OMZ in this region.

Bianchi et al. (2013) analyzed 38-150 kHz ADCP data collected across the globe,
and found that the depth of the DSL is correlated with the oxygen concentration in the
upper mesopelagic (150-500m, Figure 1.5). Their findings corroborate the hypothesis

that the DSL depth is limited by climatological oxygen concentrations.
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1.6 Respiratory Physiology

Physiological stress could explain the association of DSL boundaries with oxygen
concentrations. For most mesopelagic fishes, tissue water content increases with the
depth at which the fish lives, while carbon and nitrogen content and respiration rates
generally decrease with increasing habitat depth (Childress & Nygaard 1973, Torres et al.
1979). Two percent of the decline in respiration rates observed by Torres et al. (1979)
could be accounted for by the concurrent decrease in temperature with depth, and 30%
accounted for by the increased water content of fishes, so some other property must be
causing these declines. Because similar patterns of decline in respiration rates with depth
have been observed for the sighted crustaceans and cephalopods, but not for
chaetognaths, cnidarians, polychaetes and pteropods (Childress 1995), it is though that
this pattern is related to vision. The visual interactions hypothesis (Childress 1995,
Seibel & Drazen 2007) maintains that the metabolic rates of visual pelagic organisms
decreases with depth, but that of non-visual organisms does not because of the reduced
reaction distance of predator-prey interactions (due to reduced irradiance) for visual
predators and visual prey (Childress 1995). As visual pursuit and evasion are reduced in
the mesopelagic due to low light levels, locomotory capacity is decreased along with
metabolic capacity (Seibel & Drazen 2007).

A number of studies have used activity of respiratory pathway enzymes to study
the relative contributions of aerobic and anaerobic pathways to respiration (Childress &
Somero 1979, Vetter et al. 1994). Typically Citrate Synthase (CS) and/or Malate
Dehydrogenase (MDH) activities are used as proxies for aerobic respiration, and

Pyruvate Kinase and/or Lactate Dehydrogenase (LDH) as proxies for anaerobic capacity.
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However, there are alternative anaerobic pathways to lactate production available to some
taxa (Hochachka & Somero 2002). Childress & Seibel (1998) concluded that OMZ
inhabitants in the CCE do not rely much on anaerobic respiration, but are instead adapted
to residence in the hypoxic zone through mechanisms to increase removal of O, from the
environment, such as enhanced gill surface area, short diffusion distances from the water
to the blood, and heme-containing respiratory proteins with a very high affinity for O,.
However, recent work by Torres et al. (2012) measured the activity of the enzyme
Alcohol Dehydrognase (ADH), which reduces pyruvate to ethanol, an alternative
pathway to the reduction of pyruvate to lactate (catalyzed by LDH). The ADH pathway
was elevated in multiple species of myctophids in areas with OMZs, the Arabian Sea and
Gulf of Mexico, compared with related species from the Gulf of Mexico and the
Antarctic that lack an OMZ. The only vertebrates previously known to utilize the ADH
pathway are in the family Cyprinidae (i.e, goldfish and carp) (Shoubridge & Hochachka
1980, Johnston & Bernard 1983, Vornanen et al. 2009). The discovery of the ADH
pathway in response to hypoxia in the lanternfishes implies that this pathway may be

more common than previously believed.

1.7 Fronts

Fronts are places in the ocean where two water masses meet. They are
characterized by strong horizontal gradients in physical properties such as temperature,
salinity and density. The physical dynamics at a front may lead to aggregations of
organisms, and frontal regions are often accompanied by elevated primary production

(Chekalyuk et al. 2012, Taylor et al. 2012), zooplankton (Ohman et al. 2012, Powell &
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Ohman 2015a), and abundance of higher trophic levels (Hoefer 2000, Polovina et al.
2001, Doniol-Valcroze et al. 2007). Powell & Ohman (2015b) found that fronts in the
CCE exhibit changes in extent of diel vertical migrations and changes in size distribution
of zooplankton. Although the physical gradients at a front are often strongest in
epipelagic waters, biological impacts may extend into deeper strata. At a front off the
continental shelf of Northern Norway, Kaartvedt et al. (1996) found that the depth
distribution of populations of the mesopelagic fish Maurolicus muelleri and the
euphausiid Trisopterus esmarkii varied by ~100 m between the two sides of the front.
The authors attribute this range shift to a steep change in deep light concentrations
resulting from shading by photosynthetic organisms on the nearshore side of the front.
McClatchie et al. (2012) similarly found elevated fluorescence (an indicator of
phytoplankton biomass) and zooplankton and micronekton biomass at a front across a
filament extending from the Ensenada Front near San Nicolas Island, CA. They found
that mesopelagic fish were most abundant in oceanic waters to the west of the front, and
market squid, krill and decapods most abundant in the front.

In October 2008, the CCE-LTER program conducted intensive sampling of
multiple trophic levels across a front called the “A-Front”. Primary production, and
zooplankton and fish biomass were enhanced at the front itself. The biomass of
acoustically inferred krill and fish were elevated at the cold (north) side of the front, with
higher number of species in the south (Ohman et al. 2012, Landry, Ohman et al. 2012).
From direct sampling with a midwater trawl, Lara-Lopez et al. (2012) found significant

differences in the community composition and biomass of mesopelagic fishes on either
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side of the front for fishes that undergo DVM, but not for the non-migrating component
of the community.

Another study in the CCE region found that the frequency of detectable fronts in
the southern sector of the California Current System may be increasing (Kahru et al.
2012). This finding has strong implications for the mesopelagic fish assemblage,
warranting further study of the dynamics that may lead to the aggregations of
mesopelagic fishes at fronts. Through the CCE-LTER program, two additional front
studies have taken place, in 2011 (C-front) and 2012 (E-front), during which data and

samples were collected for the present research.

1.8 Mesopelagic Sampling Programs- CalCOFI & LTER

The CalCOFI program began collecting fish larvae at its inception in 1949,
providing a long-term record of abundance and composition within the larval assemblage
(Moser 1996). Using this dataset, Moser & Smith (1993) discerned two major
biogeographical assemblages of larval fishes, the Subarctic-Transition Zone province and
the Eastern Tropical Pacific/Central Water province. However, larval abundance of taxa
from both provinces have been found to correlate strongly with oxygen concentrations
(Koslow et al. 2011). In 2009, the CalCOFI program augmented its already extensive
data collection program with continuous collection of acoustic backscatter data across the
core stations with a 5-frequency Simrad EK-60 echosounder accompanied by midwater
trawl collections with a Matsuda-Oozeki-Hui Trawl (MOHT) (Oozeki et al. 2004). These

systems have also been used on the quasi-Lagrangian CCE-LTER process cruises, and
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these data are the core of my investigations on mesopelagic fish response to

environmental variability in the CCE.

1.9 Overview of Dissertation

Global climate change effects on deep-sea environments remain largely unknown
(Levin & Le Bris 2015), as do responses of adult mesopelagic fishes to existing
perturbations in their environment. Mesopelagic fish populations have rarely been
systematically sampled over time in any one location or region. Because ocean
deoxygenation disproportionally affects mesopelagic waters in the CCE (Gilly et al.
2013), I identified deoxygenation as a process likely to affect the mesopelagic fish
assemblage. I similarly identified fronts as a secondary area of inquiry, because they are
often areas of disproportionately high primary and secondary productivity, with potential
influences on mesopelagic animals.

I have completed three related studies to understand the effects of oxygen

variability and fronts on mesopelagic fish assemblages in the southern CCE:

Chapter 2: Dissolved oxygen as a constraint on daytime deep scattering layer depth
in the southern California Current Ecosystem

In this chapter I investigate the effects that variable midwater oxygen
concentrations have on the vertical distributions of mesopelagic fishes. I specifically test
whether oxygen, irradiance, or temperature correlate with depths of Deep Scattering
Layers (DSLs). To do this, I use acoustic backscatter data to remotely sense the DSL,

and develop an algorithm to detect its upper and lower boundaries. By sampling
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throughout the southern CCE on a series of CalCOFI cruises in different seasons, I am
able to analyze changes in DSL depths across a range of hypoxic boundary depths. I
assess the determinants of both the upper and lower DSL boundaries and predict future
DSL changes if OMZ shoaling continues in the future. These results were published in
the peer-reviewed journal, Deep Sea Research I (Netburn & Koslow 2015), and the

manuscript presented herein.

Chapter 3: Survival in a deoxygenating ocean: Evidence of reduced metabolic
activity in mesopelagic fishes in an oxygen minimum zone

In this chapter, I investigate the physiological adaptations of a suite of a
mesopelagic fishes to natural variability in midwater oxygen concentrations to test
whether ambient oxygen concentrations affect total metabolic activity, and to assess the
relative contributions of aerobic and anaerobic respiration. I further explore the
relationships of DVM behavior, phylogeny, and tissue content as explanatory variables to
variation in metabolic activities. I collected fish throughout the southern CCE on both
CalCOFI and CCE-LTER process cruises at stations with a wide range in midwater
oxygen concentrations. I measured activities of the aerobic enzymes Citrate Synthase
and Malate Dehydrogenase, and the anaerobic enzyme Lactate Dehydrogenase. I also
measured activities of Alcohol Dehydrogenase to test for activity of an ethanol-

production anaerobic pathway that is thought, but not proven, to occur in myctophids.

Chapter 4: Mesopelagic fish assemblages across across oceanic fronts: a comparison

of three frontal systems in the southern California Current Ecosystem
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For this chapter, I compare the responses of mesopelagic fish abundance,
assemblage composition, and population growth potential to frontal gradients across three
different frontal systems in the southern CCE. I conduct separate analyses for non-
migratory, migratory, and larval fishes because they live at different depth strata. I also

relate my results to expected changes in frontal frequency in the CCE region.

Chapter 5: Summary and Conclusions
Finally, in my concluding chapter I summarize the key findings of Chapters 2-4,

synthesize the results, and suggest future directions for this area of research.



20

1.10 Figures
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Figure 1.1. Total counts of mesopelagic fishes captured in daytime and nighttime MOHT
tows on CalCOFI cruises Winter 2010, Summer 2010, Fall 2010, Winter 2011, Summer
2011, Fall 2011, and Winter 2012. Only those species with >20 total specimens collected
are shown. Black bars indicate non-migratory species, cyan are species known to have

both migratory and non-migratory components, and the blue are migratory (Davison
2015, and unpublished data).
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Figure 1.2. Plot of theoretical target strengths at different frequencies for fishes and some
zooplankton groups (6 mm long copepod, 2 mm diameter shelled pteropod, 2.5 cm long
euphausiids). These curves are based on the scattering models of Stanton et al. (1998),
where pteropods are modeled as deformed elastic-shelled spheres, euphausiids and
copepods as deformed fluid-filled cylinders, and siphonophores and fishes as bubbles
with tissue. Arrows mark the location of 38, 120, 200, and 420kHz on the x-axis. (Sutor
et al. 2005)
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Figure 1.3. The world’s OMZs (Hofmann et al. 2011). Colors indicate the depth in
meters of the upper boundary of the OMZ (defined by pO, = 60 matm).
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Figure 1.4. Shoaling of the hypoxic boundary in the southern California current system.
Total change in the depth (m) of the O, = 60 pmol/kg surface on the CalCOFI survey grid
over the period 1984-2006. Stations with significant linear regressions (p<0.05) are
marked black. (Bograd et al. 2008)
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Figure 1.5. Daytime Deep Scattering Layer (DSL) depths are correlated with
mesopelagic oxygen concentrations (Bianchi et al. 2013).
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Table 1.1. Common vertically-migrating mesopelagic fish species of the CCE, together
with swimbladder type, depth distributions, and prey items identified in stomach
contents. Fishes were classified as migrating versus non-migrating based on
classifications by Lara-Lopez et al. (2012), although there is not consensus in the
literature for many species. Swimbladder type was categorized based on Davison (2011):
() both small and large individuals have gas-filled swimbladders, (II) small individuals
documented with gas-filled bladders, but not large individuals, (III) no gas-filled
swimbladder. Boldface in the prey column indicates dominant prey items based on

numerical abundance.

*Specimens collected in waters with only 600 m bottom depth

**No day/night differences provided.

Species (swimbladder type)

Daytime depth (m)

Nighttime depth (m)

Prey

Myctophidae (lanternfish)
Diaphus theta
/

Triphoturus mexicanus

1

Stenobrachius leucopsarus
1

Symbolophorus
californiensis |
Nannobrachium ritteri

1

Ceratoscopelus townsendi
1

Tarletonbeania crenularis
/

Bathylagidae (deep sea
smelts)

Bathylagoides wesethi
1

Lipolagus ochotensis

1

Leuroglossus stilbius
1

300-500°
300-600°

250-800 (peak 450-
550)"

300-600 (peak)®
200-600'

<800’

300-500°

200-600'
220-1000 m'

(d/n not provided)
>700 m*

200-800°

40-1100%**
40 m (minimum

depth)®

200-600'*
400-800

20-200°
0-200°

0 to 750 (peak 50-
150)"8
0-50 and 300-600

(peak)® _
0-200 (peak)'

20-10_0a
0-600

<150 m*

0-200 m®

to 800 m"
1000m°

0-200'

euphausiids, copepods,
amphipods salps,
appendiculareans
euphasiids, copepods,
fish™"

euphausiids, copepods,
amphipods, ostracods,
fish eggs, zoea,
chaetognaths, fish larvae,
siphonophores, salps,
appendiculareans,“*®
copepods and
euphausiidsd
chaetognaths, fishes,
copepods, euphausiids’
crustaceans

c,d,e

euphausiids, copepods,
amphipods, other
crustaceans, salps,

. cde
appendiculareans

Appendicularians,
coelenterates, copepod,
euphausiids, amphipods,
ctenophores"
larvaceans, salps,
ostracods, copepods,
euphausiidsi
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Table 1.1. Common vertically-migrating mesopelagic fish species of the CCE,

Continued.
Species (swimbladder type) Daytime depth (m)  Nighttime depth (m) Prey
Melamphaidae
Scopelogadus mizolepis 130-1600 m*** crustaceans®

[}

Phosichthyidae (lightfishes)
Vinciguerria nimbaria >400 (at least to
/ 1600)’

Stomiidae (barbeled dragonfishes)

Tactostoma macropus 300-600b
1] <650’
Idiacanthus antrostomus 150 m (minimum

mn depth)”

0-200'

0-200 (peak at
surface)b

1100 m (as reported
in fishbase.org)

larvaceans, euphausiids,
ostracods, amphipods,

t
decapods

copepods, ostracods,
euphasiid, pteropod,
amphiipod, fish'

Small fishes and
crustaceans™
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Table 1.2. Common non-vertically-migrating mesopelagic fish species of the CCE,
together with depth distributions and prey items identified in stomach contents.

Species Daytime depth (m) Prey
Gonostomatidae (bristlemouths)
Cyclothone signata 300-500" copepods, ostracods"
/ <800’
Cyclothone acclinidens <800* fish, amphipod, copepodsd’°
I 500-1000"
650-1000'
Cyclothone pseudopallida 400-700" copepods, euphausiids®
/ <650
Mcytophidae
Protomyctophum crockeri to 530 m" emptyd

/

Platytrochidae (Tubeshoulder)

Sagamichthys abei 200-900 m' small crustaceans’
1

Sternoptychidae (hatchetfishes)

Argyropelecus sladeni 100-700 m' copepods, euphausiids and

I ostracods’

Argyropelecus affinis | 110-800m" -

Argyropelecus hemigymnus | 450-650 (night 300-450) K copepods, ostracods, amphipods,
350-500 (night 300-400)° chaetognaths, egg case, polchaete,

pteropod, euphausiids*”

Stomiidae

Chauliodus macouni 300-600° Chaetognaths, crustaceans

1 <800’ fishes, squids™"

<1600 m"
(a) (Watanabe et al. 1999), western north Pacific (b) (Pearcy et al. 1977), Oregon (c) (Tyler & Pearcy 1975),
Oregon (d) (Collard 1970), Eastern Pacific (e) (Suntsov & Brodeur 2008), northern CC (f) (Rainwater 1975),
southern CC (g) (Paxton 1967), southern CC (h) (Imsand 1981), southern CC and Gulf of California (i)
(Cailliet & Ebeling 1990), southern CC (j) (Willis & Pearcy 1982), Oregon, Note: < 500 m was not sampled
(k) (Badcock 1970), Canary Islands (Atlantic) (1) (Ozawa et al. 1977), Japan (m) (Fitch & Lavenberg 1968)
(n) (Miya & Nishida 1996), worldwide (o) (Hopkins et al. 1996), Gulf of Mexico (p) (Hopkins & Baird 1985),
Gulf of Mexico (q) (Merrett & Roe 1974), (r) (Hart 1973) (s) (Miller & Lea 1976) (t) (Bartow 2010) (u)
(Beamish et al. 1999) (v) Dewitt & Cailliet (w) (Childress & Nygaard 1973)
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Climate change-induced ocean deoxygenation is expected to exacerbate hypoxic conditions in meso-
pelagic waters off the coast of southern California, with potentially deleterious effects for the resident
fauna. In order to understand the possible impacts that the oxygen minimum zone expansion will have
on these animals, we investigated the response of the depth of the deep scattering layer (i.e., upper and
lower boundaries) to natural variations in midwater oxygen concentrations, light levels, and temperature
over time and space in the southern California Current Ecosystem. We found that the depth of the lower
boundary of the deep scattering layer (DSL) is most strongly correlated with dissolved oxygen con-
centration, and irradiance and oxygen concentration are the key variables determining the upper
boundary. Based on our correlations and published estimates of annual rates of change to irradiance level
and hypoxic boundary, we estimated the corresponding annual rate of change of DSL depths. If past
trends continue, the upper boundary is expected to shoal at a faster rate than the lower boundary,
effectively widening the DSL under climate change scenarios. These results have important implications
for the future of pelagic ecosystems, as a change to the distribution of mesopelagic animals could affect
pelagic food webs as well as biogeochemical cycles.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

In some parts of the ocean there exists a permanent subsurface
hypoxic layer, called the oxygen minimum zone (OMZ), which
arises due to the combination of limited surface ventilation, re-
spiratory oxygen consumption, and ocean circulation (Sverdrup
1938; Wyrtki 1962; Karstensen et al., 2008). OMZs are commonly
defined by oxygen concentrations of less than 0.5mll~" (Gilly
et al,, 2013; Helly & Levin 2004; Paulmier & Ruiz-Pino, 2009),
however hypoxia tolerances vary greatly by species and environ-
ment (Levin 2003; Seibel 2011). The most developed OMZs are in
tropical and subtropical oceans and eastern boundary currents,
including the California Current off the west coast of the United
States.

Increased ocean stratification and changes to global circulation
patterns are predicted to accompany global climate change, re-
sulting in decreased dissolved oxygen content, particularly at
depths of 200-700 m, and expansion of OMZs (Deutsch et al.,
2006, 2011; Shaffer et al., 2009; Keeling et al., 2010). Such ex-
pansions have already been observed in tropical and subtropical
regions (Stramma et al., 2008, 2010), across the northern North
Pacific (Watanabe et al., 2003; Whitney et al., 2007; Crawford and

* Corresponding author.

http://dx.doi.org/10.1016/j.dsr.2015.06.006
0967-0637/@ 2015 Elsevier Ltd. All rights reserved.

Pefa, 2013), and in the southern California Current Ecosytem (CCE)
(Bograd et al., 2008; McClatchie et al., 2010) where deoxygenation
has been linked to intensification of the California Undercurrent
(Bograd et al., 2014). Deleterious effects of ocean deoxygenation
have been observed for shallow-dwelling and coastal organisms
exposed to extreme hypoxic events such as the summertime “dead
zone” appearance in the Gulf of Mexico (Rabalais et al., 2002),
entrapment of epipelagic fishes in California harbors (Stauffer
et al, 2012), and strong upwelling events along the Oregon coast
(Grantham et al., 2004; Chan et al., 2008).

The mesopelagic zone is one of the largest ecosystems on earth,
and the resident fauna is both diverse and abundant (Robison,
2009). Many mesopelagic organisms are aggregated into one or
more layers in the ocean, referred to as deep scattering layers
(DSLs) due to the high acoustic reflectance observed using sonar
systems. The animals comprising the DSL are important to global
marine food webs, fisheries, conservation, and biogeochemistry
(Robinson et al., 2010), yet remain understudied due to in-
accessibility and the inadequacy of traditional sampling tools
(Robison, 2009; Davison et al., 2013). Anthropogenic disturbances
have only recently been recognized to have effects on deep-sea
environments (Devine et al., 2006; Robison, 2009; Ramirez-Llodra
et al, 2011). With few long-term studies on mesopelagic popula-
tions, it is not well understood how these communities respond to
perturbations to their environment. The organisms that live in
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Fig. 1. A representative echogram illustrating the scattering coefficient at 38 kHz along CalCOFI line 76.7. The transect was conducted from nearshore (east) to offshore
(west), from 10:00 PDT on 15 May to 12:30 PDT on 16 May, 2010. The pink and green points indicate the upper and lower boundaries of the deep scattering layer (DSL),
respectively. Black vertical bars indicate the location of each CalCOFI station, with station number labeled toward the bottom of the plot. White horizontal bars indicate DSL
lower and upper boundaries averaged within 2.75 km of the CalCOFI station. The dashed lines are the 0.75 and 0.5 ml1 ' oxygen isopleths. (Bar at top of the plot:

yellow=daytime, blue=dusk, black=night, pink=dawn).

already hypoxic mesopelagic depths (200-1000 m) of the CCE are
living at the limits of their hypoxia tolerance (Childress and Seibel,
1998), and are thus especially vulnerable to declining oxygen le-
vels in their environment. With the predicted and observed global
expansion of midwater OMZs, the mesopelagic fauna could un-
dergo changes in abundance and composition that, given the
current state of knowledge, may go mostly unnoticed by scientists,
marine resource managers and conservation biologists.

Using larval abundance as a proxy for adult abundance, Koslow
et al. (2011) inferred that populations of mesopelagic fish in the
southern CCE were reduced by over 60% in years with relatively
low midwater (200-400 m) oxygen concentrations. The authors
hypothesized that the underlying mechanism leading to this de-
cline is that a hypoxic boundary (HB) limits the maximum depth
available as suitable habitat for the mesopelagic fauna. In years of
low midwater oxygen concentrations, the HB shoals, thereby for-
cing animals into shallower waters with higher irradiance, where
the fishes are more vulnerable to predation by visually-oriented
predators. A number of fish species are known to be bound by HBs,
including Peruvian anchovy (Engraulis ringens, Bertrand et al.,
2010), great white sharks (Carcharodon carcharias, Nasby-Lucas
et al, 2009), and istiophorid billfishes (e.g, marlins, sailfish)
(Prince and Goodyear, 2006; Stramma et al., 2011).

Irradiance has consistently been found to be a primary de-
terminant of DSL depths (Kampa and Boden, 1954; Tont, 1975;
Frank and Widder, 2002). This effect is attributed to DSL animals
taking refuge from visually-oriented predators in darker waters
(Lampert, 1993; De Meester et al., 1999). While some studies have
considered the role of oxygen content and other variables in
constraining DSL depths, many earlier analyses have been con-
ducted either in places that lack an OMZ (e.g., Frank and Widder,
2002), or have only considered a single depth to describe the “DSL
depth” (e.g., Tont, 1975; Bianchi et al., 2013). Given that the DSL
width can span several hundred meters, it is likely that different
environmental factors limit the top and bottom boundaries. The
responses of each of these boundaries could be differentially af-
fected by a changing climate.

Several recent studies have suggested a relationship between
DSL depths and hypoxia. A global analysis of 38-150 kHz Ship-
board Acoustic Doppler Current Profiler (ADCP) data concluded
that the depth of the DSL is correlated with the oxygen con-
centration in the upper mesopelagic (150-500 m) (Bianchi et al.,
2013). Their findings indicate that the DSL depth on large scales is

limited by climatological oxygen concentrations. Another study
within the central CCE attributed a ~300 m change in DSL depth
between seasons to potential changes in OMZ depth (Urmy et al.,
2012). Neither study collected simultaneous environmental mea-
surements with the acoustic data.

The purpose of the present study is to explore the effects that
the predicted decline of oxygen in the southern CCE may have on
habitat use by the mesopelagic fish assemblage. Because it is not
possible to isolate variation in oxygen concentrations from other
natural variability in the environment, we further explore how the
DSL responds to light and temperature. The DSL top and bottom
boundaries were detected with echosounder-collected acoustic
backscatter data, and the relationships between their depths to
changes in the different variables were tested using linear re-
gression and general additive models. We tested the following
hypotheses:

(1) There is a positive relationship between predation risk (using
midwater irradiance as a proxy) and DSL depths. We expect
this response to be stronger at the DSL upper boundary be-
cause predation risk is strongest at the shallower depths.

(2) There is a positive relationship between oxygen concentration
and DSL depth. We expect this relationship to be strongest at
the bottom boundary of the DSL, because this is in closest
contact to the most hypoxic waters.

(3) There is a positive relationship between temperature and DSL
depth, because there is likely an optimal thermal range for
basal metabolic and other activities.

To test these hypotheses, we developed an algorithm to detect
DSL depths from continuously-collected acoustic backscatter data
across the core California Cooperative Oceanic Fisheries In-
vestigations (CalCOFI) stations, accompanied by midwater trawls
to characterize the mesopelagic fish fauna on a subset of cruises
and stations (Fig. 1). With midwater oxygen levels varying spa-
tially, seasonally, and annually, and concurrent station measure-
ments of environmental variables including temperature, dis-
solved oxygen, and irradiance, these data allowed us to probe for
the mechanisms that lead to the abundance declines observed by
Koslow et al. (2011).

After determining the important variables for constraining each
of the top and bottom boundaries, we explored how potential
climate change impacts may shift the vertical range of the DSL. The
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expectation is that either the entire vertical range will shift into
better illuminated waters, or that habitat compression will result
from shoaling at the lower boundary alone.

2. Methods
2.1. Acoustic backscatter

Acoustic backscatter data were collected on twelve California
Cooperative Oceanic Fisheries Investigations (CalCOFI) cruises
from 2009 to 2012 and in all 4 seasons with a 5-frequency (18, 38,
70, 120 and 200 kHz) Simrad EK-60 echosounder. Three cruises
were omitted from the analysis, because of missing backscatter
data. Only the 38 kHz data were used in the determination of DSL
depth, as this frequency penetrates to the requisite depths while
avoiding some of the resonance effects of air-bladdered fishes at
18 kHz (Kloser et al., 2002; Gode et al, 2009; Davison et al.,
2015a). While most small zooplankton do not scatter strongly at
38 kHz (Lavery et al., 2007), the detected DSL layer likely includes
some invertebrate taxa, such as squid, decapods, and siphono-
phores, in addition to fish. In particular, physonect siphonophores
have strong backscatter at this frequency due to the inclusion of a
gas-fill pneumatophore (Warren, 2001; Benfield et al., 2003; La-
very et al., 2007), and the DSL that we detected at this frequency
likely includes both fishes and siphonophores. Siphonophores are
not typically well preserved in net catches and were not en-
umerated for this analysis. However, a detailed comparison of the
acoustic and trawl data for these cruises indicates that fish likely
dominated the acoustic signal except during the August 2010
cruise in the region around the Channel Islands (Davison et al.,
2015b). The cruises for which data were used for this study are
presented in Table 1. Transducers were calibrated using a tungsten
carbide reference sphere suspended beneath the research vessel
either at the start or end of each cruise (Foote et al., 1987).

All bioacoustic data were cleaned using EchoView software.
The cleaning process involves removal of ship noise, acoustic re-
flections from the CTD during casts, background noise and false
bottoms (i.e, acoustic reflections from the seafloor), and filling in
areas of removed data with interpolated nearby data. The volume
backscatter data were binned into 5m vertical by 500 m hor-
izontal bins to resolve horizontal and vertical gradients in the
backscatter at a scale that can be compared to measurements of
water column properties, such as oxygen concentration and tem-
perature, over the CalCOFI sampling region. Backscatter data were
converted from nautical area scattering coefficient (NASC, m?
nmi~2) to area scattering coefficient (s,, in m? m~?2).

Table 1

California Cooperative Oceanic Fisheries ions (CalCOFI) ling cruises
on which bioacoustic data were collected for this analysis, and availability of con-
currently collected animals with a Matsuda Oozeki Hui Trawl (MOHT). All cruises
were conducted on the RV New Horizon, except for CalCOFI 1004, which took place
on the NOAA RV Miller Freeman.

Cruise name Dates 500 m MOHT trawls

CalCOFI 0911 6-23 Nov, 2009

CalCOFI 1001 12 Jan-4 Feb, 2010

CalCOFI 1004 27 Apr-17 May, 2010

CalCOFI 1008 30 Jul-17 Aug, 2010 v
CalCOFI 1011 28 Oct-12 Nov, 2011 v
CalCOFI 1101 12 Jan-4 Feb, 2011

CalCOFI 1108 27 Jul-12 Aug, 2011 v
CalCOFI 1202 27 Jan-13 Feb, 2012 v
CalCOFI 1210 19 Oct-5 Nov, 2012 v

2.2. Deep scattering layer depth detection algorithm

A layer detection algorithm was developed (in Matlab v. 2012a)
to detect the top and bottom boundaries of the deepest detected
DSL at each station using the 38 kHz acoustic backscatter data. The
3 depth bin vertical running mean of the s, was first calculated to
smooth the data. The algorithm then searched from the bottom up,
starting at the maximum depth for which backscatter data were
recorded (750-800 m). A DSL bottom was detected when the fol-
lowing conditions were met: (1) s,>a threshold value
(4x107°m?m~2 was chosen based on agreement with visual
inference), (2) the change in s, from the next deepest bin was
positive, and (3) the positive gradient persisted for at least 3 depth
bins (i.e., 15 m). The top of the layer was similarly defined as the
upper-most bin where s, was > the cutoff value and the gradient
was negative for at least 3 depth bins. In order to compare acoustic
backscatter with station-based water column variables, the mean
DSL upper and lower boundary depths were calculated for each
CalCOFI CTD station from data within 2.75 km on either side of the
station (Fig. 1). We only analyzed daytime DSL depth distributions.

Seamounts and continental shelves have an aggregating effect
on many organisms. The behavior of the layers near these features
was different than in the open ocean region, with high backscatter
from the surface to the seafloor in many cases. Therefore the layer
detection algorithm for the offshore was not appropriate for wa-
ters at nearshore and seamount-associated stations. Data were
thus excluded from within 20 km of any region with bottom
depths shallower than 600 m. Additional filters were applied to
remove detections of anomalous speckle (noise and detections of
large individuals that were outside of the core layer) and to ensure
that a small gap in the layer did not cause a detected layer to be
split into two. In limited cases the algorithm failed to identify the
appropriate top or bottom due to anomalous backscatter near the
station. In these cases, the DSL top or bottom depth was identified
visually.

2.3. Fish assemblages

On five of the cruises in this analysis, there was concurrent
daytime oblique trawl sampling to 500 m with a 1.6 mm mesh
Matsuda-Oozeki-Hu trawl (MOHT) with a 5-m? mouth opening
(Oozeki et al., 2004) and TSK flowmeter (Table 1) at a subset of
stations. Although avoidance behavior and escapement lead to
undersampling with any net system, the MOHT has recently been
found to outperform other systems in its capture efficiency (Pa-
khomov and Yamamura, 2010). No net collections took place at
dawn and dusk to avoid sampling during the diel vertical migra-
tions. Efforts were made to allocate the tows evenly across the full
CalCOFI grid, and all trawls were conducted using the same ap-
proximate ship speed, wire speed, and wire paid out. The collected
fish were preserved in 10% sodium tetraborate-buffered formalin
and later identified to lowest taxonomic unit possible in the lab.
Cluster analysis based on Bray-Curtis dissimilarities of logio(x+1)
transformed data has revealed two distinct assemblages based on
geographical region: (1) a nearshore/core California Current as-
semblage (inshore of and including station 80), and (2) an off-
shore-associated group (beyond station 80 (X. Rojas-Rocha, pers.
comm). Because the number of concurrent fish trawls and acoustic
backscatter stations was limited, all CalCOFI stations were as-
signed a region, with stations < 80 designated the nearshore re-
gion and > 90 assigned to the offshore region (Fig. 2). Regressions
were fit independently for data collected at each of the two
regions.
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Fig. 2. CalCOFI core hydrographic stations. Acoustic sampling occurred along the
CalCOFI transect lines (76.7-93.3) for each cruise included in this analysis. All
stations west of the broken grey line (stations > 80) were assigned as offshore
stations, and those inshore of the grey line ( < =80) were assigned as nearshore/
core California Current stations.

2.4. Environmental variables

Given previous work done on the subject, irradiance, dissolved
oxygen, and temperature were considered as likely explanatory
variables for predicting the lower and upper DSL boundary layer
depths.

2.4.1. Light level estimates: irradiance index

Due to the inherent difficulties of measuring or estimating light
levels at mesopelagic depths, an index of irradiance was calculated
based on light attenuation near the surface where most of the light
is attenuated, with the assumption that irradiance at depth is
proportional to irradiance in the upper water column (Li et al.,
2014). The Irradiance Index (II) is: I1=PAR*e ~*~*30, where PAR is
photosynthetically available radiation at the surface (Em~2d~ ')
and ksoo is the diffuse attenuation coefficient at 490 nm light
(blue) in the surface mixed layer, which is approximated as 30 m.
This index is appropriate as most of the light attenuation per unit
depth occurs in the upper 30 m, and satellites are unable to sense
below this level. Surface PAR and k490 were derived from satellite
measurements (SeaWiFS, MODIS-Terra and MODIS-Aqua) as per
Kahru et al. (2014), using the methods of Frouin et al. (2003) to
derive PAR and the standard NASA KD2 algorithm for kg0 (http://
oceancolor.gsfc.nasa.gov/REPROCESSING/R2009/kdv4/). Data were
recorded at the pixel closest in time and space to each CalCOFI CTD
station as possible.

A ) B

o 10 20 300
Irradiance Index (E m2d?)

DSL Lower Boundary Depth (m)

2.4.2. Oxygen

Dissolved oxygen concentrations were measured to ~500 m at
each station using a CTD equipped with dual SBE43 oxygen sen-
sors, and corrected with Winkler titration measurements on dis-
crete depth bottle samples at each station. Visual inspection of the
DSL indicates a possible hypoxic boundary at ~0.5 ml1~ ' (Fig. 4 in
Koslow et al. (2011)), although the oxygen at the bottom boundary
for the present dataset varied from 0.15 to 0.71 ml1~' O, during
the day. Because the bottom of the DSL was often detected deeper
than 500 m, the 0.75 ml 1~ ! isopleth was chosen as an appropriate
predictor variable due to the availability of data to calculate this
metric at all stations. The depth of the 0.75mll~ ! isopleth is
strongly correlated with the depth of the 0.5mll~! isopleth
(r*=0.803, p < 0.001) as well as with other deep oxygen isopleths,
thus serving as a reasonable proxy for the threshold oxygen con-
centration. Oxygen concentrations at the upper boundary of the
DSL spanned a much greater range than at the bottom boundary,
with concentrations ranging from 0.57 to 3.7 ml1~". In order to
choose the best oxygen variable to use for the models, we ran
regressions for a number of different oxygen isopleths (results not
shown). The 2.0 ml1~" isopleth was chosen for the models as it
had the strongest correlation with the depth of the upper DSL
boundary, and is also near the mean value for oxygen concentra-
tion at the top of the DSL (216 ml1~1).

2.4.3. Temperature

Temperature was measured with dual SBE3plus fast response
temperature sensors to ~500 m at each station. Various isotherms
were considered, and those with the highest predictive power for
each of the top and bottom of the DSL used for the analysis: the
7.5° and 8.5 °C isotherm for the bottom and top, respectively.

2.4.4. Statistical analyses

Because there is variability in measurements for both the in-
dependent and dependent variables, we fitted the data using
Model II regressions (Ricker, 1973). Testing for a difference from
zero slope of a Model Il regression is uncertain, so we first tested
for a significant relationship using Pearson product-moment cor-
relation analysis. Where fits were significant (p <0.05) for both
inshore and offshore faunistic regions, we then tested for a sig-
nificant difference between the slopes of the two lines using the
method of Clarke (1980) to determine whether the two char-
acteristic assemblages respond differently to the environmental
variables. Both regression equations are presented where the
slopes are significantly different between the two regions. If the
slopes are not different (p > 0.05), we instead fit the entire data set
using the Model II regression. Co-variation between variables was

400 500 200 300 400 500
Depth of [0,] = 0.75 mI I* (m)

Depth of 7.5° Isotherm (m)

Fig. 3. Relationships between the depth of the lower boundary of the deep scattering layer (DSL) and each of the four predictor variables. Irradiance is a continuous
measurement, while the oxygen and temperature variables are discrete depths. Closed circles represent nearshore and core California Current stations and open circles
represent offshore-associated stations. Stars indicate locations where deep (~500 m) MOHT trawls were conducted, with open and closed indicating the two characteristic
species assemblages. Black broken lines are fitted to nearshore/CC stations, and the grey broken lines are fitted to the offshore stations. Solid black lines are fitted to the full
dataset. (A) Irradiance Index (Nearshore/CC: y=11.37x+452.6, *=0.11, Offshore: NS), (B) Depth of [0,]=0.75 ml 1~ ! isopleth: (y=0.842x+184.2, 1?=0.18), and (C) Depth of

the 7.5° isotherm (NS).
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initially examined with a loess smoother and found to be ade-
quately approximated by a linear fit in most cases.

In order to explore additive effects, a stepwise general additive
model (GAM), incorporating all variables, was performed for both
the bottom and top of the DSL. The stepwise GAM runs forward
and backward at each step. Starting from the null model, the term
with the lowest p-value is introduced, and then any terms with a
p-value beyond a threshold are removed, before considering the
next term.

3. Results
3.1. Lower DSL boundary

Results from the single variable regression analyses for lower
boundary depth are illustrated in Fig. 3. The DSL lower boundary
depth exhibited a significant positive correlation with the irra-
diance index for only the nearshore region (p <0.01). The lower
boundary depth was significantly correlated with the depth of
0.75 ml 1~ oxygen concentration for both regions (Nearshore/CC:
p <0.001, Offshore, p < 0.05), with no difference in the slopes. The
7.5 °C isotherm was not significantly correlated with the lower
boundary depth (p >0.10). The results of the stepwise General
Additive Model (GAM) were slightly incongruent with the single
variable outcome, with oxygen (p < 0.001) and, to a lesser extent,
temperature (p < 0.05) contributing significantly to the response
variable, but not light (Table 2a).

3.2. Upper boundary

Single variable regression analyses for upper boundary depth
are illustrated in Fig. 4. The DSL upper boundary depth exhibited
significant positive correlation with both the irradiance index (no
significant difference between the two regions) and the depth of
the 2.0 ml 1! oxygen isopleths (p < 0.001 for both regions), with
different fits for the offshore and nearshore regions. The upper
boundary depth exhibited a significant correlation with the 8.5 °C
isotherm only for the offshore region (p < 0.01), where it explained
only 16% of the variance. Results of the GAM were in agreement
with the single variable results, with oxygen (p <0.001), irra-
diance index (p<0.001), and to a lesser extent, temperature
(p < 0.05) contributing significantly to predicting the depth of the
DSL upper boundary (Table 2b).
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Table 2

Results of Stepwise General Additive Model explaining: (A) lower boundary depth
as a function of the three explanatory variables (model: y=1+x2+x3, n=169, r
2-0.21, F=214, p < 0.001), and (B) upper boundary depth as a function of three
explanatory variables (model: y=I+x1+x2+x3, n=130, ?=0.56, F=542,
p < 0.001). (SE=standard error, t=t-statistic, p=p-value).

(A)

Estimate  SE t P
Intercept 32493
Irradiance Index (Em 2d 1) 1177 0.658 1.79 > 0.05
Depth of 0.75 ml1 ' [0,] isopleth  0.377 0.059 641 <0.001
Depth of 7.5 °C isotherm 0.151 0.069 217 <0.05
(B)
Intercept 20.85
Irradiance Index (Em 2d ') 4.019 0924 4350 <0.001
Depth of 2.0 ml1 ' [0,] isopleth 0556 0095 5940  <0.001
Depth of 8.5 °C isotherm 0.222 0104 2135 <0.05

4. Discussion

Our algorithm allowed us to define the boundaries of the DSL at
a much higher resolution than permissible by depth-stratified
trawl sampling, providing insights into the sensitivity of the
community to relatively small changes in their environment.

4.1. Bottom boundary

The occurrence of a distinct lower DSL boundary in the
southern California Current Ecosystem at depths shallower than in
regions that lack an OMZ (Chapman and Marshall, 1966; Williams
and Koslow, 1997; Bianchi et al., 2013) suggests that most of the
southern California mesopelagic community is bounded by an
ecological threshold in the environment. Although a diverse group
of metazoans has been found to reside within OMZ cores, this
occurs primarily in regions with very shallow OMZs (e.g. the
Arabian Sea, eastern tropical Pacificc Humboldt Current, etc.)
(Holton, 1969; Childress and Nygaard, 1973; Luo et al., 2000;
Cornejo and Koppelmann, 2006; Seibel and Drazen, 2007; Wish-
ner et al., 2008; Karuppasamy et al., 2010; Maas et al., 2014),
where diel vertical migrations to mesopelagic depths to avoid vi-
sually-orienting predators is only possible by migrating into the
OMZ and entering a state of metabolic suppression in the day and
re-oxygenating in near-surface waters at night (Seibel et al., 2012,
2014; Maas et al., 2012). Our results suggest that the majority of
the pelagic fish biomass in the CCE, where the core of the OMZ is

300 100 200 300 400
Depth of 8.5° Isotherm (m)

Fig. 4. Relationships between the depth of the upper boundary of the DSL and each of the four predictor variables. Irradiance is a continuous measurement, while the oxygen
and temperature variables are discrete depths. Closed circles represent nearshore and core California Current stations and open circles represent offshore-associated stations.
Stars indicate locations where deep (~500 m) MOHT trawls were conducted, with open and closed indicating the two characteristic species assemblages. Black broken lines
are fitted to nearshore/CC stations, and the grey broken lines are fitted to the offshore stations. Solid black lines are fitted to the full dataset. (A) Irradiance Index
(y=11.83x+152.9, *=0.39), (B) Depth of [0]=2.0 ml | isopleth (Nearshore/CC: y=1.058x—22.1, r?=0.29, Offshore: y=1.623x — 183.9, r’=0.48), and (C) Depth of the 8.5°

isotherm (Nearshore/CC: NS, Offshore: y=2.372x—277.9, 12=0.16).
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at ~600-800 m depth, is constrained primarily by a minimum
oxygen threshold.

4.2. Upper boundary

Irradiance and oxygen concentration (depth of the 2.0 ml1~!
isopleth) were strong predictors of the upper boundary of the DSL
for both the single variable regressions and the GAM, and there
was a weaker relationship with temperature. A light threshold as
predictor of DSL depths is consistent with the view that the ani-
mals of the DSL are taking refuge in dark water (Lampert, 1993; De
Meester et al,, 1999). A relationship between light and the DSL
depth has been observed in previous studies (e.g., Tont, 1975), but
the relatively strong predictive power of an oxygen threshold as an
upper boundary to the DSL was somewhat unexpected. There is no
obvious physiological explanation for why the community would
need to remain below a given oxygen concentration, although
entering a state of metabolic suppression for periods of time may
be an adaptive strategy to confer significant energy savings (Seibel
et al,, 2014). It is likely that the mesopelagic fishes are taking re-
fuge not only in the darkness of mesopelagic waters, but in areas
with low oxygen concentrations, such as the CCE, midwater depths
are also too hypoxic for their more active predators (as proposed
by Bianchi et al., 2013). Supporting this interpretation, the oxygen
concentrations at the upper DSL are slightly below levels tolerable
to epipelagic visually-oriented predators, such as sharks
(1.7 ml1~", Nasby-Lucas et al., 2009), billfishes (<35mll~",
Prince and Goodyear, 2006) and skipjack and yellowfin tunas
(<3.5mll~", Ingham et al., 1977; Cayré, 1991).

For many of the environmental variables, the DSLs of the off-
shore and nearshore assemblages responded similarly. However
the relationships between the DSL upper boundary depths and
both oxygen and temperature were significantly different between
nearshore and offshore regions, with temperature only acting as a
significant predictor for the DSL upper depth offshore. Given that
the upper boundary likely experiences more frequent environ-
mental variability in the nearshore region than offshore (Bograd
et al, 2008; Send and Nam, 2012), the DSL may be better adapted
there to this variability. Ongoing collection of acoustic backscatter
data in both nearshore and offshore regions over multiple years
and seasons would help to resolve the mechanism leading to these
observed regional differences.

Our study suggests that vertical distributions of DSL organisms
in the CCE are limited by midwater oxygen concentrations. This is
in agreement with some previous work in the CCE (Urmy et al.,
2012), French Polynesia (Bertrand et al., 1999, 2002), and globally
(Bianchi et al., 2013), and there is evidence that midwater hypoxia
limits distributions of many fish taxa, such as larval fish in the
Benguela current (Ekau and Verheye, 2005), Peruvian anchovetta
(Bertrand et al., 2010), and billfishes and tuna in the Eastern Tro-
pical Pacific (Stramma et al.,, 2011). Yet DSLs have been detected
acoustically within the OMZ cores of the Arabian Sea (Kinzer et al.,
1993; Karuppasamy et al., 2010), and myctophids and other mid-
water fishes have been collected within OMZs of the Arabian Sea
(Karuppasamy et al.,, 2010), Eastern Tropical Pacific (Maas et al.,
2014), and Humboldt Current (Cornejo and Koppelmann, 2006),
regions where the OMZ is shallower than in the CCE (on the order
of 100 m). Mesopelagic taxa in those areas appear to have adapted
to a shallow OMZ by evolving the ability to enter the OMZ during
the diel period, undergoing marked metabolic suppression, and
migrating at night into near-surface waters to feed and re-oxyge-
nate (Seibel, 2011).

Thin biomass peaks of zooplankton at specific oxygen levels of
oxyclines have been revealed by depth-stratified net sampling
(Wishner et al., 2008, 2013), and likely result from an advantage of
occupying waters at the edge of a species’ hypoxia tolerance. There

may be similar zonation of fishes within the CCE DSL that we were
unable to detect with our methods. Assemblage-level biomass
peaks could potentially be distinguished through more sophisti-
cated algorithms (Cade and Benoit-Bird, 2014), and taxon-specific
peaks revealed through depth-stratified trawl sampling. The
Eastern Tropical Pacific and Arabian Sea OMZs span a greater
depth range, are shallower, and have lower minimum oxygen
concentrations than the CCE OMZ, which may lead to different
dynamics in habitat utilization of inhabitant organisms. The OMZ
in the CCE may be deep enough that mesopelagic fish can si-
multaneously avoid both predation risk and hypoxia, but in other
areas must make a trade-off to avoid predation at the expense of
oxygen availability. Paired trawl and acoustic sampling over a
range of OMZ depths would shed some light on the discrepancies
between our findings and other studies.

Ocean acidification is a compounding stressor on organisms in
hypoxic waters because reduced pH decreases the affinity of pro-
teins such as hemoglobin for oxygen (Seibel and Walsh, 2001). As
oxygen concentration and pH covary (Alin et al., 2012), this may be
especially problematic for organisms already living at the limits of
their pH and oxygen tolerances. While we acknowledge that the
shift in DSL depths attributed here to oxygen variability may in
part be a response to changes in pH, it is not possible to decouple
the oxygen and pH variability, so we rely on evidence that mobile
fishes are not as susceptible to low pH as to changes in oxygen
availability (Melzner et al., 2009; Kroeker et al., 2013) to assume
that they are responding primarily to respiratory demands.

4.3. Predicting changes to DSL upper and lower boundary depths due
to ocean deoxygenation and increased light attenuation

Oxygen concentrations and irradiance levels are the strongest
predictors of the DSL depth in our study region. Dissolved oxygen
levels in the ocean have been declining globally (Helm et al., 2011).
The North Pacific region is experiencing some of the greatest
change in oxygen concentrations, at least some of which is due to
decadal-scale climate variability (McClatchie et al., 2010; Deutsch,
2005; Duetsch et al., 2011, 2014). The average decline in oxygen
concentration in the southern CCE from the mid-1980s to present
was 21% (Bograd et al., 2008, 2014), and global climate models
predict a further decline in midwater oxygen concentration of
~20-40% over the coming century or so due to climate change
(Sarmiento et al., 1998; Matear and Hirst, 2003; Shaffer et al.,
2009). By extrapolating from a linear relationship between the two
variables, Koslow et al. (2013) find that midwater fish biomass
would approach zero with a further ~30% decline in midwater
oxygen concentrations. This implies that midwater fishes will ei-
ther have to modify their behavior (i.e. descend into the OMZ
during the daytime and undergo metabolic suppression) or they
will be replaced by a fauna that does. Light attenuation in the CCE
has increased over the last half century (Aksnes and Ohman,
2009). Although DSL depths have been found to respond to mid-
water irradiance levels (e.g., Tont, 1975), no studies have explored
the effects of the decreased irradiance on distributions of meso-
pelagic fauna.

In order to explore how the vertical range of the DSL may be
altered by continued deoxygenation and changes to light at-
tenuation, we used estimates of annual rates of change in the
variables that had the highest predictive power for DSL upper and
lower boundary depths, and substituted these values into equa-
tions determined by the present study that relate DSL upper and
lower boundary depths to the same environmental variables. For
these projections we consider only the variables with the stron-
gest and most consistent effects on the bottom boundary (dis-
solved oxygen) and upper boundary (dissolved oxygen and
irradiance).
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Bottom

The maximum shoaling rate of the 0.75ml1~"' oxygen con-
centration depth in the southern CCE from 1984 to 2013 (calcu-
lated as per Bograd et al., 2008) is

22075 -]
o =274my"!

(This excludes one anomalously high rate of 446 my ! in the
Santa Barbara basin). The slope relating DSL bottom depth and the
0.75 ml 1" oxygen isopleths (see Fig. 3b legend) is

AZpst_Bot _
AZ075

0.84mm!

We multiply these terms to arrive at a maximum shoaling of
the bottom of the DSL

AZpsL_Bot _ AZ0.75, AZDSL_Bot _ 1 -1 _ -1
= T 274my #084mm'=23my
Top

Since oxygen and irradiance are the primary drivers of the
upper boundary depth, we explore the effects of each in isolation
in order to determine how each may shift the depth of the upper
DSL boundary. The maximum shoaling rate of the 2.0 ml 1~ " oxy-
gen concentration depth in the southern CCE from 1984 to 2013
(calculated as per Bograd et al., 2008) is

% =398my-!
The slope relating DSL upper depth and the 2.0 ml 1! oxygen
isopleths (see Fig. 4b legend) is

AZpsL_Top . =
—aZo = 1.06 m m
We multiply these terms to arrive at a maximum shoaling of

the top of the DSL
AZpsL_Top _ aZ20, AZDSL_Top

= =398my *1.06mm'=42my"!

At At AZ20

Note that we used the regression derived for the nearshore
region in this calculation, as the maximum shoaling rates of hy-
poxic waters is in the nearshore region.

To estimate the potential shift in upper DSL boundary depth
due to changes in irradiance, we first rearrange the II
equation (Section 2.4.1).

_ Il [PAR)
kago = 30

For simplicity, we assume that variation in Il is due only to
changes in kaoo, and use a constant PAR value for the calculations

PAR = 100 E m~2d-!

Given the range of the Irradiance Index values in our dataset,
1118x10"°Em~'d~' at DSL upper depth of 348 m to
21.852 Em~'d "' at 187 m, we calculate a concurrent kg9 range

min kso = ~In(l;c['PARr
_ -In(.118x 106 Em-1d-1/ 100 E m~2d-)
30
=0.0507 m™!
max kago = -Iml;(/)I'AR) - —ln121.8525m“:;'(1005 m2d-1) ~0610m-!

We then calculate the change in DSL upper depth per unit of
kago
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Fig. 5. Schematic of changes to deep scattering layer depths under conditions of
continued ocean deoxygenation and increased light attenuation over the next 50
years. We assume that the current rates of change in oxygen concentration and
irradiance and the response rates of the DSL upper and lower boundaries to these
variables are constant over the time period. Relative light levels are represented by
the yellow to black gradient, and exhibit a slight shoaling. The hypoxic boundaries
represented are approximately 0.5 ml 1~ (lower) and 2.0 ml 1~ ' (upper). The upper
boundary is predicted to shoal at a rate faster than the lower boundary, effectively
expanding the width of the deep scattering layer. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

From 1949 to 2007, the light attenuation coefficient increased
by an estimated 9.84 x 10-*m~ 'y~ (Aksnes and Ohman, 2009,
Table 4), consistent with increases in nutrients and chlorophyll
concentrations (Bograd et al., 2014). To obtain the annual shoaling
rate of the DSL upper boundary due to changes in light attenua-
tion, we multiply these terms together:

AZpsL_Top
kag0

#2M0 _ _ 288 m2+9.84 x 10-4m-1y~' = 0.274 m y-!

This value implies that the effect on the upper boundary due to
changing irradiance is considerably smaller than the effect due to
changing dissolved oxygen, and is therefore unlikely to contribute
much to long-term changes in the upper boundary depth.

According to these calculations, the bottom oxygen boundary of
the DSL is expected to shoal with continued ocean deoxygenation,
consistent with our expectation. Still, the upper boundary will
shoal faster than the lower boundary due to changes in the dis-
solved oxygen concentration, suggesting that there will be ex-
pansion of the daytime vertical habitat available to mesopelagic
fishes (Fig. 5). However, different types of predators may be dif-
ferentially limited by either hypoxia or irradiance, and further
studies on trophic linkages and predator behavior and habitat use
is needed to be certain how the varying effects of shoaling hypoxia
and shoaling darkness will ultimately affect the mesopelagic
fauna.

Our irradiance index is a relatively coarse proxy for mesope-
lagic light levels at each station. Neither the effects of differential
shading due to plankton patchiness nor midwater biolumines-
cence heave been considered here. The ability to determine the
DSL response to light levels would be enhanced by direct in situ
light measurements (e.g., Haag et al., 2014). Furthermore, there
were some segments of the backscatter data where the algorithm
failed to detect an upper DSL boundary due to heightened back-
scatter throughout the upper water column. If we instead consider
the sea surface as the absolute limit for upper boundary of habitat
available to mesopelagic fishes, we find that the shoaling of the
hypoxic boundary does in fact lead to a decline in total available
habitat. With a significant portion of the mesopelagic community
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moving into shallower waters, carbon transport to the deep sea
will likely be impacted.

Our predictions for future changes in DSL depth and breadth
may be biased by assumptions made in order to estimate these
responses. We assumed that recent trends in changes to HB and
euphotic zone depths will continue in the same direction and at
the same rates. However, McClatchie et al. (2010) showed that the
direction of change in HB depth has reversed before, although
global climate models generally predict continued deoxygenation
into the foreseeable future (Matear and Hirst, 2003; Shaffer et al.,
2009). Further, the mechanism leading to the changes in euphotic
depth is not well understood (Asknes and Ohman, 2009), so it is
unclear whether the observed shoaling trend from 1949 to 2007
will continue. Upwelling rates are expected to continue to increase
(Sydeman et al., 2014), which would bring more nutrients and
lower oxygen into the surface waters, initially decreasing both
oxygen levels and irradiance.

There is no obvious seasonal pattern in the depths of the
oxygen variables for the time period of this study, however there
was a lot of variation in the depths of both the 0.75 (260-513 m)
and 2.0 ml 1" (115-350 m) isopleths throughout the full dataset,
as well as within any given station. For example, at a northern
nearshore station, 80.55, the 0.75mll ' oxygen depth ranged
from 362 to 448 m and the 2.0 ml 1~ ! depth from 123 to 184 m. At
the southern offshore corner of the CalCOFI grid, station 93.120,
the 0.75ml1~" isopleth ranged from 424 to 471 m, and the
2.0 ml 1" level from 288 to 319 m. Given that this within-station
variation is greater than that predicted with long-term climato-
logical change, we expect there to be shifts in use of the vertical
habitat on seasonal time scales, and even on hourly to daily time
scales such as are documented by permanently-mounted echo-
sounders (Urmy et al,, 2012). Long-term monitoring with higher
temporal sampling (e.g., a bottom-mounted echosounder) would
resolve the response time of the DSL fish habitat use to changes in
oxygen profiles.

Our results have implications for the availability of suitable
habitat for mesopelagic animals as the oxygen levels in the ocean
decline. This study was limited to the southern California Current
region, however the questions of how habitats of mesopelagic
fishes are affected by environmental change over time and space
should be further explored throughout the ocean in order to better
understand what these changes will mean for mesopelagic com-
munities in other regions. Over the range of the CalCOFI sampling
region there is a relatively large range of light levels from oligo-
trophic gyre water to the very productive nearshore upwelling
region (Aksnes and Ohman, 2009). In contrast, while there is
variation in the range of OMZ depths, the range in the CalCOFI
region is only a subset of the range of OMZ depths that exist
throughout the global ocean (Stramma et al., 2011). The responses
of the DSL should be determined in regions with both shallower
and deeper OMZs as well as in areas that lack an OMZ entirely.

This is the first study that we know to investigate the differ-
ential responses of the upper and lower boundaries of the DSL to
key environmental variables. Tont (1975) found a correlation be-
tween light and mean DSL depth, Bianchi et al. (2013) used the
location of peak backscatter to identify as DVM depth, and Hazen
and Johnston (2010) detected a relationship between integrated
water column backscatter and the depth of the oxycline and
thermocline. Powell and Ohman (2015) identified a positive re-
lationship between the amplitude of diel vertical migration and
euphotic zone depth. The high spatial and temporal sampling
provided by the CalCOFI surveys and the overlap of CTD stations
with bioacoustic sampling has provided a unique opportunity to
explore the responses of the DSL to environmental variability.
However, with only three years of bioacoustic data available, we
could not resolve responses of the DSL depth over time, and

instead had to rely on a space for time exchange, using the natural
variation in environmental properties over space as a proxy for
future climate change.

Ongoing sampling by the methods outlined here is necessary in
order to access how DSL depth and vertical ranges change with
natural and human-induced climatic changes. Further refinements
to these methods that would assist in better resolving the re-
sponse of the DSL distribution to environmental variability include
obtaining real-time measurements of mesopelagic light levels,
collecting CTD data to at least the bottom depth of the DSL, and
conducting depth-stratified sampling to ascertain the differential
responses of various taxa of fishes that constitute the DSL.
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3.1 Abstract

Global climate models predict declines in oceanic dissolved oxygen
concentrations, which are expected to be particularly severe in some oxygen minimum
zone regions. Observed trends of generally declining oxygen concentrations in the
California Current Ecosystem over the last several decades support these predictions.
Living already in hypoxic waters, mesopelagic fishes in some oxygen minimum zones
may be particularly vulnerable to the ocean deoxygenation predicted to accompany
climate change in oxygen minimum zones. In order to test the effects of variable
midwater oxygen concentrations on their metabolism, we measured the activities of
aerobic (Citrate Synthase (CS), Malate Dehydrogenase (MDH)) and anaerobic (Lactate
Dehydrogenase (LDH) and Alcohol Dehydrogenase (ADH)) metabolic enzymes in a
suite of 20 species of mesopelagic fishes from the families Bathylagidae,
Gonostomatidae, Melamphaidae, Myctophidae, Phosichthyidae, and Sternoptychidae
collected throughout the southern California Current Ecosystem. Our data provide
evidence that there may be overall suppression of metabolic enzyme activity in areas with
relatively low oxygen concentrations. However, we did not observe an increased reliance
on anaerobic respiration under more hypoxic conditions. Diel vertical migrators had
elevated activities of CS, MDH, and LDH compared with the non-migratory mesopelagic
residents, and there were some significant differences in enzyme activities among
families. Our results suggest that in a future deoxygenating ocean, mesopelagic fishes in
the California Current may need to shift vertical and/or horizontal habitat ranges in order
to survive, with possible consequences to species diversity, predator-prey interactions,

and carbon transport to the deep sea.
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3.2 Introduction

Dissolved oxygen concentrations in the ocean have experienced global declines in
recent decades (Helm et al. 2011) due to decreased solubility of warming surface waters,
increased stratification, and changes to ocean circulation (Sverdrup 1938, Wyrtki 1962,
Karstensen et al. 2008). These losses are particularly severe at upper mesopelagic depths
of oxygen minimum zones (OMZs), which occur worldwide in eastern boundary currents
and tropical (Gilly et al. 2013), and are regions where animals are already living at the
edge of their hypoxia tolerance (Seibel 2011b). In the California Current Ecosystem
(CCE), the hypoxic boundary has shoaled by as much as 80 m since the 1980s (Bograd et
al. 2008, McClatchie et al. 2010), linked to intensification of the California Undercurrent
(Bograd et al. 2014). Global climate models predict further expansion of OMZs in both
horizontal and vertical extent (Deutsch et al. 2006, 2011b, Shaffer et al. 2009, Keeling et
al. 2010), although there is evidence that this trend could reverse in response to
weakening tropical trade winds (Deutsch et al. 2014b). Models predict a poleward shift
in distributions of many ectotherms due to metabolic limitations of warming and
deoxygenation. Acoustically-detected deep scattering layers, comprised of both fish and
zooplankton (Warren 2001, Benfield et al. 2003, Lavery et al. 2007), appear depth-
limited by hypoxic conditions (Bianchi et al. 2013, Netburn & Koslow 2015), and
declines in oceanic oxygen content have been associated with the concurrent loss of
mesopelagic fish ichthyoplankton by as much as over 60% (Koslow et al. 2011),
attributed in part to habitat compression (Koslow et al. 2011, Netburn & Koslow 2015).
Some mesopelagic fish species live constantly in deep, low oxygen waters; however,

others make nightly migrations into shallow (200-0 m), well-oxygenated waters, where
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they feed on the more abundant prey resources. Thus, non-migrating fishes live
constantly in low oxygen waters, while migrating fishes experience intermittent hypoxia.
The apparent deoxygenation in the CCE raises questions about the effects of variable
midwater oxygen concentrations on the metabolic physiology of mesopelagic fishes
living within the southern CCE.

Citrate Synthase (CS) and Malate Dehydrogenase (MDH) are two enzymes of the
Krebs cycle that are commonly used as indicators of aerobic respiratory capacity (Torres
et al. 2012). In vertebrates, the last step of anaerobic respiration involves the conversion
of pyruvate to lactate, catalyzed by Lactate Dehydrogenase (LDH). Lactate production is
energetically expensive and accumulation of lactate is toxic (Hochachka & Somero
2002), so respiration via the LDH pathway cannot be sustained for long periods of anoxic
exposure. There exists only one alternative metabolic pathway in vertebrates, thus far
only demonstrated in the Cyprinidae (Crucian carp and goldfish), in which lactate is
ultimately converted to ethanol, which can diffuse from the cells and be excreted,
avoiding the accumulation of toxic molecules within muscle tissue (Shoubridge &
Hochachka 1980, Vornanen et al. 2009). Activities of CS, MDH, and LDH have been
found to decline with the minimum depth of occurrence for mesopelagic fishes regardless
of other environmental characteristics, typically attributed to the reduced energy demands
required by taking refuge from visually-oriented predators in relatively dark mesopelagic
waters (Childress 1995, Seibel & Drazen 2007). Torres et al. (2012) found evidence for
the ADH pathway in some species of Myctophidae, including three species considered in
this study (i.e., Nannobrachium ritteri, Stenobrachius leucopsarus, Triphotorus

mexicanus), with ADH activities detected of similar magnitude as that measured in carp
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and goldfish. However, these fishes’ ability to metabolically produce ethanol has not
been confirmed.

To investigate the metabolic response of mesopelagic fishes to natural variability
in ambient oxygen concentrations over space, we measured the activities of CS, MDH,
LDH, and ADH in a suite of mesopelagic fishes collected in variable oxygen conditions
throughout the southern CCE. We specifically sought to answer the following questions:
(1) Does aerobic metabolic activity change in relation to spatial variations in midwater
oxygen concentrations?

We expect that aerobic metabolic enzyme activities will decline in response to
declining midwater oxygen concentrations.

(2) Does the relative contribution of anaerobic metabolic enzyme activity to total
metabolic engyme activity vary in response to variations in midwater oxygen
concentration?

We expect that LDH enzymatic activity will be higher in fish from the lowest
dissolved oxygen concentrations, due to the limited oxygen.

(3) How do a) diel vertical migration behavior, b) phylogeny, and c) tissue composition
affect aerobic and anaerobic metabolic enzyme activities?

a) Since non-vertical-migrating fish species are permanent residents of oxygen-
limited waters, we expect they will have a higher LDH:CS ratio and lower overall
metabolic enzyme activities. On the other hand, migrators will have elevated overall
metabolic enzyme activities due to both the high metabolic cost of migration and their
periodic exposure to well-oxygenated epipelagic water. b) We expect there will be

differences in activities among families, in a manner related to their phylogenetic history.
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c) We expect fish with lower water content and higher protein concentrations to have
elevated activities of all metabolic enzymes because of higher maintenance costs
associated with swimming and feeding.
(4) Is there evidence for an ethanol-production anaerobic pathway mesopelagic fishes
in the CCE?

The presence of the ADH pathway would suggest mesopelagic fishes in the CCE
can produce ethanol as an end product of anaerobic metabolism, which is more easily

excreted and less toxic compared to lactate.

3.3 Methods

We collected the fish specimens on two research cruises: the California
Cooperative Oceanic Fisheries Investigations Fall 2012 cruise (CalCOFI 1210; 19 Oct - 5
Nov 2012) and the California Current Ecosystem Long-Term Ecological Research
Summer 2014 process cruise (CCE-P1408; 6 Aug — 4 Sept, 2014) with oblique profiles of
a Matsuda-Oozeki Hu Trawl net (Oozeki 2004) (Figure 3.1). On CalCOFI 1210, we
conducted trawls at a subset of stations of the standard CalCOFI grid. Five of fourteen
tows were made during daytime, to approximately 500 m depth. The remainder of the
tows were to ~150 m at night, capturing only the vertically migrant component of the
assemblage. On CCE-P1408, we conducted both daytime (<500 m) and nighttime
(£150m) trawls at each of three sampling stations. We identified and sorted the fish at
sea in chilled seawater, immediately froze them whole in liquid nitrogen, and later
transferred them to a -80° C freezer. Within 2 years of collection, we subsequently

measured and weighed the samples, dissected them on dry ice to avoid protein
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degradation, and homogenized a piece of tissue at 0-4° C in buffer solution (50 mM
imidazole buffer, 2 mM EDTA, pH 6.6 at 20° C) at a ratio of 1 g tissue to 9 ml buffer
solution. For the Sternoptychidae Argyropelecus affinis, Argyropelecus hemigymnus,
Argyropelecus lychnus, Argyropelecus sladeni, the Gonosotomatidae Cyclothone
acclinidens, Stomiidae Stomias atriventer, Myctophidae Diaphus theta, Nannobrachium
ritteri, Protomyctophum crockeri, Stenobrachius leucopsarus Symbolophorus
californiensis, and Triphoturus mexicanus, the Bathylagidae Bathylagoides wesethi,
Leuroglossus stilbius, and Lipolagus ochotensis, and Melamphaidae Malamphaes parvus,
we homogenized dorsal white muscle. For specimens too small to obtain an adequate
piece of isolated white muscle tissue - Cyclothone signata, Vinciguerria lucetia, and
small specimens of Idiacanthus antrostomus, the specimens were instead skinned,
beheaded, and gutted, and we used the whole or a piece of the remaining tissue, which
was mostly white muscle, for analysis (as per Somero & Childress 1980). We
homogenized the samples by hand in a glass homogenizer, and sonicated them for 10
seconds before centrifuging at 12,000 rcf for 10 minutes. We held the supernatant on ice
until assaying within 1-2 hours. All assays were conducted in triplicate in 96-well plates,
with 160 pl total volume of solution. Ten pl of supernatant was added to 100 pl assay
solutions, and the reaction initiated with the addition of 50 pl of the substrate. The
reactions for each enzyme assay are as follows (solution and substrate concentrations

listed are the final concentrations in the well):

CS: (acetyl-CoA + oxaloacetate + H20 < citrate + HS-CoA + H")
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Assay solution: 2.0 mM MgCl,, 0.1 mM DTNB, 0.1 mM Acetyl CoA, and 80 mM Tris
buffer, and the substrate is 0.5 mM oxaloacetate.

MDH: (oxaloacetate + NADH <> malate + NAD")

Assay solution: 20 mM MgCl,, 0.15 mM NADH, 80 mM Tris buffer, and the substrate is
0.4 mM oxaloacetate.

LDH: (pyruvate + NADH «> lactate + NAD")

Assay solution: 0.15 mM NADH, 100 mM KCL « 50 mM Imidazole buffer, and the
substrate is 1.0 mM pyruvate.

ADH: (acetaldehyde + NADH < ethanol + NAD")

Assay solution: 1.0 mM glutathione, 0.2 mM NADH, 100 mM potassium phosphate

buffer, and the substrate is 8.9 mM acetaldehyde.

All assays were conducted at 27° C in a spectrophotometer. We calculated the
enzyme activity rates for MDH, LDH, and ADH using the slope of the decrease in
absorbance of NADH at 340 nm. The CS rate was calculated using the slope of the
increase of absorbance of 412 nm due to the reaction of reduced acetyl-CoA with DTNB.
CS, MDH, and LDH enzyme activities were corrected to 10° C using a Q;o of 2.0, and
are expressed as Units (micromoles substrate converted to product per min) per gram wet
mass of white muscle tissue.

We conducted CS, MDH, and LDH activity assays for each specimen. Results
that exceeded + 2 standard deviations were excluded. For ADH, we assayed a minimum
of two specimens of each species at the most hypoxic station for which that species was

collected for the following species: Myctophidae N. ritteri, S. leucopsarus, T. mexicanus,
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P. crockeri, S. californiensis, C. townsendi, D. theta, Bathylagidae L. ochotensis, B.
wesethi, Stomiidae 1. antrostomus, S. atriventer, Sternoptychidae A. affinis, A.
hemigymnus, Gonostomatidae C. acclinidens, C. signata, and Phosichthyidae V. lucetia.
We did not have material available to conduct the ADH assay for A. lychnus, A. sladeni,
L. stilbius, and M. parvus.

As a positive control for ADH, we also conducted assays for 10 individual
common goldfish (Carassius auratus) that had been exposed to hypoxia for
approximately 24 hours (IACUC-approved protocol S10320). We also conducted the
ADH assay for two specimens each of the three species for which there were previously
reported ADH activities (Torres et al. 2012) using an alternative cuvette assay method.
We calculated the LDH:CS ratio as an indicator of the relative contribution of anaerobic
respiration to total respiration (Yang et al. 1992, Friedman et al. 2012). CS was chosen
over MDH for this metric because MDH serves multiple roles in the cell, and
interpretation of its activity is not straightforward (Thuesen & Childress 1994, Torres et
al. 2012).

Diel vertical migration behavior was assigned for fish from this region as per
Davison et al. (2014). The data were determined by the Kolmogorov-Smirnov test to be
non-normal, even when transformed. Therefore, we made comparisons between median
enzyme activities of families using the non-parametric Kruskal-Wallis test, followed by
pairwise comparisons using the Dunn method. Two different indices of tissue
composition were used in the analysis: (1) published estimates of % water weight, and (2)
white muscle tissue protein concentration, which we measured for most of the specimens

in the study. We performed linear regressions to test whether these indices predict
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enzyme activity. Mean water weight values were obtained from Childress & Nygaard
(1973) and Bailey & Robison (1986). Concentration of protein for each supernatant was
measured using a standard Bradford Assay (Bio-Rad Protein Assay Kit).

Dissolved oxygen was measured as a function of depth with a CTD-rosette
equipped with dual SBE43 oxygen sensors, and corrected with Winkler titration
measurements on discrete depth bottle samples at each station. Because we do not know
the precise depth at which each specimen was collected, we used the concentration of
dissolved oxygen at 300 m (in ml I'") as a proxy for the relative dissolved oxygen

concentrations experienced by the fish at each station.

3.4 Results

We measured activities of the enzymes CS, MDH, and LDH of a total of 481
individual specimens comprising 20 species of mesopelagic fishes, as well as the ADH
activity of an additional 38 specimens (from 16 species). Activities for the aerobic
enzymes CS and MDH, and the anaerobic enzyme LDH are summarized by species in
Figure 3.3, as well as the LDH:CS ratio. Measurements are further detailed in Appendix
3.1. There were some significant differences in enzyme activities (p<0.05) between
samples collected during the day and during the night for some of the migrating species
(Table 3.1). We measured elevated MDH activity for daytime samples for D. theta, and
elevated LDH by day for S. californiensis. Nighttime activities were elevated for CS for
T. mexicanus and V. lucetia, MDH for L. ochotensis and T. mexicanus, and LDH for S.

leucopsarus.
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Midwater Dissolved Oxygen

Dissolved oxygen concentrations at 300 m varied from 0.46-2.02 ml 1" across our
sampling locations (Figure 3.2). Activities for the two aerobic enzymes covaried with
concentration of dissolved oxygen (linear regression) for only a subset of the families
investigated: CS: Phosichthyidae (p < 0.01), MDH: Phosichthyidae (p < 0.01), and
Stomiidae (p < 0.05). The LDH:CS ratio for Phosichthyidae (p < 0.05) and Bathylagidae
(p <0.01) also covaried with oxygen concentrations (Fig. 4). Even where statistically
significant, a relatively small proportion of the variance (0-31%) in enzyme activity was
explained by ambient dissolved oxygen. However, both aerobic and anaerobic enzyme
activity and the ratio of LDH:CS were consistently reduced at the lowest concentrations

of dissolved oxygen (Figure 3.4).

Diel vertical migration behavior, phylogeny, and tissue composition

Diel vertical migrators exhibited significantly higher activities of CS (p <0.01),
MDH (p<0.01), and LDH (p<0.05) than non-vertically migrating fishes, but there was no
statistical difference in the LDH:CS ratio between the two groups (p = 0.13, Mann-
Whitney U Test, Figure 3.5). For all three enzymes, there were some significant
pairwise differences in activities at the family level (Figure 3.6), with the following
groups clustering together using the Dunn procedure for multiple non-parametric
pairwise comparisons:
CS: (a) Phosichthyidae, Myctophidae, Sternoptychidae, and Bathylagidae, and (b)
Gonostomatidae and Stomiidae. Activity of Melamphaidae was indistinguishable from

the other families, due to the extremely low sample size in this family.
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MDH: (a) Phosichthyidae, (b) Myctophidae and Sternoptychidae, and (c) Bathylagidae,
Gonostomatidae, and Stomiidae. Melamphaidae activity was indistinguishable from the
others.
LDH: (a) Phosichthyidae, Myctophidae, Sternoptychidae, (b) Bathylagidae, and (c)
Gonostomatidae and Stomiidae. LDH activity in Bathylagidae was much higher
compared to the other families, which also resulted in a higher LDH:CS ratio.
Previously published values of percent water content were not correlated with the
magnitude of enzyme activity for any of the species (Figure 3.7), although the
relationship with the LDH:CS ratio was significant at p<0.05 (*=0.30). CS and MDH
activities were, however, reduced in fishes with water content >0.8. The activities of
both aerobic enzymes, CS (r*=0.27, p<0.05) and MDH (r*=0.33, p<0.01), covaried with

the measured protein concentration (Figure 3.8).

ADH Activity

No ADH activity was detected by either the microplate or cuvette methods for
any of the specimens sampled of Myctophidae, Bathylagidae, Stomiidae,
Sternoptychidae, Gonostomatidae, and Phosichthyidae. However, samples from common
goldfish (C. auratus) had a mean ADH activity of 4.04 (£0.44) U g™ at 27° C (measured

using the microplate method) which served as a positive control.

3.5 Discussion
In this study, we observed a general reduction in maximum metabolic enzyme

activities of CS, MDH, and LDH for all species combined with declines in environmental
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oxygen concentrations. We found no increase in LDH activity at low dissolved oxygen
levels (~0.5 ml I'' compared to 2.0 ml 1), and no evidence of an alternate anaerobic
ethanol production pathway. In addition, we found that diel vertically migrating fishes
have higher aerobic and anaerobic metabolic activities than their non-migrating
counterparts, and revealed differences in activities based on phylogenetic relationships
and fish tissue composition. As would be expected due to the relatively low energy
expenditure of mesopelagic fishes (Seibel & Drazen 2007), the enzyme activities of the
fishes measured in this study are lower than activities typical of epipelagic fishes. The
maximum activity of CS for any species of mesopelagic fish in our study (~2.5 U g for
D. theta) is approximately 5 times lower than that of epipelagic tunas (~7.5 U g), and
LDH activity (~80 U g for B. wesethi) is approximately 30 times lower than in tuna
white muscle (>2500 U g™, Dickson 1995). The California anchovy Engraulis mordax,
which is more similar in size to many of the mesopelagic fishes in our study, and also has
a comparable plankton diet, has MDH and LDH activities about twice the temperature-
corrected maximum in our study (Childress & Somero 1979). The mean enzyme
activities in our study are similar to those reported in previous studies on this assemblage
(Table 3.2). The greatest exception is the MDH and LDH activities of Vinciguerria
lucetia, which are about one-third of those measured by Childress & Somero (1979), who
did not measure CS. It is possible that the generally smaller size of our specimens (17-34
mm) compared with those in their study (26-52 mm) accounts for the difference in
magnitude of enzyme activities due to size-scaling effects. However, although LDH
typically increases with size, MDH activity decreases with size (Somero & Childress

1980). A more likely explanation for the discrepancy lies in the somatic tissues used for
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the assay. With all of our specimens measuring under 35 mm standard length, we
homogenized whole gutted and fin-removed specimens for our enzyme activity
measurements. However, Childress & Somero (1979) used gutted and fin-removed
specimens for the smaller specimens, and dorsal white muscle tissue alone for the larger
specimens. Further, there is inherent variability in all of our measurements because the
fishes may spend up to 2-3 hours in the net between the time of capture in the water
column and being frozen for storage, during which time the enzyme concentrations may
change due to stress effects and/or degradation.

We observed the same general trend of declining metabolic activities with depth
(Appendix 3.3) as has previously been reported for visually-orienting fishes (Childress &
Somero 1979), crustaceans (Cowles et al. 1991), and cephalopods (Seibel et al. 1997).
This declining trend in metabolic activity is attributed primarily to the decline of light
irradiance with depth rather than oxygen, temperature, or food availability (Seibel &
Drazen 2007), as the “Visual Interactions Hypothesis” predicts decreased energy
demands of organisms that take refuge from their predators in the darkness of the deep
open ocean, thereby reducing the high energy requirement of locomotory predator
avoidance (Childress 1995 ). The metabolic activities for Protomyctophum crockeri,
however, are higher than expected based on their minimum depth of occurrence. A
potential explanation for this exception to the pattern of declining metabolic rates with
increased minimum depth of occurrence is that P. crockeri may be evolutionary
constrained, as most of their closest relatives, the other members of the family
Myctophidae, migrate into surface waters at night, and therefore have high metabolic

rates.
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There were diel differences in the enzyme activities for some migratory species.
Nighttime activities were higher for three of the four species for which there was a
significant diel difference in activities of either of the aerobic enzymes CS & MDH. This
may be due to the higher locomotory activity of migrators at night, during which time
they are actively feeding. Additionally, LDH activity was elevated for S. californiensis
during the day, when they reside within the OMZ. LDH activities were elevated at night
for S. leucopsarus, however individuals of this species are not consistent migrators, so
would not be expected to fit the pattern.

In interpreting our results, we revisit the questions set forth in the Introduction.
(1) Does aerobic metabolic activity change in relation to spatial variations in midwater
oxygen concentrations?

In order to understand the potential metabolic consequences of ongoing and
potential future ocean deoxygenation in the CCE, we have investigated the responses of
mesopelagic fishes to natural variability in dissolved oxygen concentrations within their
environment. The activities of CS and MDH covaried with midwater oxygen content for
only two of the seven families tested, and these relationships explain only a relatively
small proportion of the variance. We did not detect a statistically significant trend of
decreasing metabolic rates with decreasing midwater oxygen concentration (from ~2.0-
0.5- ml 1" at 300 m) within the sampling region. However, our data suggest that at low
environmental oxygen concentrations, the mesopelagic community as a whole may be
metabolically constrained to lower maximum activities of both aerobic and anaerobic
enzymes, while a full range of activity rates may be exhibited at higher oxygen

concentrations. Previous studies (as well as the data we present here) have found that
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metabolic enzyme activities, compared among species, decline with increasing minimum
depth of occurrence regardless of other environmental factors (Childress & Somero
1979). Yet our data suggest that across a single region, environmental oxygen
concentrations may also influence the metabolism within a taxon, with depressed
metabolic rates in specimens collected within the low range of oxygen concentrations.
Although we know of no other studies that have investigated the metabolic response of
organisms to variable oxygen within a region (as opposed to with depth), a few have
made comparisons between regions. Cowles et al. (1991) found lower metabolic rates in
crustaceans living shallower than 400 m in the OMZ-containing California region
compared to those in Hawaii, although not for those living deeper than 400 m. As we
conducted midwater trawls to only 500 m in this study, we did not collect deep
mesopelagic and bathypelagic fish species to test whether their metabolic activities
respond to changes in midwater oxygen concentrations. Additionally, our results do not
rule out the Visual Interactions Hypothesis (Childress 1995), as oxygen concentration can

covary with irradiance.

(2) Does the relative contribution of anaerobic metabolic engyme activity to total
metabolic engyme activity vary in response to variations in midwater oxygen
concentration?

Ratios of anaerobic to aerobic enzymes have been used in previous studies to
investigate the relative contribution of anaerobic respiration to total respiration in OMZ
regions (Yang et al. 1992, Friedman et al. 2012). Although we did not observe a

significant correlation between the LDH:CS ratio and dissolved midwater oxygen
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concentrations, we did observe a tendency for the lowest ratios to occur at low (~0.5-1.0
ml 1"") dissolved oxygen concentrations. We speculate that there is an increase in total
metabolic potential of mesopelagic fishes in well-oxygenated regions that is accompanied
by an increase in LDH activity in muscle tissues due to increased physical activity. Even
in normoxic conditions, fish rely on anaerobic metabolism in their muscle tissue when
under high energy demands, so more active fish are likely to have higher LDH activities,
regardless of environmental dissolved oxygen concentration. Our results are in
agreement with other studies that did not find evidence of an increased reliance on
anaerobic respiration for deep-sea fishes living in hypoxia (Childress & Somero 1979,
Vetter & Lynn 1997, Thuesen et al. 1998, Friedman et al. 2012), although an increased
ratio of anaerobic to aerobic metabolic enzymes has been observed in a scorpaenid fish
that lives in deep hypoxic water compared with a shallower-dwelling confamilial (Yang
et al. 1992). Similarly, Torres et al. (2012) found higher LDH and lower CS values in
myctophids collected in the OMZ-containing Arabian Sea compared to those collected in
the Gulf of Mexico (but higher MDH activities in the Gulf of Mexico fishes). However,
Torres et al. (2012) also found higher LDH activities in well-oxygenated Antarctic waters
compared to California myctophids. Many studies have found that fishes have
mechanisms to increase uptake of oxygen from their environment, such as increasing the
gill surface area, reducing diffusion distances, and enhancing the oxygen affinity of
hemoglobin (Childress & Seibel 1998, Friedman et al. 2012). These factors may account
at least to some extent for the ability of the mesopelagic fishes to survive low oxygen

concentrations without increasing anaerobic respiration.
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(3) How do a) diel vertical migration behavior, b) phylogeny, and c) tissue composition
affect aerobic and anaerobic metabolic enzyme activities?

a) Vertical Migration Behavior: In agreement with our expectation, vertically migrating
fishes had higher activity levels for all enzymes than the non-migrators. However, the
expected pattern of elevated LDH:CS ratios and overall suppressed activity levels for
non-migrating animals compared to migrators was only evident within the family
Stomiidae. We do not observe the same distinction within Myctophidae; the one non-
migrator, P. crockeri has an average LDH:CS ratio compared with its migrating con-
familials. P. crockeri, however, is considered an “active” myctophid (Barham 1971,
Childress & Nygaard 1973), and has quite high activities of both of the aerobic enzymes.
Although both members of the Gonostomatidae are non-migratory, the LDH:CS ratio is
elevated for C. acclinidens, which is deeper-dwelling (500-1000 m) than its congener C.
signata (300-500 m, Miya & Nishida 1996), perhaps attributable to its more hypoxic
environment. The Sternoptychidae do not exhibit particularly low levels of any of the
enzymes, however they typically live within the shallower portion of the non-migrating
layer, so are likely not exposed to the same severity of hypoxia as are the
Gonostomatidae and S. atriventer. The high LDH:CS ratios of the Bathylagidae could be
due to a generally higher physical activity level, leading to more anaerobic activity in the
muscle tissue overall.

b) Phylogeny: There were significant differences in enzyme activities between some of
the families, however these differences were not consistent across all enzymes. The
Phosichthyidae (represented by just one species, V. lucetia) stand out as having the

highest activities of the two aerobic enzymes. Childress & Somero (1979) similarly found
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elevated MDH (CS was not studied) activities in V. lucetia compared with other species
in that study. V. lucetia dominate in regions with pronounced and shallow oxygen
minimum zones (Cornejo & Koppelmann 2006), however they are most abundant in the
CCE in years with relatively high oxygen concentration (Koslow et al. 2011). Our
specimens for V. lucetia were relatively small, so our results could reflect a size-related
bias. The Stomiidae consistently have the lowest activities for all enzymes. Activities
are also relatively low for the two Gonostomatidae, which is likely explained by their less
active lifestyle than other groups in the study (Barham 1971).

¢) Tissue Composition: Tissue protein content was a good explanatory variable for the
two aerobic enzymes (CS and MDH, Fig. 3.8); probably because organisms with high
protein concentrations tend to be more active and contain more metabolic enzymes per
unit tissue mass (Moyes et al. 1992). We did not find a linear relationship of enzyme
activities with water weight, although aerobic activities were reduced at higher water

weight as expected (Fig. 3.7).

(4) Is there evidence for an ethanol-production anaerobic pathway mesopelagic fishes
in the CCE?

We did not detect ADH activity in any of the 16 species we assayed and do not
find support for the hypothesis that these fishes have an ethanol-production pathway.
These results contrast with those of Torres et al. (2012), who found activity in all of the
myctophids they assayed (from 4.03 U g white muscle tissue for Electrona antarctica in
the Antarctic to 345.2 U g”' for Lampanyctus sp. in the Arabian Sea). The reason for this

discrepancy is not clear. Our method differed only in the assay volume (160 pl instead of
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1 ml) and temperature (27° C instead of 15° C). Our methods appear robust, as the Q-
corrected results for the other enzymes were all within range of previous studies on this
assemblage (Childress & Somero 1979, Torres et al. 2012) and we detected ADH activity
in C. auratus, a species for which presence of the ADH ethanol-production pathway is
verified. The ADH activity rates that we measured for C. aurautus were detectable, at
4.0+0.4 U g (n=10), however were lower than the published value 0f 29.2 + 7.0 U g’
(n=4, Shoubridge & Hochachka 1980). The ethanol-production anaerobic pathway is
thus far known only from animals that are exposed to environmental anoxia, and is rare
even within the one family of fish that exhibits it (Hochachka & Somero 2002). While
the mesopelagic fishes in the California Current are indeed adapted to live in low oxygen
conditions, they are not known to inhabit anoxic waters. We recommend further studies
to determine the discrepancy between our and published estimates of ADH activity. The
preferred way to verify the presence of an ethanol-production pathway is to collect live
fish and directly measure the production of ethanol in a closed system. Although
mesopelagic fishes are difficult to maintain alive in the lab, such experiments are
feasible. There are a number of limitations of our sampling procedure that introduce
variability into the data- several hours can pass from collection to preservation of
specimens, the specimens were preserved for up to 2 years before conducting assays, and
assay preparation conditions (such as room temperature) may have been inconsistent.
Finally, these enzymes are a measure of maximum metabolic scope and not necessarily

the actual metabolic activity in the in situ organism.

3.6 Conclusions
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To our knowledge this is the first study to examine the variable metabolic
activities for a suite of mesopelagic fish species across relatively small-scale horizontal
gradients in oxygen concentrations, although previous studies have used species
distributions across vertical gradients in oceanographic features as a means to investigate
metabolic response to environmental cues (e.g., Childress & Somero 1979, Friedman et
al. 2012). Through the extensive sampling conducted on the CalCOFI and LTER
programs, specimens of the same species were collected at multiple locations, thereby
allowing us to resolve how these animals respond to horizontal gradients in midwater
oxygen availability within a single region.

Given the predictions of future deoxygenation in the CCE region and beyond, we
speculate that there could be a decrease in individual metabolic potential of fishes as the
mesopelagic zone becomes more hypoxic. We further speculate that if populations of
mesopelagic fishes decline in abundance in years of decreased oxygen (as suggested by
Koslow et al. 2011), there could be a decline in the maximum theoretical metabolic
activity of the midwater community. Respiration by mesopelagic organisms is a process
that contributes to oxygen minimum zone formation (Bianchi et al. 2013), and a decline
in total respiration could potentially create a self-regulatory loop to curb the expansion of
OMZs. However, our back of the envelope calculations suggest that respiration from the
fish component is likely negligible in contributing to oxygen depletion in the midwater
(Appendix 3.4). Another possible implication for this work is that if habitat compression
occurs with OMZ expansion (Netburn & Koslow 2015), mesopelagic fishes could be
forced into shallower waters where warmer temperatures would increase the demand for

both oxygen and food (Bickler & Buck 2007), and potentially force the fishes into still
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shallower water, where they will be more vulnerable to predators. Entire species could
eventually be forced out of the region, decreasing diversity, and with it the resilience of
the system. Other processes beyond respiratory metabolism may affect the survival of
mesopelagic fishes under hypoxic conditions. The visual performance of fishes is
diminished in hypoxic conditions (Scherer 1971, Johansson et al. 1997, Robinson et al.
2013). Loss of visual acuity could lead to decreased survival of mesopelagic fishes under
hypoxic conditions by diminishing the ability of these fishes to detect prey and avoid
predators. Finally, the co-occurring stressors of ocean acidification and ocean warming
could combine to create a more inhospitable environment than deoxygenation alone
(Bopp et al. 2013, Levin & Le Bris 2015), and further work is required to understand the
combine effects of these multiple stressors.

Only long-term measurements of both individual and assemblage-level responses
to environmental changes, such as are possible in the CalCOFI and CCE-LTER
programs, will reveal the response of mesopelagic animals to climate change-associated
effects like ocean deoxygenation. Further, we recommend that comparative studies be
carried out in regions with shallower and more hypoxic OMZs such as the Eastern
Tropical Pacific, Peru-Chile Current, and the northern Indian Ocean to study metabolic
responses to conditions that may develop in the CCE. In the interim, the space-for-time
approach presented here, suggests that mesopelagic animals in oxygen-limited regions
experience suppression of their maximum metabolic capacity, and are therefore

vulnerable to a changing ocean climate.
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3.8 Figures
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Figure 3.1. The two collection surveys: (a) California Cooperative Oceanic Fisheries
Investigation, sampled in October 2012. Each circle represents the location of a single
trawl. (b) The California Current Ecosystem Long-Term Ecological Research program’s
August 2014 Process Cruise. The sampling Cycles are sites where ecosystem-wide
sampling was conducted over several days using a quasi-Lagrangian design. The circles
indicate locations where multiple trawls were conducted in close proximity to each other.
Open and filled circles indicate samples collected at day and night, respectively.
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Figure 3.2. Oxygen concentration (ml 1) against depth for all stations where specimens
were collected. The profiles for the CalCOFI station are from single CTD casts at each
station, while those of each of the CCE-LTER stations are the mean of measurements
from multiple CTD casts conducted over several days while following a water parcel.
The thick broken bar highlights the 300 m depth. Oxygen concentration at this depth was
used as the indicator of the extent of midwater hypoxia, although collections were to
either 500 m (daytime) or 150 m (nighttime).
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Figure 3.3. Median enzyme activities by species for (a) Citrate Synthase, (b) Malate
Dehydrogenase, and (c) Lactate Dehydrogenase. Panel (d) is the LDH:CS ratio. Units
(U) are umoles of substrate converted per minute, and the data are pooled across
sampling stations. Bars are color-coded by family. All species to the left of the broken
line are non-migrators, while those to the right are species that undergo diel vertical
migrations. The error bars indicate the 25-750 percentile range.
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Figure 3.4. Enzyme activities in relation to the concentration of dissolved oxygen at 300
m (measured at the station where the corresponding specimen was collected) for: (a)
Citrate Synthase (b) Malate Dehydrogenase, and (c) Lactate Dehydrogenase. Panel (d) is
the LDH:CS ratio. Units (U) are pmoles of substrate converted per minute. Each point
represents a single specimen, labeled by family, with linear regressions fit by family.
Points are color-coded by family. Linear regression lines are not shown. The following
fits were significant: CS: Phosichthyidae (r*=0.24, p < 0.01), MDH: Phosichthyidae
(1*=0.26, p < 0.01), Stomiidae (1*=0.16, p < 0.05). LDH:CS ratio: Phosichthyidae
(1*=0.14, p < 0.05) and Bathylagidae (1*=0.31, p < 0.01). The broken grey arrows
illustrate the approximate upper boundary of enzyme activities as a function of dissolved
oxygen concentrations. See Appendix 3.2 for plots by species.
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Figure 3.5. Median enzyme activities by diel vertical migration behavior of (a) Citrate
Synthase, (b) Malate Dehydrogenase, and (c) Lactate Dehydrogenase. Panel (d) is the
LDH:CS ratio. Units (U) are umoles of substrate converted per minute. The errorbars
indicate the 25-75" percentile range, and asterisks denote significant differences.
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Figure 3.6. Median enzyme activities by family for (a) Citrate Synthase, (b) Malate
Dehydrogenase, and (c) Lactate Dehydrogenase. Panel (d) is the LDH:CS ratio. Units (U)
are pmoles of substrate converted per minute. Bars indicate the 25-75™ percentile range.
Letters indicate groups that are indistinguishable based on the Dunn method for multiple
non-parametric pairwise comparisons. The enzyme activities for Melamphaidae were
indistinguishable from all other families, denoted by asterisks.
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Figure 3.7. Median enzyme activities by family in relation to published values of mean
% water content for: (a) Citrate Synthase (p=0.13), (b) Malate Dehydrogenase (p=0.21),

and (c) Lactate Dehydrogenase (p=0.26). Panel (d) is the LDH:CS fratio (r*=0.30,

p<0.05). Units (U) are pmoles of substrate converted per minute. Water content values

are from Childress & Nygaard (1973) and Bailey & Robison (1986). The y-axis error

bars indicate the 25-75™ percentile ran e, and the x-axis error bars the standard error of
p g

the mean.
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Figure 3.8. Median enzyme activities by family in relation to median protein
concentrations by species for: (a) Citrate Synthase (linear regression, r* =0.27, p<0.05),
(b) Malate Dehydrogenase (r* =0.33, p<0.01), and (c) Lactate Dehydrogenase (p=0.10).
Panel (d) is the LDH:CS ratio (p=0.46). Units (U) are umoles of substrate converted per
minute. Bars indicate 25-75"percentile range.
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Table 3.1. Significance values of Mann-Whitney U tests comparing enzyme activities of

samples collected by day versus night for vertically migrating species in this study. L.
stilbius and M. parvus specimens were only collected during the day, so they are not
included in the table. Values shaded in grey are significant at the p<0.5 level, and an

asterisk denotes that the enzyme activity of daytime-collected samples was significantly

higher than the activity of nighttime samples.

p-value (day-night comparison)

Species CS MDH LDH
Bathylagoides wesethi 0.13 0.41 0.39
Ceratoscopelus townsendi 0.29 0.42 0.51
Diaphus theta 0.79 0.05* 0.16
Idiacanthus antrostomus 0.55 0.45 0.81
Lipologus ochotensis 0.09 0.03 0.22
Nannobrachium ritteri 0.53 0.73 0.15
Symbolophorus californiensis 0.50 0.70 0.02*
Stenobrachius leucopsarus 0.12 0.14 0.01
Triphotorus mexicanus 0.00 0.05 0.92
Vinciguerria lucetia 0.03 0.48 0.71
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Table 3.2. Median enzyme activities (25" percentile, 75" percentile) by mesopelagic
fish species measured in our Southern California study compared to previously reported
values in the region (mean + standard error). We only report the activities for which
there are published estimates available. Units (U) are pmoles of substrate converted per
minute. No error is available where only 1 sample or pooled samples were assayed.

Enzyme Activity (U g~ WW)

Species Enzyme This Study Previously Reported
Argyropelecus affinis LDH 24.5 (17.8, 32.4) 19.6 (£ 1.2)°
Bathylagoides wesethi MDH 5.9 (4.2, 8.4) 9.3°

LDH 82.0(47.3,103.7) 83.6°
Leuroglossus stilbius MDH 4.3 (3.8,5.0) 8.1°

LDH 30.9(26.6,35.2)  45.0°
Nannobrachium ritteri (& 0.9(0.7,1.1) 1.5 (+ 0.2)b

MDH 6.0 (5.0,7.2) 8.9 (+0.4)°,17.3 (£6.7)°

LDH 10.0 (8.4, 12.9) 31.0 (£ 9.8)%, 20.3 (+ 12.4)°
Stomias atriventer MDH 3.1(2.2,4.1) 3.2°

LDH 12.1 (8.5, 15.7) 7.9°
Symbolophorus californiensis MDH 18.8 (15.3, 22.4) 24.6°

LDH 43.1(30.4,154.9) 188.1°
Stenobrachius leucopsarus (& 1.2 (1.1, 1.6) 2.4 (£ 0.82)b

MDH 12.9(10.8,14.9)  34.9 (+9.23)°

LDH 28.1(18.0,37.4)  38.6 (+17.65)°
Triphotorus mexicanus (& 1.2 (0.9, 1.4) 4.8 ( 1.91)b

MDH 11.9 (9.8, 13.7) 22.1%,39.1 (+ 17.70)°

LDH 39.6 (26.8,51.1)  46.1 (+6.0)°,47.7 (+ 13.55)°
Vingiguerria lucetia MDH 28.8 (23.6, 32.4) 89.5 (+ 8.4)°

LDH 29.3(20.6,33.9)  90.3 (+ 16.1)°

® Childress & Somero (1979)
® Torres et al. (2012)
+
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Appendix 3.2. Plots by species of measured enzyme activities against the concentration
of dissolved oxygen at 300 m (measured at the station where the corresponding specimen
was collected) for: (a) Citrate Synthase (b) Malate Dehydrogenase, and (c) Lactate
Dehydrogenase. Panel (d) is the LDH:CS ratio. Units (U) are umoles of substrate
converted per minute. Points are color-coded by family.
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Appendix 3.2.1. Bathylagoides wesethi
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Appendix 3.2.2. Lipolagus ochotensis
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Appendix 3.2.3. Leuroglossus stilbius
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Appendix 3.2.4. Cyclothone acclinidens
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Appendix 3.2.5. Cyclothone signata

Conc. Oxygen at 300 m (ml I')
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Appendix 3.2.6. Melamphaes parvus (No measurements were available of LDH activity)
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Appendix 3.2.7. Ceratoscopelus townsendi

Conc. Oxygen at 300 m (ml I)
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Appendix 3.2.8. Diaphus theta
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Appendix 3.2.9. Nannobrachium ritteri

Conc. Oxygen at 300 m (ml I)
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Appendix 3.2.10. Protomyctophum crockeri
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Appendix 3.2.11. Symbolophorus californiensis
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Appendix 3.2.12. Stenobrachius leucopsarus
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Appendix 3.2.13. Triphotorus mexicanus

Conc. Oxygen at 300 m (ml I)

94



(A) CS Activity (B) MDH Activity

60 @
@
» ® ”
é‘ 4 . o 40 [} ®
a
- o o
g " < g ' . - ; a i
- @
o 2 ° ° 20 H
= s d° . . .
2 t o .
2
Y : — 0 —e—e— :
(C) LDH Activity (D) LDH Activity : CS Activity
150 ' ‘ ® ‘
® a
®
g o .
£ ° . 8 100
% e © : o
3 ® 2 .
W 20 o o *
g‘ ! & . 50 ®
o]
3]
‘ @ o
v ] o 0 l
0 i ; ’ ; 0 F . .
0.5 1 1.5 2 0.5 1 15 2
Conc. Oxygen at 300 m (ml I") Conc. Oxygen at 300 m (ml I'")

Appendix 3.2.14. Vinciguerria lucetia
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Appendix 3.2.15. Argyropelecus affinis
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Appendix 3.2.16. Argyropelecus hemigymnus
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Appendix 3.2.18. Argyropelecus sladeni
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Appendix 3.3. A) CS, B) MDH, and C) LDH enzyme activities plotted against minimum
depth of occurrence (A: Protomyctophum crockeri, B: Argyropelecus hemigymnus, C:
Argyropelecus sladeni, D: Argyropelecus lychnus, E: Argyropelecus affinis, F:
Cyclothone signata, G: Cyclothone acclinidens, H: Stomias atriventer, 1. Vinciguerria
lucetia, J: Diaphus theta, K: Symbolophorus californiensis, L: Ceratoscopelus townsendi,
M: Stenobrachius leucopsarus, N: Triphotorus mexicanus, O: Nannabrachium ritteri, P:
Bathylagoides wesethi, Q: Lipologus ochotensis, R: Leuroglossus stilbius, S:
Melamphaes parvus, T: Idiacanthus antrostomus).
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Appendix 3.4. Back of the envelope calculation of fish-mediated oxygen consumption in
a 200 m thick midwater layer.

Given a range of oxygen consumption rates of 0.01-0.1 umol O* mg™ h™ (Childress), a
mean biomass of mesopelagic fishes of 25 g m™ (Davison 2013), and assuming that
biomass is confined to a layer 200 m thick, we estimate a fish-mediated oxygen
consumption rate of 0.012-12 umol O, h™', which is negligible compared to the oxygen
contained in that layer (20,000,000 umol O° m™ over a 200 m layer, assuming an ambient

oxygen concentration of 100 pmol O* kg™).
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4.1 Abstract

With strong horizontal gradients in physical properties, oceanic frontal regions
can lead to disproportionately high biological productivity. Through the California
Current Ecosystem (CCE) Long Term Ecological Research program we analyzed cross-
frontal changes in mesopelagic fish assemblages at three separate frontal systems in the
southern CCE. The A-Front was sampled in October 2008, the C-Front in June/July
2011, and the E-Front in July/August 2012. We tested for differential effects of front-
associated regions on density, species composition, and a population growth index of
vertically migratory and non-migratory mesopelagic fishes. The fronts did not have a
strong effect on densities of any subset of the mesopelagic fish assemblage. The species
composition of the vertical migratory fishes (and their larvae) was typically altered across
fronts, with different assemblages on either side of each front. The migratory
assemblages at fronts were indistinguishable from those at the more productive side of
the frontal system. In contrast, the assemblage composition of the non-migratory fishes
was indistinguishable between regions across all three of the fronts. A population growth
index, expressed as the ratio of larvae to adults, was altered across two of the fronts for
migratory species, elevated on the colder side of the A-Front, and the warmer side of the
E-Front. The population growth index was indistinguishable for non-migratory species at
all three frontal systems. The non-migratory component of the community is little
influenced by the presence of a front, apparently because the regions of strongest
horizontal spatial gradients were too shallow for them to experience directly. We
speculate that there was no change in larval community composition and population

growth index at the most dynamic frontal system compared to the other fronts surveyed
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because the feature was short-lived relative to the time scale for population growth of the
fish. If mesoscale features such as fronts persist, and continue to increase in the future,
they have the potential to alter population growth potential and restructure mesopelagic

fish assemblages.

4.2 Introduction

The California Current Ecosystem (CCE) is a dynamic system with complex
mesoscale features, including fronts, eddies, meanders, and jets, which are particularly
common in the core California Current region off of central and southern California
(Checkley & Barth 2009, Powell & Ohman 2015). Fronts occur where two distinct water
masses meet, and are characterized by strong horizontal gradients in physical properties
such as temperature, salinity, and density. Fronts vary in size, strength, duration, and
mechanism of formation (Sournia 1994). Fronts are typically associated with enhanced
along-front currents (Sournia 1994, de Verneil & Franks 2015), and the physical
dynamics at a front may lead to aggregations or accumulation of organisms (Franks
1992). Frontal regions are often accompanied by elevated primary production
(Chekalyuk et al. 2012, Taylor et al. 2012), zooplankton density (Powell & Ohman 2015,
Ohman et al. 2012), and density of higher trophic levels (Hoefer 2000, Polovina et al.
2001, Doniol-Valcroze et al. 2007).

A recent study found that the frequency of satellite-detectable fronts in the CCE is
increasing (Kahru et al. 2012). As there can be disproportionately high biological
production at frontal features, an increase in the frontal frequency could enhance

integrated total productivity of the CCE region, with implications for fisheries, carbon
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transport to the deep sea, and marine spatial management. The horizontal gradients at
oceanic fronts typically diminish with depth, but may extend as deep as 1000 m (Bower
et al. 1985). The frontal gradients in the present study are slight or undetectable by ~200
m (Figs. 4.1 and 4.2), below which lies the deep scattering layer (DSL), an acoustically-
detected midwater aggregation of mesopelagic organisms that is ubiquitous throughout
the ocean (Currie et al. 1969, Tont 1975, Irigoien et al. 2014). The mesopelagic fauna
that comprises the DSL is an often overlooked component of oceanic ecosystems.
However in the CCE, mesopelagic fish biomass is equal to or exceeds the biomass of the
well-studied epipelagic clupeoid fishes (e.g., sardines, anchovies; Davison et al. 2015).
Mesopelagic fishes are important forage for a number of predators such as such as tunas
and billfishes (Bertrand et al. 2002, Potier et al. 2007), squids (Field et al. 2007), marine
mammals (Pauly et al. 1998), and seabirds (Thompson et al. 1998). Mesopelagic fish are
known to respond to environmental variability in physical and chemical factors, such as
dissolved oxygen (Koslow et al. 2011, 2013, Netburn & Koslow 2015). Here, we
consider the responses of the mesopelagic fish community to the mesoscale horizontal
gradients expressed at fronts.

The CCE is a transitional region of the Pacific, with Subarctic waters transported
southward into the region via the California Current, Subtropical waters transported
northward from the Baja region, and Central Pacific Gyre waters at its western edge
(Bograd & Lynn 2003, Checkley & Barth 2009). The dominant species collected at a site
can be indicators of prevailing oceanographic and climate patterns (Moser & Smith 1993,
Beamish et al. 1999, Hsieh et al. 2009, Koslow et al. 2011). Mesopelagic fish species in

the CCE generally fall into one of two assemblages based on their biogeographic
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affinities: Subarctic-Transition Zone and Subtropical-associated (including warm-water
species whose distributions extend into the North Pacific Subtropical gyre) assemblages.

All adult mesopelagic fish have daytime minimum depths below 200 m, however
a portion of the assemblage migrates vertically (Frost & McCrone 1979, Watanabe et al.
1999) into surface waters at night where they are potentially influenced by the frontal
gradients. In addition, larvae of most mesopelagic fishes live in the epipelagic zone
(Moser 1996, Bowlin 2015). It therefore is appropriate to separate the mesopelagic fish
assemblage into two primary categories based on the diel vertical migration propensity of
the adults. Non-migrators in this paper will refer to species whose adults remain in
mesopelagic depths (>200 m) both day and night. Migrators will refer to species that
traverse between the mesopelagic and epipelagic zones on a daily basis. Larval forms of
all mesopelagic fish are considered to live primarily in the epipelagic zone (Moser 1996).
The different ways in which these three groups —Non-migrators, Migrators, and Larvae-
are distributed in the water column suggests they experience different environmental
conditions and environmental gradients. In the case of epipelagic-intensified frontal
features, the distinctive distributions of these groups provide an opportunity to test the
differential influence of fronts on the density, assemblage composition, and population
growth potential of different segments of the mesopelagic fish assemblage.

Three different deep-water frontal systems have been studied in the southern
sector of the California Current System Long-Term Ecological Research (CCE-LTER)
region between 2008 and 2012 (Figure 4.1). In all cases, quasi-Lagrangian sampling was
conducted of environmental characteristics and biological components. The A-Front was

oriented on an East-West axis, where colder saltier waters from the north met warmer
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fresher southern waters (Landry et al. 2012), and was a relatively stationary and enduring
feature. The confluence of northern and southern waters sampled in the A-Front study is
a common and often persistent feature of the CCE (Haury et al. 1993, Chereskin & Niiler
1994, Lara-Lopez et al. 2012). However, more transient and dynamic fronts are common
in the CCE, arising at the edge of mesoscale features such as eddies, jets, and filaments
(Checkley & Barth 2009). The other two frontal studies addressed herein included
sampling of the mesopelagic fish assemblage at the frontal regions themselves, as well as
on either side of each front. In 2011, we surveyed the California Current Front (C-Front,
Brzezinski et al. 2015, Krause et al. 2015) and in 2012 we surveyed the Eddy-Front (E-
Front) (BednarSek & Ohman 2015, de Verneil & Franks 2015). These features differed
both from each other and from the A-Front in characteristics, intensity, and persistence,
thus providing additional opportunities to analyze how different types of fronts affect
mesopelagic fish density, species composition, and population growth potential.

In this paper we seek specifically to answer the following questions:

1) Is the density of mesopelagic fishes enhanced at fronts?

2) Is the species composition of mesopelagic fish assemblages altered across frontal

regions?
3) Is population growth potential enhanced at the front or either side of the front?
4) Are the effects of fronts different for vertically migrating fishes than for non-
migrating fishes?

5) Are effects of fronts similar across different frontal systems?

4.3 Methods
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1. Sampling Locations

All cruises took place on the R/V Melville, and utilized the same quasi-Lagrangian
sampling design (Table 4.1). Each cruise consisted of a series of experimental Cycles, in
which a satellite-tracked drifter was followed for 3-4 days, with comprehensive physical
and biological sampling conducted in close proximity to the drifter (Landry et al. 2009,
2012, Ohman et al. 2012). Fronts were identified prior to sampling using satellite
imagery of temperature, ocean color, and Sea Surface Height (SSH), then more detailed
site surveys with both a SeaSoar and Moving Vessel Profiler (Ohman et al. 2012, 2013)
were used to identify specific locations for the drifter deployments. The A-Front study
was located south of Point Conception and offshore of the Channel Islands, from ~32.25-
32.75° N and ~120-121° W, and sampling occurred from 20-27 October, 2008 (Figures
4.1a & b, Lara-Lopez et al. 2012). This front was characterized by strong gradients in
both temperature and chlorophyll concentration (Landry et al. 2012). Responses of the
density, biomass, and community composition of the mesopelagic fish assemblage in
relation to the front were reported in Lara-Lopez et al. (2012), and many of the results are
included in this study for comparison. Assignment of species-specific migratory
behavior (Appendix 4.1) has, however, been revised based on Davison et al. (2015) and
Froese and Pauly (2015). There was no direct sampling of mesopelagic fishes at the A-
Front itself, and we report on the two adjacent regions, the denser, warmer, and fresher
Southern region and the less dense, colder, and saltier Northern region (Figures 4.1a &
b, 2a).

The California Current Front (C-Front) study took place at ~32.5-34° N and

~121-122° W, from 18 June - 17 July 2011 (Figures 4.1a & ¢, 4.2b). The C-Front was
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located at the confluence of two eddies and was highly dynamic in space and time. The
front shifted during the sampling period, which may have captured a period of
frontogenesis (Brzezinski et al. 2015, Krause et al. 2015). The offshore (“Oceanic”)
stations were located within a warm-core eddy, nearshore (“Coastal’) stations toward a
cold-core eddy, and “Frontal” stations were located where the water masses met.

The Eddy Front (E-Front) study was located at ~33.5-34.5° N and ~122.75-
123.75° W, and was sampled from 28 July - 26 August 2012 (Figures 4.1a & d). The E-
Front was more stable over the sampling period than the C-Front, but was similarly
characterized by a paired offshore warm-core eddy and nearshore cold-core eddy
(Bednarsek and Ohman 2015). Based on differences in salinity and density, we
designated stations as Oceanic, Coastal, or Frontal (Figure 4.2¢).

We sampled mesopelagic fishes with oblique tows of a Matsuda-Oozeki Hu
Trawl net (MOHT, Oozeki et al. 2004) with a 5 m* mouth opening and a net mesh size of
1.6 mm. For the A-Front and E-Front surveys, we typically collected daytime samples to
~500 m and nighttime samples to 150-200 m. We measured the volume of water filtered
using a TSK flowmeter. For the C-Front study, we modified the MOHT frame with an
opening-closing cod end system with a 1.7 mm mesh net. Net opening was typically
triggered on ascent from 1000 m. There was contamination within the depth-stratified
samples of the C-Front study, so we integrated them over the full depth sampled (0-1000
m) and estimated volume sampled based on the proportion of time the net was actually
fishing.

We separated all fish at sea from the invertebrate component of the catch, and

preserved them in 10% formaldehyde buffered with sodium tetraborate. We identified all
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fish and larvae to the lowest possible taxonomic level, which was typically species, and
assigned diel vertical migration behavior as per Davison et al. (2015; Appendix 4.1).
Each fish was assigned as either a diel vertically-migrating adult or juvenile (“Migrator”),
non-vertically migrating adult or juvenile (“Non-migrator”), or “Larva,” and we assigned
biogeographic provinces of abundant species based on published literature (Moser et al.
1987, Moser & Smith 1993, Brodeur & Yamamura 2005, Hsieh et al. 2005, 2009). We

did not include incidentally-collected epipelagic and demersal taxa in any analyses.

2. Density
We tested for differences in densities between regions for each group of
Migrators, Non-migrators, and Larvae using the Mann-Whitney U test for the A-Front

and Kruskal-Wallis analysis of variance for the C- and E-Fronts.

3. Species composition

We log(x+1) transformed the count data and expressed them as % total density by
species for each trawl before calculating Bray-Curtis distances. We used non-metric
multidimensional scaling (nMDS) to visualize the differences in community composition
among stations and Analysis of Similarity (ANOSIM) to test whether different regions
had significantly different assemblages. We used Similarity Percentage (SIMPER)
analysis to determine the relative contribution of specific taxa to the differences in
assemblages. We conducted analyses separately on Migrators, Non-migrators, and
Larvae first for all three frontal systems combined with groups assigned by frontal system

(ie., A,C,E), and for each individual front with assignments based on frontal region.
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4. Population growth index

To test whether the presence of the front affected population growth potential, we
calculated the ratio of larvae to adults for each species at each sampling station. This
index can be elevated due to either increased egg production or decreased larval
mortality. We calculated the mean of these ratios separately for all Migrators and Non-
migrators at each region of each front. We also calculated the larval to adult ratios for the
20 individual species for which our gear collected sufficient numbers of both adults and
larvae, reported in Appendix 4.2. We used the non-parametric Mann-Whitney U test (A-
Front) and Kruskal-Wallis test (C- and E-Fronts) to test for differences among these
ratios between regions at each frontal system, followed by pairwise comparisons using

the Dwass-Steel-Critchlow-Fligner method.

4.4 Results
Density

A list of all species collected over the course of the 3 studies is included in
Appendix 4.1. There were no significant differences across fronts in the total densities
of either Migrators or Non-migrators, apart from migrators across the C-Front (P=0.05,
Table 4.2). There was a significant difference in Larval densities (p< 0.03) between the
Northern and Southern regions of the A-Front, with higher density in the south, with no

significant differences in Larval densities at either the C- or E-Fronts.

Community Composition



116

Comparisons between A, C, & E-Front assemblages:

Results of the nMDS ordinations are illustrated in Figsures 4.3-4.6 and ANOSIM
in Table 4.3. The three frontal studies had heterogeneous compositions of Migrators (p
<0.001) and Larvae (p<0.001), which was reflected in significant pairwise differences
between each pair of studies (Table 4.3). Although there was weak heterogeneity among
Non-migrators (ANOSIM, p<0.05), a posteriori pairwise comparisons revealed that there
was no significant difference between the Non-migratory assemblages of the C- and E-
Fronts (p=0.86). The C- and E-Front assemblages are therefore combined in Figure 4.3.
We used SIMPER analysis to obtain relative differences in species’ densities between
groups, however SIMPER does not test for statistically significant differences between
individual species’ densities between groups. The Non-migratory assemblage of the A-
Front study was differentiated through SIMPER analysis from the two more northern,
eddy-associated fronts by relatively higher densities of Cyclothone signata and
Argyropelecus hemigymnus, and lower Cyclothone pseudopallida and Argyropelecus
sladeni (Figure 4.3e). These species all have relatively broad distributions in the North
Pacific (Beamish et al. 1999), and the patterns of distribution we saw are not explained
by distinctive biogeographic provinces (Beamish et al. 1999, Brodeur & Yamamura
2005).

The Migratory assemblage of the A-Front study had higher relative densities of
the subtropical species Triphotorus mexicanus and Vinciguerria nimbaria and lacked the
Subarctic-Transition Zone Stenobrachius leucopsarus and Diaphus theta that were
abundant in the more northerly fronts (Figure 4.3d). The A-Front study larval

community consisted of relatively high densities of Subarctic-Transition Zone



117

Bathylagoides wesethi, Protomyctophum crockeri, and Chauliodus macouni, and low
Lipologus ochotensis compared with the C- and E-Fronts. The subtropical V. nimbaria
larvae were only present at the A-Front, while Subtropical-Transition Zone 7. mexicanus
larval densities were substantially higher there as well. Several larval species were
entirely absent at the A-Front, including the Subarctic-Transition Zone Nannobrachium
regale, Tactostoma macropus, and Leuroglossus stilbius, as well as the
subtropical/transitional Ceratoscopelus townsendi.

Non-migrators:

In comparisons of Non-migrator across individual fronts, we detected significant
spatial heterogeneity in the assemblages by region at only the E-Front (Figures 4.4a-c,
Table 4.3; p<0.05; A-Front: p=0.14, C-Front: p=0.09). However, none of the pairwise
comparisons at the E-Front were found to be significantly different (Frontal/Oceanic:
p=0.07, Frontal/Coastal: p=0.10, Oceanic/Coastal: p=0.43).

Migrators:

Comparing Migrators across individual frontal systems (Figures 4.5a-c, Table
4.3), there was significant heterogeneity of assemblages across all three fronts (p<0.05),
though there were no pairwise differences between the Frontal and Coastal assemblages
at either of the C- (p=0.20) or E-Fronts (p=0.29). The assemblage differences at the A-
Front were caused by higher relative densities of the subtropical V. nimbaria,
Lampadena urophaos, and C. townsendi on the Southern side, and higher densities of
Subarctic-Transition Zone Idiacanthus antrostomus, D.theta and Tarletonbeania
crenularis on the Northern side (Figure 4.5d). At the C-Front, we measured elevated

densities of larval D. theta, and Diogenichthys atlanticus on the Oceanic side, and
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elevated L. ochotensis, T. mexicanus, and N. ritteri at the coastal and frontal regions
(Figure 4.5¢). The E-Front varied from this pattern, with elevated C. townsendi, D.
theta, and Nannobrachium ritteri on the Oceanic side, and high L. stilbius, T.
mexicanus, and T. crenularis at the Coastal and Front-associated regions (Figure 4.5f).
Larvae:

Larval assemblages were significantly different (p<0.001) across the A-Front and
E-Front (Figures 4.6 a & ¢, Table 4.3), with the Frontal and Coastal assemblages of the
E-Front indistinguishable from each other (p=0.55). The larval assemblages were not
statistically distinguishable by region across the C-Front (p=0.10, Figure 4.6b). Larval
assemblages at the Southern side of the A-front were characterized by high densities of V.
nimbaria and D.theta in the south (both completely absent in the north), and elevated
densities of the broadly-distributed Benthalbella dentata, and Subarctic-Transition Zone
C. macouni and T. crenularis in the North (Figure 4.6d). The oceanic side of the E-
Front was characterized by high 1. antrostomus, S. californiensis, C. townsendi, all
warm-water associated species, while the coastal and frontal regions had high C.
macouni, T. macropus, T. crenularis, and L. stilbius which are cold-water associated
(Figure 4.6f). The Bray-Curtis similarities of the larval assemblages were on average
much lower for the Larvae than for Migrators or Non-Migrators (Table 4.4), and there

were a few species that were abundant at one region while entirely absent from others.

Larval Index
Due to the high number of zeroes (adults collected, but no larvae) in our data, we

present the mean and individual ratios for each region of each front, although we report
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p-values based on rank differences (Mann-Whitney U and Kruskal-Wallis). There was
no significant difference in the mean ratio of larvae to adults for Non-migratory species at
any of the frontal systems (Figure 4.7). For Migrators, we detected a significantly higher
ratio of larvae to adults on the Northern side of the A-Front than the Southern side
(p<0.001), and also detected differences at all regions of the E-Front with the highest
larvae to adult ratio in the Oceanic region, followed by the Frontal region, and then the
Coastal region (p<0.01 for all pairwise comparisons). There was no significant
difference in the ratios of larvae to adults for the C-Front (p=0.14). We report the
larval:adult ratio of 20 individual species in Appendix 4.2. There were no significant

differences in the ratios between regions for any individual species (p>0.05).

4.5 Discussion

We found no change in density of vertically migrating and non-vertically
migrating fishes between frontal regions at any of the three fronts (for the frontal regions
sampled), and elevated density of Larvae at only the northern side of the A-Front relative
to the southern side of that system. We observed front-associated changes in species
composition for Migrators and Larvae, although not for Non-Migrators. The larval:adult
ratio was enhanced in association with two of the three fronts for Migrators, with no
change across frontal regions for Non-Migrators. Effects were generally diminished at
the more transient C-Front.
Density

Due to the reassignment of migratory behavior for some species, our density

results for the A-Front are slightly different from those of Lara-Lopez et al. (2012). In
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agreement with their analysis, we detected significantly elevated Larval density on the
southern side of the A-Front, however we did not detect a significant difference in the
densities of Migrators between the two sides of the front as they did. Still, densities of
Migrators showed a tendency to be higher on the colder side of each of the three fronts,
although significantly so only in the case of the C-Front Migrators. Elevated densities of
mesopelagic fishes at the cooler side of fronts have been observed before within the
southern CCE (Haury et al. 1993, Moser & Smith 1993), as well as in the Atlantic Ocean
(where most studies on the topic have occurred), with enhanced densities of mesopelagic
fishes on the cooler side of an East-West oriented front (Backus et al. 1969), the edge of a
warm-core ring (Olson & Backus 1985), at the Angola-Benguela Frontal Zone (John
2001) and at the Azores front (Angel 1989), associated with colder and more productive
waters. There is acoustic evidence that there is elevated fish densities at both the A-Front
(Lara-Lopez et al. 2012) and the C-Front (Koslow, unpublished data). However, there
was no sampling directly at the A-Front. The trawl net may not have sufficiently
sampled the frontal area, because we were limited by wind and current to towing across
the front, integrating the community over as many as 10 nautical miles.
Assemblage Composition

With little sunlight reaching mesopelagic depths, the resident fauna are ultimately
dependent on primary productivity from the above epipelagic zone to meet their energy
demands. Zooplankton and fish transfer carbon into the deep sea through diel vertical
migration and respiration (Steinberg et al. 2008a). The biomass of mesopelagic fish
(Davison et al. 2013, Irigoien et al. 2014) and their prey (Steinberg et al. 2008b)

correlates strongly with surface productivity at basin and global scales, and here we
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tested for effects across small-scale features. We did not detect a significant effect of the
frontal gradients on the composition of Non-migrators across regions of any of the fronts
that we studied, although there were some differences between the different frontal
systems that could not be explained by biogeographic affinities. Because they live at
depths where the environment is relatively uniform, many Non-migrators have broad
distributions (Beamish et al. 1999), and the fronts do not seem to act as a boundary or site
of attraction for them. Consistent with these observations, the larval population growth
index for the Non-migratory species was constant across all three frontal systems. Living
at depths below the peak hydrographic gradients of the front, their populations appear to
be largely unaffected by the processes above them at the scale that we studied. No
studies we know of prior to Lara-Lopez et al. (2012) have investigated the differential
response of Non-migratory mesopelagic fishes to fronts, and one of our most notable
findings is that their density, assemblage composition, and larval indices were not
influenced by the frontal features that we studied on the time and space scales examined.
Coastal and frontal assemblages of both Migrators and Larvae were not
statistically distinguishable from each other at either of the C- or E-Fronts. The C- and
E-Front assemblages of both groups appear to be disproportionately derived from the
Coastal assemblage, with less contribution from Oceanic taxa. There is evidence that
coastal water may be entrained into front-associated jets (Hood et al. 1990), and our
results suggest that this water is accompanied by coastal taxa, though we cannot
distinguish whether this process may occur through active (i.e., behavior) or passive (i.e.,

transport) processes.
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We detected shifts in assemblages for Migrators at all fronts, and for Larvae at the
A- and E-Fronts. As Migrators inhabit the epipelagic zone through their nocturnal
excursions into surface waters and the Larvae reside in the epipelagic where
environmental gradients associated with fronts are the strongest, their distributions are
more directly affected by the presence of a front. Moser & Smith (1993) similarly found
distinct larval fish assemblages across the Ensenada Front. The differences between the
Northern and Southern assemblages at the A-Front were primarily based on
biogeographic provinces (Lara-Lopez et al. 2012), while the assemblage at the E-Front
were largely distinguishable by their oceanic or coastal associations. Most species
collected at E-front stations were found in both Oceanic and Coastal/Frontal waters.
Although mixing of assemblages occurred at all of the fronts, there is more similarity
between regional assemblages at the C- and E-Fronts than for the A-Front (Figures 4.4,
4.5, & 4.6). The A-Front may be a more permanent feature that behaves more like a
barrier between the distinctive Subtropical and Subarctic-Transition Zone provinces
(Moser & Smith 1993, Chereskin & Niiler 1994, Brodeur & Yamamura 2005), while the
more transitory eddy-associated C- and E-Fronts behave more as “blenders” (Bower et al.
1985, Sournia 1994), with more subtle distinctions in the associated assemblages across
the frontal zone.

With substantially lower Bray-Curtis similarities between stations (Table 4.4), the
larval assemblages were overall much more dissimilar to each other than either of the
adult assemblages were, likely because in general larvae have both spatially and

temporally patchier distributions than adults, so sampling is more variable for them. Still,
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we detected higher densities of warm-water species in the offshore region, and higher
densities of coastal-oriented species in the nearshore, as would be expected.

The population growth index for Migrators as well as the larval assemblage
compositions were unaltered at the C-Front, which we attribute to the dynamic nature of
that frontal system. The late-stage larvae that are effectively captured in the MOHT are
at least 3-4 weeks old (Gartner & Brunswick 1991, Moser 1996), and were therefore
spawned by adults living under different oceanographic conditions than at the time of our
sampling. Younger larvae are smaller than our mesh size, and typically not retained. As
several weeks are needed for larvae to accumulate at eddy-associated convergence zones
(Olson & Backus 1985), an increase in larval:adult ratios was not realized in this region.

There were, however, altered larval:adult ratios of Migrators across the more
stable A- and E-Fronts. The patterns in larval indices at these two fronts are different,
with higher values on the cooler, northern (more productive) side of the A-Front and on
the oceanic (less productive) side of the E-Front. Bakun (2006) describes a tradeoff
between better nutritional access and high growth potential in more productive (cooler)
regions of fronts, and refuge from predation on the less productive side. Where the
tradeoff results in higher growth potential depends on a number of factors, including
predator densities and prey densities. We speculate that at the more southerly and
offshore A-Front, there was lower overall predation on migratory larvae that allowed for
the more productive Northern side to be the preferred habitat for spawning, while at the
E-Front, there was enhanced survival in the Oceanic region due to release from predation.
Midwater oxygen concentrations are substantially lower on the colder sides of these

fronts (Figure 4.2a-d), with a particularly wide discrepancy at the E-Front, and it is
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possible that reproduction or larval survival at the Oceanic side of that front is a response
to increased larval survival in better-oxygenated waters.

Although the differences were not significant, we did observe a tendency to
higher larval to adult ratios of a number of species in both Southern and Offshore waters
for both Subarctic-Transition Zone species and Subtropical species. D. theta are known
to undergo spawning migrations into subtropical waters (Moku et al. 2003, Sassa &
Kawaguchi 2004) despite their Subarctic-Transition Zone adult distribution, and our
results suggest that a number of other species, such as N. ritteri, B. wesethi, and L.
antrostomus, may employ a similar behavior (Appendix 4.2). Our results may be
confounded by sampling within two different seasons (Fall and Summer), as some
species exhibit seasonal spawning (Moser 1996).

Incorporating data on predator density, water clarity, and patch density could
inform the underlying mechanisms leading to our differential results in population growth
potential across the two different types of fronts. Our surveys did not sample water that
was distant from the front (e.g., John 2001), so it is difficult to say whether observed
patterns, such as altered larval:adult densities on one side of a front, are a result of the
association with the front or a result of association with the water mass itself. Future
studies on the topic should compare not only the edge of the water masses adjacent to the

front, but also non-front associated waters.

4.6 Conclusions
Through sampling of three different frontal systems within the southern CCE, this

study builds upon the current understanding of the effects of pelagic fronts on



125

mesopelagic fish assemblages. We found that within the CCE, there are different types
of fronts — the more persistent East-West oriented feature that separates Northern and
Southern water masses is associated with more distinct assemblages across its boundary
than the more transient eddy-associated fronts. Living at depths beyond the influence of
most of the front-associated gradients, the Non-migratory assemblage remained relatively
uniform across frontal systems, while Migratory and Larval assemblages were altered by
the presence of the front, likely because these groups respond more directly to the
epipelagic gradients associated with the frontal systems. In the CCE, frontal frequency
(Kahru et al. 2012) and upwelling (Sydeman et al. 2014) may be increasing, which could
be a response to altered eddy activity (Strub & James 2000). Our results suggest that
fishes may benefit from the edge of fronts (Northern in the case of the E-W associated
fronts, and Oceanic in the case of the eddy-associated fronts) for reproduction and/or
recruitment. This study shows that fronts can significantly alter the structure of
mesopelagic communities, although frontal duration and location affect the magnitude of
such changes. If the frequency of frontal occurrences in the southern CCE continues to
increase, such features will likely differentially influence migratory and non-migratory
mesopelagic fishes, through effects on their reproduction, survival, distributions, and

their predators.
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4.8 Figures:
A) Sampling Locations C) C-Front SSH Anomaly (AVISO)
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Figure 4.1. A) Locations of each of the 3 frontal systems in the Southern California
Current System. MOHT trawl sampling locations at the: B) A-front (overlain on satellite-
derived sea surface temperature (SST)), sampled from 20-27 October 2008, C) C-front
(overlain on satellite-dervied sea surface height (SSH)), sampled from 18 June - 17 July
2011, and D) E-front (SSH), sampled from 30 July - 25 August 2012. Southern and
Offshore stations are indicated by blue points, frontal stations by red, and Northern and
Coastal stations by green.
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Figure 4.2. Salinity, temperature, density and oxygen profiles for each of the the A, C,
and E-Fronts. Each individual trace is the mean for a single sampling Cycle, with the
northern (A-front) and coastal (C-front and E-front) stations represented in shades of
green, frontal stations in red and pink, and southern (A-front) or offshore stations (C-
front and E-front) in shades of blue and grey.



129

A)Migratory Fishes B)Non-migratory Fishes C) Larvae of Mesopelagic Fishes
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Figure 4.3. nMDS plots of A) vertically migrating fishes, B) non-vertically migrating
fishes, and C) larvae of mesopelagic species for all three fronts. The upper panel (a-c) for
each nMDS analysis is color-coded by frontal system. Groups that cluster significantly
are outlined in solid lines. The lower panel of each nMDS analysis (d-f) shows a bubble
plot indicating the relative densities of the species that were most informative for
distinguishing between the systems according to the results of SIMPER analysis. We
report the ANOSIM results and pairwise comparisons between regions in Table 4.3. The
stress value, marked in the upper right-hand corner of each plot, is an indicator of how
the distances on the nMDS plot represent the Bray-Curtis distances. Ordination with
stress values of <0.20 for two dimensions are considered to represent the true distances

reasonably well.
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Figure 4.4. nMDS plots of non-vertically migrating fishes. For each frontal system, the
upper panel (a-c) of each nMDS analysis is color-coded by region. The regions are
Offshore, Frontal, and Coastal for the C- and E-Fronts, and North and South for the A-
Front. Groups that cluster significantly are outlined in solid lines; faint dotted lines
indicate regions that did not differ significantly. The lower panel (d-f) of each nMDS
analysis shows a bubble plot indicating the relative densities of the species that were most
informative for distinguishing between the regions according to the results of SIMPER
analysis. We report the ANOSIM results and pairwise comparisons between regions in

Table 4.3.
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Figure 4.5. nMDS plots of vertically migrating fishes. For each frontal system, the upper
panel (a-c) of each nMDS analysis is color-coded by region. The regions are Offshore,

Frontal, and Coastal for the C- and E-Fronts, and North and South for the A-Front.
Groups that cluster significantly are outlined in solid lines; faint dotted lines indicate
regions that did not differ significantly. The lower panel (d-f) of each nMDS analysis
shows a bubble plot indicating the relative densities of the species that were most

informative for distinguishing between the regions according to the results of SIMPER
analysis. We report the ANOSIM results and pairwise comparisons between regions in

Table 4.3.
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Figure 4.6. nMDS plots of larvae of mesopelagic species. For each frontal system, the
upper panel (a-c) of each nMDS analysis is color-coded by region. The regions are
Offshore, Frontal, and Coastal for the C- and E-Fronts, and North and South for the A-
Front. Groups that cluster significantly are outlined in solid lines; faint dotted lines
indicate regions that did not differ significantly. The lower panel (d-f) of each nMDS
analysis shows a bubble plot indicating the relative densities of the species that were most
informative for distinguishing between the regions according to the results of SIMPER
analysis. We report the ANOSIM results and pairwise comparisons between regions in

Table 4.3.



133

Migrators: A-front Migrators: C-front Migrators: E-front
- p <0.001 | p=0.14 p<001 |
e 3 3 3 '
210} . 10| ® 10 |
o | | e i .
ﬁ l "‘ . ‘ L K o .
8 10 107 . . . 10° H : .
é . — { B . ! H
. — - -
8 = 1 ! . ' ; i :
210 10 | ° 10 H
3 . ' [ ]
- ’ - ° . -
. .
10" - - . 10° e e s 10° e | 1 e
South North Oceanic Frontal Coastal Oceanic Frontal Coastal
Regions Regions Regions
. Non-Migrator: A-front . Non-Migrator: C-front i Non-Migrator: E-front
107 . 107 10
= | e« p=077 = ' p=0.53 s+ p=035
s | -
g * . P . * i :
g 10 . ' 10°| : . 10 i . -
| . . | -
8 ¢ L " * : : . ¢
R | : i
1 1 | . .
2 10 | . 10| ‘ ' 2 10} .
z | | s
g ] .
10" - : . 10" e e e 10° gp— AP N—
South North Oceanic Frontal Coastal Oceanic Fromtal Coastal
Regions Regions Regions

Figure 4.7. Ratio of larvae per 100 adults (log(X+1) transformed) for both vertically-
migrating and non-migrating fishes. Bars indicate mean values of the ratios for all
species, and points represent the ratio for each species at each station sampled in the
region. See Appendix 4.2 for results for individual species.
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4.9 Tables

Table 4.1 Frontal systems sampled in this study.

System Dates Characteristics
A-Front 20-27 October, 2008 boundary between N/S waters, stable, long-lasting
C-Front 18 June - 17 July, 2011 eddy-associated, frontogenesis

E-Front 28 July - 26 August, 2012 eddy-associated, stable
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Table 4.2. Median densities of vertical migrators, non-vertical migrators, and larvae of
mesopelagic fishes at each region sampled for each of the three fronts. The reported p-
values are based on non-parametric tests for difference in medians (Mann-Whitney U test
for the A-front, and Kruskal-Wallis one-way analysis of variance for both the C- and E-
Fronts).

Indivs. m” (25-75th percentiles)

South North p-value
A-front (P0810) n=8 n=5
Migrators 1.96 (1.79-4.43) 3.65 (2.03-7.79) 0.31
Non-migrators 7.37 (0.60-8.53) 4.76 (0.84-5.70) 0.31
Larvae of mesopelagic fishes 0.73 (0.63-2.41) 0.19 (0.14-0.48) 0.03*
Oceanic Front Coastal p-value
C-Front (P1106) n=6 n=6 n=5
Migrators 0.92 (0.40-1.07) 0.76 (0.44-0.91) 2.28 (1.17-4.53) 0.05
Non-migrators 3.99 (3.75-5.38) 4.68 (3.14-8.62) 3.57 (3.02-4.33) 0.45
Larvae of mesopelagic fishes 0.29 (0.21-0.59) 0.36 (0.16-0.44) 0.19 (0.12-0.25) 0.39
E-Front (P1208) n=5 n=14 n=4
Migrators 2.07 (0.96-5.18) 1.84 (1.41-9.81) 5.79 (2.54-7.96) 0.30
Non-migrators 1.40 (0.89-2.27) 2.77 (0.81-3.62) 2.04 (0.54-5.01) 0.73

Larvae of mesopelagic fishes 0.26 (0.08-1.33) 0.22(0.11-0.55) 0.13 (0.07-0.22) 0.49
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Table 4.3. Results of Analysis of Similarity (ANOSIM) and a posteriori pairwise
comparisons for species assemblages for all cruises combined and for each frontal system
independently. For all studies combined, we conducted comparisons between frontal
systems (A,C,E). For the individual frontal systems, we compared between frontal
locations (pairwise comparisons columns). Subscripts for p-values are: A, C, or E
demarcating each study, or F: Frontal, O: Oceanic, C: Coastal. (See Figs. 3-6 for the
nMDS ordination).

p-value Pairwise Comparisons

ALL CRUISES
Grouped by study Pac  Pat Pce
Migratory * ok * 4 ok * 5k ok * 3k ok
Non-migratory * * *¥**k  0.86

Larvae % % %k % %k %k % % %k % % %k

Grouped by frontal

location Pro  Prc  Poc
A-FRONT
Migratory ok
Non-migratory 0.143 (only 2 regions)
Larvae Rk
C-FRONT
Migratory * * 0.20 *
Non-migratory 0.09 - - -
Larvae 0.10 - - -
E-FRONT
Migratory ok *x 0.29  ***
Non-migratory * 0.07 0.10 043
Larvae Rk * 0.55 wx

*p<0.05 **p<0.01 ***p<0.001
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Table 4.4. Mean Bray-Curtis similarities within the groups of mesopelagic fishes. 95%
confidence intervals are indicated in parentheses.

Migratory fishes Non-migratory fishes Larvae of mesopelagics
All cruises 61.1 (+ 0.6) 63.0 (£ 0.7) 24.4 (+0.9)
2008 71.8 (+1.8) 70.1 (£ 3.0) 39.0 (+ 3.8)
2011 61.0 (+ 1.8) 61.7 (£ 1.5) 33.7 (£ 2.5)
2012 71.7 (£ 1.0) 70.6 (£ 1.6) 25.7 (£2.2)
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4.10. Appendices

Appendix 4.1. All species captured in this study, listed by family. Migratory Behavior
is indicated by the abbreviations M- Migrator and NM- Non-migrator.

Adults
Behavior & Juvs Larvae

Alepocephalidae

Alepocephalus tenebrosus Gilbert, 1892 NM X X
Anoplogastridae

Anoplogaster cornuta (Valenciennes, 1883) NM X
Bathylagidae

Bathylagoides wesethi (Bolin, 1938) M X X

Bathylagus pacificus Gilbert 1890 NM X X

Leuroglossus stilbius Gilbert, 1890 M X X

Lipolagus ochotensis (Schmidt, 1938) M X X

Pseudobathylagus milleri (Jordan & Gilbert, 1898) NM X
Chiasmodontidae

Chiasmodon niger Johnson, 1864 NM X X
Cyematidae

Cyema atrum Glinther, 1878 NM X X
Gonostomatidae

Cyclothone acclinidens Garman, 1899 NM X

Cyclothone atraria Gilbert, 1905 NM X

Cyclothone pallida Brauer, 1902 NM X

Cyclothone pseudopallida Mukhacheva, 1964 NM X

Cyclothone signata Garman, 1899 NM X X
Howellidae

Bathysphyraenops simplex Parr, 1933 M X

Howella sherborni (Norman, 1930) NM X
Melamphaidae

Melamphaes acanthomus Ebeling, 1962 NM X

Melamphaes lugubris Gilbert, 1890 NM X X

Melamphaes parvus Ebeling, 1962 NM X

Poromitra crassiceps (Ginther, 1878) NM X X

Scopeloberyx opisthopterus (Parr, 1933) NM X

Scopelogadus bispinosus (Gilbert, 1915) NM X

Scopelogadus mizolepis (Glinther, 1878) NM X X
Microstomatidae

Nansenia candida Cohen, 1958 NM X

Microstoma microstoma (Risso, 1810) NM X
Myctophidae

Bolinichthys longipes (Brauer, 1906) M X

Ceratoscopelus townsendi (Eigenmann & Eigenmann,

1889) M X X

Diaphus kuroshio Kawaguchi & Nafpaktitis, 1978 M X

Diaphus theta Eigenmann & Eigenmann, 1890 M X X

Diogenichthys atlanticus (Taning, 1928) M X X

Diogenichthys laternatus (Garman, 1899) M X
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Adults
Behavior & Juvs Llarvae
Electrona risso (Cocco, 1829) M X
Hygophum reinhardtii (Lutken, 1892) M X
Lampadena urophaos Paxton, 1963 M X
Lampanyctus tenuiformes (Brauer, 1906) M X
Loweina rara (Litken, 1892) M X
Myctophum nitidulum Garman, 1899 M X
Nannobrachium hawaiiensis Zahuranec, 2000 M X
Nannobrachium regale (Gilbert, 1892) NM X X
Nannobrachium ritteri (Gilbert, 1915) M X X
Notolychnus valdiviae (Brauer, 1904) M X
Notoscopelus resplendens (Richardson, 1845) M X X
Parvilux ingens Hubbs & Wisner, 1964 NM X
Protomyctophum crockeri (Bolin, 1939) NM X X
Protomyctophum thompsoni (Chapman, 1944) NM X
Stenobrachius leucopsarus (Eigenmann & Eigenmann,
1890) M X X
Stenobrachius nannochir (Gilbert, 1890) NM X
Symbolophorus californiensis (Eigenmann &
Eigenmann, 1889) M X X
Taaningichthys paurolychnus Davy, 1972 NM X
Tarletonbeania crenularis (Jordan & Gilbert, 1880) M X X
Triphoturus mexicanus (Gilbert, 1890) M X X
Nemichthyidae

Avocettina infans (Glnther, 1878) NM X

Nemichthys scolopaceus Richardson, 1848 NM X
Neoscopelidae

Scopelengys tristis Alcock, 1890 NM X
Notosudidae

Scopelosaurus harryi (Mead, 1953) NM X X
Opisthoproctidae

Macropinna microstoma Chapman, 1939 NM X X
Paralepididae

Arctozenus risso (Bonaparte, 1840) NM X X

Lestidiops ringens (Jordan & Gilbert, 1880) NM X X
Phosichthyidae

Ichthyococcus irregularis Rechnitzer & Béhlke, 1958 NM X

Vinciguerria lucetia (Garman, 1899) M X X

Vinciguerria nimbaria (Jordan & Williams, 1895) M X X
Platytroctidae

Holtbyrnia latifrons Sazonov, 1976 NM X X

Mirorictus taningi Parr, 1947 NM X

Sagamichthys abei Parr, 1953 NM X X
Saccopharyngidae

Saccopharynx lavenbergi Nielsen & Bertelsen, 1985 NM X
Scopelarchidae

Benthalbella dentata (Chapman, 1939) M X X

Scopelarchus analis (Brauer, 1902) M X
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Appendix 4.1. Species in this study, Continued

Adults
Behavior & Juvs Larvae

Serrivomeridae

Serrivomer sector Garman, 1899 NM X
Sternoptychidae
Argyropelecus affinis Garman, 1899 NM X X
Argyropelecus hemigymnus Cocco, 1829 NM X
Argyropelecus lychnus Garman, 1899 NM X X
Argyropelecus sladeni Regan, 1908 NM X X
Danaphos oculatus (Garman, 1899) NM X X
Valenciennellus tripunctulatus (Esmark, 1871) NM X
Sternoptyx diaphana Hermann, 1781 NM X
Sternoptyx obscura Garman, 1899 NM X
Sternoptyx pseudobscura Baird, 1971 NM X
Stomiidae
Aristostomias scintillans (Gilbert, 1915) NM X
Bathophilus flemingi Aron and McCrery, 1958 NM X
Borostomias panamensis Regan & Trewavas, 1929 NM X
Chauliodus macouni Bean, 1890 NM X X
Idiacanthus antrostomus Gilbert, 1890 M X X
Photonectes margarita (Goode & Bean, 1896) NM X
Stomias atriventer Garman, 1899 NM X X
Tactostoma macropus Bolin, 1939 NM X X
Opostomias mitsuii Imai, 1941 NM X
Tetragonuridae
Tetragonurus cuvieri Risso, 1810 NM X X

Trachipteridae
Trachipterus altivelis Kner, 1859 M X
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Appendix 4.2. Ratio of larvae per 100 adults (log(X+1) transformed) for both vertically-
migrating and non-migrating fishes. Bars indicate mean values of the ratios for all
species, and points represent the ratio for each species at each station sampled in the
region. We tested for differences between regions using Mann-Whitney U (A-front) and
Kruskal-Wallis (C- and E-Front), followed by pairwise comparisons using the Dwass-
Steel-Critchlow-Fligner Method, but found no significant differences. We have
nonetheless classified these into 5 groups based on the qualitative differences across
regions in larval:adult indices, an indirect measure of population growth potential.

Group I: Warm-water Spawners

This group has elevated larval:adult ratios in the warmer, lower productivity regions of
the studied fronts- the Southern region of the A-front and the Oceanic region of the C
and/or E-fronts. The group includes the vertically migrating fishes, Diaphus theta,
Nannobrachium ritteri, Symbolophorus californiensis, Bathylagoides wesethi , and
Idiacanthus. antrostomus, and the non-vertical migrator Poromitra crassiceps. Most of
these species have a Subarctic-Transition Zone range, although D. theta are known to
make spawning migrations into the southern end of their range. Our results suggest that
the other members of this group may similarly spawn preferentially in warmer water.
With the exception of N. ritteri, these species all exhibited high spawning potential at the
frontal region of the C-front.

Diaphus theta: A-front Diaphus theta: C-front Diaphus theta: E-front
£10° 5 10° 10
E
g
Z10 10' 10 H
&
e
&
b 0 0
10 . . 10 . . . 10 . . .
South North Oceanic Frontal Coastal Oceanic Frontal Coastal
Regions Regions Regions
Nannobrachium ritteri: A-front Nannobrachium ritteri: C-front Nannobrachium ritteri: E-front
=10 10 10 :
= .
P
2 .
E
8 .
T 10 10 10
& :
&
e
&
B 0 o
10 - - 10 - - - 10 - - -
South North Oceanic Frontal Coastal Oceanic Frontal Coastal
Regions Regions Regions
Symbolophorus californiens: A-front Symbolophorus califomiens: C-front Symbolophorus califomniens: E-front
=10 10° 10 .
z . .
2 o . ]
] . .
2 40 . 10° 10 .
g . O
& ' o
2 10 10 10
H
g
= .
b 0 0
10 . . 10 . . . 10 . . .
South North Oceanic Frontal Coastal Oceanic Frontal Coastal

Regions Regions Regions



|
§

3,

# larvae per 100 adults (+1)
-

#larvae per 100 adults (+1)

Oceanic Frontal Coastal

Poromitra crassiceps: C-front

g 10" .
8
g 10'
- 0
10
South Notth

Oceanic Frontal Coastal

E
{i
i

142



143

Group II: Southern Spawners

This group is defined by a peak ratio of larvae: adults in the southern side of the A-front,
and includes the vertical migrators Triphotorus mexicanus, Vinciguerria lucetia, and
Vinciguerria nimbaria, and the non-vertically migrating Danaphos oculatus. With the
exception of D. oculatus, adult densities of all species were greatest at the A-front, and
with the exception of 7. mexicanus, the ratio of larvae: adults was highest at the south
side of the A-front. D. oculatus are the only non-migrators in the group. All species in
this group have a subtropical range.
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Group III. Offshore Spawners
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This group is classified by peak spawning at the Oceanic regions of the two eddy-
associated fronts, and includes the migratory fish Ceratoscopelus townsendi and the non-
migratory Tactostoma macropus and Nannobrachium regale. This group is represented
by both Subtropical-Transition Zone species (C. townsendi, N. regale and a
Subarctic/Transition Zone species (1. macropus). C. townsendi larval:adult ratio was also

elevated at the frontal region of the E-front.
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Group IV. Cold-water spawners

The single species in this group exhibited elevated larval:adult density in both the coastal
(C-front, E-front) and frontal (E-front) regions. Leuroglossus stilbius has a Subarctic-

Transition Zone distribution.
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Group V. Dispersed spawners.
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Species in this group exhibited elevated reproductive potential at both sides of fronts. The
group is diverse in migratory behavior, including the migrators Lipologus ochotensis,
Tarlentonbeania crenularis, and Diogenichthys atlanticus and the non-migrators
Chauliodus macouni, Protomyctophum crockeri, and Melamphaes lugubris, as well as in
biogeographic province (Subarctic-Transition Zone species include L. ochotensis, T.
crenularis, C. macouni, P. crockeri and Subtropical species include M. lugubris and D.

atlanticus).
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5.1 Summary

Given the numerous human impacts on mesopelagic fishes, such as global climate
change, fishing, and plastic pollution (Ramirez-Llodra et al. 2011), there is an urgent
need to develop and implement management strategies in the open ocean (Mengerink et
al. 2014) in order to conserve critical processes such as carbon transport and sufficient
forage availability to their predators (Robison 2009). Management mechanisms such as
ecosystem-based management (Field & Francis 2006), pelagic marine protected areas
(Game et al. 2009, Maxwell et al. 2014), and marine spatial management (Mengerink et
al. 2014) could potentially address conservation needs in the deep sea. However, any
management approach requires baseline data, a functional understanding of key processes
that structure biotic communities, and ongoing monitoring to gauge its effectiveness.

Through my dissertation research, I had a rare opportunity to investigate how an
assemblage of abundant unexploited marine fishes respond to natural environmental
variability. Even in the absence of commercial exploitation of this diverse assemblage of
fishes, I have identified some potential vulnerabilities of these animals to environmental
changes, with implications for the future of the California Current Ecosystem. I have
demonstrated that under increasingly hypoxic conditions, mesopelagic fish vertical
distributions may shift shallower in the water column (Chapter 2), possibly to avoid
suppressed metabolism in more hypoxic water (Chapter 3). I have further demonstrated
the capacity of epipelagic fronts to restructure assemblages of adult vertically migratory
mesopelagic fishes, and fish larvae, as well as to alter the population growth potential of

these animals (Chapter 4).



154

In Chapter 2, I investigated the response of the deep scattering layer (DSL) depth
to variations in midwater dissolved oxygen concentration, irradiance, and temperature. |
found that the depth of the lower DSL boundary correlates most strongly with dissolved
oxygen concentration. The upper boundary depth correlates best with irradiance and
temperature. Based on the linear regressions of oxygen with DSL boundary depths, I
predicted that both the upper and lower boundaries will shoal if the ocean deoxygenation
trend continues, with the upper boundary shoaling at a faster rate than the lower
boundary. These results suggest that the mesopelagic fish assemblage could lose volume
of its preferred habitat in a deoxygenating ocean, providing a potential mechanism to
explain the decline in mesopelagic ichthyoplankton abundance that has been found to
accompany deoxygenation in the CCE over the last several decades (Koslow et al. 2011).

In Chapter 3, I investigated a physiological mechanism that could lead to the
observed relationship between midwater oxygen concentrations and changing densities of
mesopelagic fishes, as inferred from the larval fish studies in Koslow et al. (2011). 1
measured aerobic and anaerobic enzyme activities in white muscle tissue from diverse
fishes living across a range of oxygen conditions. I did not observe a shift to increased
reliance on anaerobic metabolism as I expected, but instead found a general reduction in
maximum activities of both aerobic and anaerobic enzymes with declining oxygen
concentrations for the combined assemblage (although the relationship was statistically
significant for only two of seven families studied). This result suggests that fish may
undergo metabolic suppression in more hypoxic conditions, potentially decreasing their

fitness under ocean deoxygenation.
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The focus of my fourth chapter shifted to a different kind of variability in the
ocean, oceanic fronts. I sampled fish at three different frontal systems in the southern
CCE, and found that the compositions of vertically migratory and larval mesopelagic
fishes are altered across different fronts, while the assemblage of non-migratory fishes
was not measurably affected. I used the ratio of larvae to adults as an index of population
growth potential, and found that population growth potential is similarly altered across
fronts for migratory species though not for non-migratory species. The magnitude of the
observed patterns was generally proportional to the stability and persistence of each
frontal system. If the pattern of increased frontal frequency (Kahru et al. 2012)
continues, there could be changes in reproductive activity, assemblage composition, and
distributions of mesopelagic fishes throughout the region.

The results of my dissertation research suggest that the mesopelagic community is
quite responsive to selected environmental changes. Two of my chapters demonstrate
that oxygen is a primary variable of the environment that affects distributions and
individual fitness of fishes living in the already hypoxic mesopelagic waters of the CCE.
In my fourth chapter, I found that the presence of epipelagic fronts affects assemblage

composition and population growth potential of mesopelagic fishes.

5.2 Future Work
My dissertation results contribute significantly to the understanding of
mesopelagic fish responses to environmental variability, yet elicit a number of related

questions:
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How do mesopelagic fishes respond to extreme hypoxic events?

My sampling times and locations were constrained by collaborative research
cruise schedules and locales. I was able to effectively study changes in fish distributions
and physiological responses to natural oxygen variability within the system, but I was not
able to conduct targeted sampling during specific events, such as the onset of extreme
hypoxia. Species that are abundant near the continental shelf (e.g., Stenobrachius
leucopsarus) - where there are large fluctuations in deep oxygen concentrations - may be
particularly vulnerable (or alternatively, particularly resilient) to such events. Adaptive
sampling in response to specific hypoxia events would aid in answering the questions,
that all pertain to the timescale and mechanisms of response to hypoxic events:

e Does the DSL shift in the vertical or horizontal direction to avoid an influx of
hypoxic waters?

e Do assemblage composition and densities change in response to such an influx?

e Do anaerobic and/or aerobic metabolic enzyme activities change with influxes of
hypoxic waters?

Autonomous tools such as moorings and gliders have been equipped with
dissolved oxygen sensors to detect transitions in the oxygen environment (e.g., Ohman et
al. 2013), and could be use to guide adaptive sampling of the mesopelagic community.
The ideal measurements to study the responses of these fishes to an extreme hypoxic
event are ship-based bioacoustic surveys accompanied by direct collection of specimens
to evaluate assemblage composition (e.g., Lara-Lopez et al. 2012) and physiological (e.g.,
Seibel et al. 2014) responses. In the absence of ship availability, and for long-term

studies on DSL response, echosounders of the appropriate frequencies to resolve
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midwater fishes could be installed on or nearby moorings to collect concurrent
measurements of oxygen changes and DSL depths. Surveying the mesopelagic fish
community during and following stressful hypoxic events will contribute to identifying

key vulnerabilities and the timescales of response and recovery.

How are mesopelagic fish distributions and physiology affected over gradients in
dissolved oxygen concentrations greater than those in the southern California Current
Ecosystem? Are responses to oxygen variability similar in all OMZ regions or do
different regional assemblages have distinctive responses?

In Chapter 2, I predicted changes to DSL boundaries using simple linear
regression based on a relatively narrow range of midwater oxygen concentrations. I was
also limited to studying physiological responses within this same dissolved oxygen range
(Chapter 3). Similar sampling across other OMZ regions (e.g., Eastern Tropical Pacific,
Peru-Chile Current, northern Indian Ocean) would address the following questions:

e s there a depth above which other variables (e.g., irradiance or temperature)
surpass oxygen in limiting the upper boundary of the DSL?

e  Where OMZs are very shallow, are fish better adapted to living within hypoxic
waters? How do the responses of single species vary across their ranges?

e Are responses gradual and linear, or are there tipping points?

Through comparisons across different systems, we can identify which taxa are
likely to adapt to deoxygenation and which may not, as well as what the assemblage-level

response of CCE fishes may be if the oxygen environment changes to more closely
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resembles that of shallower OMZ regions (e.g., conditions off the Pacific coast of

Mexico).

Can myctophids and other mesopelagic fishes produce ethanol as a metabolic end-
product?

I did not detect Alcohol Dehydrogenase activity for any of the fishes that I studied
in Chapter 3, despite one published suggestion (Torres et al. 2012) that it may be present,
and it remains unclear whether mesopelagic fishes can utilize an ethanol-production
pathway. Studies must be conducted to directly measure ethanol-production in live
animals living under extreme hypoxia to resolve this question. If there are mesopelagic
fishes capable of respiring anaerobically without accumulating toxins within their tissues,

this has major implications for their resiliency in a deoxygenating ocean.

What are the processes and timescales that lead to changes in assemblage composition
and population growth potential across fronts?

I have found that migratory mesopelagic fish assemblages and population growth
potential can be altered at fronts, and that the persistence and stability of a front affect the
magnitude of these responses. However, questions remain as to the timescales and
mechanisms that lead to these results. The number, magnitude, and duration of fronts
may vary with upwelling intensity and other factors expected to be affected by climate
change, with differential effects on the mesopelagic fish community. It would be

enlightening to study fish assemblages throughout the progression of formation and
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decay of a front or eddy. Changes to density, growth, reproduction, and feeding are all

likely to vary with frontal intensity.

Are effects of fronts related to oxygen variability across these systems?

In Chapter 4, I did not specifically test a mechanism to explain why the fronts
alter composition and population growth potential. Oxygen is the only environmental
variable for which cross-frontal gradients at depths below 200 m are greater than at the
surface, and dissolved oxygen concentration is a good candidate for further study in
relation to frontal discontinuities. A future study could combine the methods used
throughout my dissertation to investigate whether the DSL boundaries and metabolic
enzyme activities that respond to regional oxygen gradients are also affected by frontal
gradients, and whether these metrics respond similarly at the relatively small spatial scale

of fronts.

Predator-prey interactions
Predators: A primary motivation for improving understanding of mesopelagic

fish assemblages is because they seem to be important forage fish. It is known that a
diverse group of predators, including fish, cephalopods, mammals, and seabirds feed on
mesopelagic fishes, however it is not known how important this component of the diet is.
Specific questions to be answered include:

e Are any species of mesopelagic fish essential prey for predators?

e Are predator densities or distributions correlated with densities or distributions of

mesopelagic species?
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e Do predators forage disproportionately at fronts?

Both stomach content and stable isotope analyses would inform understanding of
the relative importance of mesopelagic fishes as prey to their predators. Predator tracking
with tags, drones, and direct observations can provide information on where they are
feeding, and could be associated with mesopelagic fish distributions. Ecosystem
modelling can be used to track the theoretical energy transfer through mesopelagic fishes
and to test the effects of altered mesopelagic fish densities predatory densities and
distributions.

Prey: Additionally, the distributions of mesopelagic fishes in relation to both
DSLs and to frontal systems is likely related to the distributions of their prey resources.
Acoustic and trawl data on zooplankton densities, assemblage compositions, and
distributions, as well as direct dietary analyses of these fishes, will further inform our

understanding of why mesopelagic fishes are distributed as they are.

Novel technologies

There are inherent limitations to the tools that are available for studying
mesopelagic fauna. Trawls underestimate biomass by an order of magnitude, and likely
undersample larger and faster individuals. Acoustic backscattering is highly sensitive to
taxa, life stage, size, and material properties of an animal, complicating interpretation of
echograms, particularly where assemblages are diverse. For example, siphonophores are
undersampled by nets (Smith-Beasley 1992), but may contribute disproportionally to
DSLs because of their high acoustic reflectance. Sampling with high resolution video on

ROVs or manned and unmanned submersibles is more effective at sampling some taxa
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(e.g., gelatinous organisms with weak or no escape responses; Robison 2004), and could
be used to complement studies on deep scattering layer compositions, improving our
understanding of taxonomically-specific responses to oxygen variability, fronts, and other
environmental disturbances.

The measurements of enzyme activity are subject to a high degree of uncertainty.
Captured fish undergo stress while in the trawl net, and it can take several hours from
their capture time until they are frozen, during which time enzymes may degrade. This
creates a challenge when attempting to detect relatively subtle differences in enzyme
activities within and between species. In addition, enzyme activity is commonly
measured with saturating levels of substrates, which may not always be applicable in situ.
In situ respirometers have recently been developed, capable of measuring oxygen
concentrations of individual live organisms in the deep sea without subjecting them to the
stress of capture in a trawl net (Drazen & Yeh 2012). These systems provide high-
precision measurements of respiration and the environment that may allow for detection

of low magnitude effects on metabolism.

5.3 Conclusions

In this dissertation I have shown that ocean deoxygenation and oceanic fronts
alter distributions, metabolism, and population growth potential of dominant species of
mesopelagic fishes. Continued monitoring of this assemblage in the CCE will aid
understanding and predictions of how this assemblage responds to oxygen and other
variability over time. Repeated sampling at frontal systems during their formation and

dissipation will inform understanding of the mechanisms that lead to changes in the
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assemblage and population growth potential at frontal gradients, as well as the lasting
impacts of these alterations. With advances in both autonomous and ship-based
technologies, novel tools are available to study this assemblage, and I anticipate exciting
and perhaps unexpected answers to the questions posed here to be answered in the

coming years.
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